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This paper describes preliminary laboratory experiments conducted on a turboprop aircraft fuselage
to reduce propeller-induced tonal cabin noise and vibration. Piezoelectric elements were grouped to con-
struct a long one-dimensional array of actuators bonded to the fuselage in the main sound transmission
path at the propeller footprint. Strain gauges and accelerometers were used as alternative sensor devices
and were distributed along the actuator in a collocated arrangement. The array of actuators and sensors
was designed to work in unison, generating a smart closed-loop array of control elements that possess
wave-number filtering properties for the less critical acoustic modes of the cabin. The control system was
tested in the laboratory using a simplified propeller pressure loading distribution. Promising results were
obtained, as the closed-loop control system proved to be unconditionally stable and capable of significantly
attenuating the fuselage vibration in the transmission path at the critical blade passage frequencies.
Moreover, although only one array of control elements was used, interior noise reduction was also ob-
served during the tests, proving the merit of the concept.

Nomenclature

Laplace variable
compensator gain
compensator damping ratio
compensator phase

control frequency
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Introduction

HERE is a desire to reduce cabin noise in commercial

turboprop aircraft using techniques of active noise control.
The sources of noise in a turboprop aircraft include boundary-
layer noise, structure-borne noise from engine vibration, and
acoustic excitation of the fuselage caused by the propeller,
with the latter being dominant for most turboprop aircraft.' The
excitation is predominantly narrow band in nature, concen-
trated at multiples of the blade passage frequency (BPF) of the
propeller. There is considerable interest in developing reliable,
low-cost, and lightweight solutions to reduce the interior cabin
noise and vibration levels, with improved passenger comfort
being the primary motivation.

Possible noise reduction approaches encompass passive
methods, such as structural modification,” damping treat-
ment,” * and active methods, which range from synchrophas-
ing to control of either the acoustic field® ® or the structural
(vibration) transmission path.>' However, there are a number
of problems associated with passive methods of noise reduc-
tion. For example, stiffening the fuselage may resultin a large
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weight penalty, while broadband passive damping is ineffec-
tive because the propeller excitation is generally forced rather
than resonant. The use of tuned vibration absorbers (TVA) has
yielded significant reductions at selected frequencies,” but
there is a problem in keeping the TVAs tuned in a changing
environment. Using an active approach, however, the control
system can be designed to cope with changing operating con-
ditions. Currently, various turboprop aircraft manufacturers of-
fer active noise control systems as standard or optional equip-
ment on their aircraft. There are some limitations with these
systems, such as their reliance on a large number of micro-
phones and speakers, the localized nature of noise reduction,
and reports of increased levels of floor vibration, which de-
grades the overall passenger comfort level. These factors have
contributed to the continued interest in seeking alternative so-
lutions to noise reduction in turboprop aircraft.

An alternative approach to active noise control of turboprop
aircraft discussed in this paper is to weaken the coupling be-
tween the exterior and interior acoustics. In this approach, the
transmission of sound is impaired before it enters the cabin.
This is consistent with the well-accepted rule that treating
noise at or close to its source yields performance superior to
treating the problem farther down the transmission path. The
resulting system is generally simpler, with fewer actuators and
sensors, as they are required only in the propeller footprint
area.'"'> The concept of achieving noise reduction through the
active control of structural vibrations is not new. However,
most of these concepts rely on the feedback of interior acous-
tical information. In contrast, the approach followed in this
investigation involves the feedback of local structural vibration
to achieve a reduction of sound transmission, through the use
of piezoelectric actuators mounted on the fuselage to control
the propeller-induced vibrations. Results of noise and vibration
control experiments on a full-scale de Havilland Dash-8 fu-
selage are presented.

Control Strategy
The approach taken in this work is one of reducing the trans-
mission of noise by controlling structural vibration. Piezoelec-
tric actuators, which are bonded to the fuselage, provide the
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Fig.1 Port-side propeller pressure in decibels in relation to max-
imum value. The propeller plane and the force and aft bulkheads
are also indicated.

necessary control inputs, while strain gauges and accelerom-
eters are used as sensors. The use of structure-mounted actu-
ators and sensors offers distinct advantages over the use of
speakers and microphones in the passenger cabin. For exam-
ple, the actuators and sensors can be placed directly on the
airframe, without having to make room in the passenger cabin
for speakers and microphones. Moreover, because the acoustic
disturbance from the propellers is concentrated in a relatively
compact area of the aircraft fuselage, actuators only have to
be placed in the neighborhood of this area. The external sound
pressure distribution for the Dash-8 aircraft at the BPF is
shown in Fig. 1.

In addition to these practical advantages, the use of struc-
tural sensors and actuators has other advantages. The task of
obtaining transfer functions between secondary acoustic
sources, i.e., control speakers, and microphones is obviated.
This is a considerable factor, as transfer functions involving
internal sound pressure may vary considerably with changes
in passenger load and operating conditions, whereas the fun-
damental characteristics of the local structural transfer func-
tions remain unchanged. Thus, the resulting control laws will
be more robust. This is particularly true if collocated strain
sensors are used because the resulting transfer functions will
be positive-real, and positive-real feedback can be used, en-
suring stability."”

Employing structural control to achieve a reduction in trans-
mitted noise is not without disadvantages and challenges.
These include the relatively high voltages required for control,
the simultaneous need for thin bond lines to minimize shear
losses and strong adhesion to the fuselage, and the requirement
to identify and subsequently sense and control only those
modes of vibration that couple well with the cabin acoustical
field.

The interior acoustic response does not couple well with
high wave number structural vibrations at frequencies of in-
terest.'* Therefore, a number of small piezoelectric elements
are connected electrically to act as one larger actuator, with
overall length comparable to one-half the acoustic wavelength
of interest. Thus, the actuator acts as a wave number filter"
that filters out the high wave number vibrations that do not
couple to the acoustic field. A similar sensor arrangement will
provide additional wave number filtering. This addresses a
problem observed with other structural control approaches to
active noise control, where a reduction in acoustic transmission
was not observed when the direct control objective was min-
imizing structural energy.'® Although compact, the distributed
nature of the propeller noise field still requires a number of
distinct actuators to achieve control authority. This leads to
several options for the overall control architecture. A purely
decentralized control scheme, where each actuator employs
only single input/single output (SISO) feedback of collocated
information, has numerous advantages. The resulting system
is modular, with low computing requirements and associated

weight penalty. Control system redesign is minimized when
additional sensor- actuator pairs are required, and graceful per-
formance degradation results from single-point failures. Each
SISO control loop can be tuned using readily available ta-
chometer information from the turboprops.

Because the BPF and a few higher harmonics dominate the
interior noise spectrum, noise control at these discrete fre-
quencies is desired. Narrow-band control for each of these
frequencies can be accomplished independently. At the lower
harmonics, the propeller pressure distribution extends over a
larger area, making the problem more difficult and necessitat-
ing the use of significantly more piezoelectric material. How-
ever, at these frequencies, the coupling between structural vi-
bration and interior acoustics is also less complex. For the
present study, with its principal objective being preliminary
verification of the noise control approach, the higher harmon-
ics of the BPF, i.e., 210 and 280 Hz, were targeted.

Actuators and Sensors

Because of their large force generating, high bandwidth, and
relatively low mass properties, piezoelectric materials are well
suited for vibration control applications. Moreover, the spa-
tially distributed nature of the resulting applied forces reduces
the effect on high wave number modes, which are not efficient
radiators of sound. Thus, the energy employed in control is
expended efficiently, insofar as sound transmission attenuation
is concerned.

The spatial distribution of the propeller noise field impinging
on the fuselage contributes significantly to its structural re-
sponse. For example, for a force distribution that has uniform
phase and magnitude over a particular region, the modes that
are excited are typically ones that possess half-waves in the
axial and circumferential directions that approximately match
(geometrically) the pressure distribution. Of course, for pres-
sure distributions with spatially varying phase and magnitude,
this relationship is much more complex. Nevertheless, the spa-
tial extent of the pressure plays a major role in determining
the dominant modes that are excited. In an analogous fashion,
the spatial extent of the piezoelectric elements also determines
which modes can be controlled by the actuator. Therefore, the
coverage of the piezoelectric actuator elements should encom-
pass the region of high propeller pressure.

A judicious choice of sensors can simplify the control design
procedure, which requires a transfer function model between
actuator and sensor. By sensing fuselage strains that are ap
proximately collocated with the actuators, the transfer function
between them becomes relatively simple because of the duality
of the sensor-actuator pair. Another important aspect of the
sensor is that its output must be well correlated to the perfor-
mance variable (interior sound levels). The minimization of
the sensed variable must ensure that noise transmission is also
being minimized. In a manner analogous to the size of the
actuator, the sensor must also be spatially distributed to be
insensitive to high wave number vibrations, while being re-
sponsive to the acoustically critical low wave number vibra-
tions. This is ideally accomplished by the use of distributed
sensors constructed from polyvinylidene fluoride (PVDF) film,
for example. For these experiments, however, discrete struc-
tural sensors (strain gauges and accelerometers) distributed
over the length of the actuator were used. In a true distributed
sensor, a weighted average of the sensed quantity over the
spatial extent of the sensor is produced at the physical level.
The weighting can be provided by shaping the width or thick-
ness of the sensor. Conversely, the electrical signals from each
discrete sensor can be averaged in a weighted sense by the
controller to provide a single equivalent sensed variable. It can
be shown that the weighting terms of the discrete sensors can
be selected to approximate the response of a given distributed
sensor. Note that both an array of discrete sensors and a dis-
tributed sensor may be insensitive to certain modes of vibra-
tion. For example, a distributed sensor symmetric in its sen-
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sitivity about its centerline will be relatively unresponsive to
a mode that is antisymmetric about the sensor centerline as a
result of the canceling of signal contributions from either half
of the sensor. Similarly, an array of discrete sensors distributed
and weighted symmetrically over the same region will also be
unresponsive to antisymmetric vibration modes.

Because the aircraft engine speed varies during flight, it
should be available to the controller through the tachometer
signal in actual implementation. For the present work, the dis-
turbance frequency was assumed to be constant. If the fre-
quency of the disturbance were directly available, then the
control law could be easily modified to use this information
through continuous gain scheduling.

Control Design

Most of the current research in active noise control uses
some variation of the least mean square adaptive disturbance
feedforward algorithm."” This algorithm requires both the dis-
turbance signal and the error signal. Classical or modern con-
trol theory can also be used to develop feedback control sys-
tems. Although the details in implementation of feedback and
feedforward systems differ, both approaches can be viewed as
being equivalent in that they introduce high gain feedback of
the sensor output at the disturbance frequency.'® *° This results
in a low value of the sensitivity transfer function, i.e., distur-
bance to sensor output, at the prescribed frequency.

An analog I/0 board was used in conjunction with an 80486
host personal computer for real-time control. A sampling rate
of approximately 3 kHz, or 10 times faster than the frequency
of the highest controlled harmonic, was employed. In actual
implementation, the control algorithm may be implemented in
analog circuits to reduce the size and weight requirements. Al-
ternatively, the use of a digital signal processor board will allow
for the implementation of relatively complex controller models.

Experimental Setup

The experimental aircraft was a de Havilland Dash-8 Series
100 fuselage without wings and empennage (Fig. 2). The in-
terior was green, that is, there were no seats or trim, although
the internal insulation was present. As a result, there was less
acoustic and structural damping than would be present in an
actual aircraft. The aircraft was supported during the tests by
an overhead crane attached to the fore and aft edges of the
wing box on either side of the fuselage. The aircraft was pre-
vented from swinging by either a foam-lined cradle or by the
foam-lined support stands visible in Fig. 2. This support sys-
tem provides a reproducible method of supporting the aircraft
that is to some degree representative of steady-state loading
present during flight, i.e., the fuselage is supported by the wing
box both in flight and in the experiments. A schematic diagram
of the experimental setup is shown in Fig. 3.

A piezoelectric actuator is capable of inducing more strain
into the host structure if its extensional stiffness is large. The
problem of controlling aircraft fuselage vibration caused by
propeller noise is challenging, because of both the vibration
levels present and the relatively high stiffness of the fuselage
in comparison to other piezoelectric control applications, such
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Fig. 2 De Havilland Dash-8 aircraft fuselage used for testing.
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Fig. 3 Schematic of experimental setup and control system.

as flexible space structures. The properties of the piezoelectric
actuator material used (Ai-8) are: 1) piezoelectric strain con-
stant d5; = 1.05 X 107'° C/N, 2) modulus of elasticity E = 82
X 10° Pa, and 3) cross-sectional area A = 0.805 cm> This
particular piezoelectric, which had a high stiffness and a thick
cross section, was therefore suited for this particular problem.
However, because the total added mass is important, actuator
dimensions should be chosen no larger than needed. This im-
plies that the piezoelectric actuators should be stiffness-
matched with the structure to which they are bonded, to get
the most effective actuator for minimum mass. The individual
actuator element was chosen to minimize the bond line thick-
ness, and therefore the loss of actuator effectiveness, resulting
from the attachment of the flat piezoelectric elements to the
curved fuselage. In actual implementation, it may prove fea-
sible to machine the actuators to provide a curved surface that
would allow an increase in the element length.

For the present study, piezoelectric elements were electri-
cally connected in parallel to form a one-dimensional actuator
approximately 1.6 m long, covering approximately a 70-deg
arc on the fuselage. Structural sensors were attached between
individual actuator elements. Continuous coverage was not al-
ways possible because of the presence of structural features on
the fuselage. Preliminary vibroacoustic modeling of the prob-
lem using available flight pressure data indicated that the ac-
tuator was capable of canceling the resulting vibration levels
with moderately high applied voltages (approximately 350
V).? In actual implementation, the required voltages can be
reduced by using stacked or layered piezoelectric actuators.
Overall power requirements were actually quite small because
the piezoelectric impedance is primarily capacitive. A Trek HV
Model 50/750 amplifier capable of producing 1500 V in uni-
polar operation was used. The actuators were bonded to the
fuselage using a conductive epoxy (Bipax BA-2902). This al-
lowed the fuselage itself to be used as a common ground plane
for all actuators, and avoided the difficulty of making an elec-
trical connection to the lower actuator surface without inter-
fering with the bond.

Piezoelectric strain gauges (SG) were also employed as one
of the two types of structural sensors. For these experiments,
a total of three SGs were used, one placed approximately at
the middle of the upper third of the actuators, one at the center
of the actuators, and one at the bottom of the actuator array.
The SGs were mounted with a nonconductive epoxy, as at-
taching wires to the lower electrical surface was simplified by
the design of the gauge.

Accelerometers were used as the second type of sensor.
These were attached at various locations, mainly in the actu-
ator plane on the fuselage. Because the internal noise is trans-
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mitted principally by flexural (radial) vibration, the acceler-
ometer measured a quantity in some sense closer to the desired
performance metric (internal noise) than the SGs. However,
the transfer function between actuator and sensor became more
complicated, although measurements taken in this experiment
indicated that this might not be a significant problem.

The noise attenuation performance of the control system was
monitored by a microphone, placed at the head height of a
seated passenger in the window row in the propeller plane on
the port side. This is generally the seat location at which the
greatest reductions are desired.

Because the objective at this stage was to demonstrate that
the approach reduced the noise measured inside the aircraft,
piezoelectric actuators did not cover the entire propeller foot-
print area of the aircraft in this feasibility study. Rather, a
localized controlled excitation system was used, as shown
schematically in Fig. 3. This horn directed sound from a loud-
speaker to an area on the fuselage surface measuring 21.5 X
5 in. As a result of the small area of acoustic excitation, higher
wave number modes are likely to be excited when compared
to the case of actual flight-level propeller excitation. In future
work, a multispeaker sound source will be used for improved
simulation of the propeller field. The sensor output was fed
back through the real-time control computer and the high-volt-
age amplifier to the piezoelectric actuator.

The SISO classical feedback algorithm implemented is of
the form

a + bs

K = - . o~ 5
(5) = a §°+ 2l.w.s + o

(1)

The design parameters are «, the desired w,, {. and ¢, at the
control frequency, which is related to a, b, and w. by the fol-
lowing equations:

a=cos '¢. 2)
b =sin"'b./w. 3)

The damping factor (. effectively sets the bandwidth, and the
overall gain together with the damping factor determine the
peak gain. The overall system stability is determined by .. In
practice, values for each parameter are selected by examining
the resulting loop transfer function. The controller is imple-
mented in real time by representing and programming the com-
pensator equations in discrete-time state- space form.

Experimental Results

The important open-loop transfer functions between the ac-
tuator and the output variables (strain and acceleration), and
between the actuator and the true performance variable (inte-
rior sound), were measured.

The transfer functions were obtained by generating a band-
limited white noise signal (27-624 Hz) of amplitude 2 V
(peak) and passing it through the Trek amplifier (gain = 200
V/V) before applying it to the actuator array of piezoelectric
elements. The sensor measurements were appropriately con-
ditioned, either by charge amplifiers for the case of acceler-
ometer and SG signals, or by a measuring amplifier in the case
of the microphone signals, which were used to monitor noise
reduction performance. The transfer function between the pi-
ezoelectric actuator and the average strain is shown in Fig. 4.
The results are represented in decibels in relation to 1 p-strain/
V, where V represents the voltage applied to the piezoelectric
actuator.

The positive-real nature of the transfer function, based on
the collocated and dual sensor- actuator pair, is clearly evident
from the relatively passive nature of the Bode plot; the mag-
nitude varies by less than 10 dB, and the maximum phase
variation is less than 60 deg over the frequency range of 0--
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Fig. 4 Open-loop transfer function from piezoelectric actuator to
average strain.

600 Hz. The interlaced transmission zeros and poles are also
characteristic of systems with collocated and dual sensor-ac-
tuator pairs. Three modes, at approximately 63, 278, and 324
Hz, are clearly evident. The 63-Hz mode was identified in an
experimental modal analysis study on the same fuselage.” This
mode is basically a symmetric shell mode with a circumfer-
ential wave number of three, although it is distorted somewhat
by the presence of the floor. The axial wave number could not
be determined because of the relatively few axial planes mea-
sured.

Open-loop transfer functions from the piezoelectric actuator
to four accelerometers were also obtained. The four acceler-
ometers were spaced approximately equally over the 1.6-m
length of the actuator. The transfer function between the ac-
tuator and the average acceleration over the four locations is
shown in Fig. 5 in decibels in relation to 1 ms */V. Note the
slight shifting of modal peaks when compared to the strain
transfer function. As in the case of the average strain, the dy-
namics of the averaged signal are significantly less rich than
the dynamics of the signals from the individual sensors. In this
case, much of the resonant dynamics below approximately 250
Hz are not observable by the sensor. Because the actuator-
sensor pair is now no longer dual, i.e., their product is not
energy or power, the phase angle between them is not bounded
by *£90 deg, as it was in the case of the piezoelectric actuator-
SG combination. In fact, now the phase angle of the transfer
function varies by more than 200 deg over the frequency range
of 100-600 Hz. Moreover, the phase variations present in the
individual accelerometer transfer functions (not shown) were
much larger than for the averaged data, in some cases being
greater than 900 deg over the previously stated frequency
range. By contrast, the piezoelectric actuator-to-average strain
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Fig. 5 Open-loop transfer function from piezoelectric actuator to
average acceleration.

transfer function had a phase variation of only 60 deg over the
same frequency range.

The primary purpose of the preceding transfer function mea-
surements is to quantify the extent to which the piezoelectric
actuator is capable of inducing vibration in the fuselage at a
location close to the acoustic disturbance, thus providing a
measure of the effectiveness of the actuator. Another important
measure of the effectiveness of the piezoelectric actuator is
reflected in the transfer function from actuator to interior sound
pressure level (SPL). For this measurement, a microphone was
placed approximately at passenger ear height. The magnitude
of the transfer function is expressed in decibels (SPL in rela-
tion to 20 wPa/V). From the results shown in Fig. 6, it can be
seen that the maximum value of this transfer function occurs
at about 330 Hz, where the magnitude is approximately 33 dB/
V. For the present case, with an applied voltage of =400 V,
this amounts to an SPL of approximately 85 dB, or 0.36 Pa
(rms) at 330 Hz. This is a significant level of sound pressure
compared with typical cabin sound pressure levels. It can be
inferred that when the piezoelectric actuatoris taken as a sound
source, it is sufficiently strong to induce high sound pressure
levels in the aircraft cabin and, therefore, through interference
with the primary source, i.e., the disturbance, able to induce
significant sound attenuation in the cabin.

Control at the fourth harmonic of the BPF (280 Hz) was
investigated using both strain and acceleration feedback. The
most promising results using strain feedback, from the point
of view of both vibration suppression and noise transmission
attenuation, were obtained with the feedback of two of the
three SGs, the upper and the lower. This was probably because
of the phase difference in response between the individual sen-
sors. The measured loop transfer function for the system is
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Fig. 6 Open-loop transfer function from piezoelectric actuator to
the interior sound level.

shown in Fig. 7. The transfer function includes filters used both
at the input to the I/O board for antialiasing, and at the output
to reduce the spurious high-frequency noise of the D/A con-
verter. The maximum gain achieved was 38 dB, and stability
margins were approximately 4 dB in gain and 14 deg in phase.

A series of comparisons of open- and closed-loop perfor-
mance in the presence of the acoustic disturbance was also
made. First, the transfer functions from the exterior sound
source (disturbance) to the measured variable (average of the
upper and lower SGs) are presented (Fig. 8). The reduction in
average strain at the control frequency (280 Hz) was about 38
dB, although a significant increase occurred at approximately
350 Hz.

All three SGs individually exhibited some reduction at the
control frequency (280 Hz), as did the average of the three
sensors. The closed- and open-loop sound transmissibility (ex-
terior to interior SPLs), as expressed in decibels, is given in
Fig. 9. The reduction at 280 Hz is 0.9 dB, whereas reductions
of 9 and 13 dB are obtained at 286 and 290 Hz, respectively.
These results are summarized in Table 1.

To evaluate the range of performance, control at a frequency
of 210 Hz (3 X BPF) was also investigated. As was the case
for 280 Hz, the most promising results were seen when the
upper and lower strain gauges were averaged (with an equal
weighting) to yield the sensed variable, although it must be
added that an exhaustive search for the optimal combination
of sensors and weighting factors was not undertaken. The com-
pensator employed had a gain margin of approximately 10 dB,
a phase margin of about 40 deg, and a maximum loop gain of
35 dB. A reduction in the average strain (upper and lower
gauges) of 25 dB is obtained at 210 Hz (Fig. 10). The peak
reduction, which is a few decibels higher, occurs at a fre-
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Fig. 8 Open- (dashed) and closed- (solid) loop transfer functions
from exterior noise to average strain, strain feedback at 280 Hz.

quency of approximately 213 Hz, whereas the sound attenua-
tion at 210 Hz with the controller operating is only 0.5 dB
(Fig. 11). The lack of strong correlation between attenuation
in strain and interior noise reduction for control at 280 and
210 Hz could be a result of a number of factors. First, the
coupling between the controlled vibration field and the acous-
tical field may be weak. Second, the localized nature of the
control in vibration may be insufficient to reduce the vibration
and hence sound transmission away from the actuated region
of the fuselage. Last, the correlation between in-plane strain
and interior noise is probably inherently weaker than between

Table 1 Summary of results obtained, strain feedback

280 Hz
Measured transfer Frequency, Reduction,
functions (disturbance) Hz dB
Upper SG 280 0.8
Middle SG 280 10.8
Lower SG 280 13
Average strain (upper and 280 38
lower SGs)
Average strain (all three SGs) 280 18
Interior sound 274 15
Interior sound 280 0.9
Interior sound 286 9
Interior sound 290 13
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Fig. 9 Open- (dashed) and closed- (solid) loop transfer functions
from exterior noise to interior sound pressure, strain feedback at
280 Hz.
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Fig. 10 Open- (dashed) and closed- (solid) loop transfer func-
tions from exterior noise to average of upper and lower strain
gauges, strain feedback at 210 Hz.

transverse (radial) vibration and interior noise. The last pos-
sibility is addressed next.

The use of acceleration feedback was investigated at a fre-
quency of 280 Hz. As in the previous cases, various combi-
nations of sensors and weighting factors were considered. In
terms of sound attenuation, the most promising results were
obtained when three accelerometers were used with their sig-
nals weighted equally. These accelerometers were attached to
the fuselage at the same location as the three SGs described
earlier. The resulting loop transfer function of the compen-
sator- plant combination is shown in Fig. 12. As expected, the
stability margins are lower than the cases when strain feedback
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Fig. 12 Control-loop transfer function, control at 280 Hz, accel-
eration feedback.

was used because of the loss of the positive-real nature of
the plant. The average acceleration does not exhibit a large
reduction at the control frequency (Fig. 13); the reduction at
280 Hz is 0.2 dB. However, a larger reduction (10 dB) is seen
at 275 Hz. A plot of the reductions in magnitude of the indi-
vidual accelerometers provides more insight into the problem
(Fig. 14). It can be seen that the upper accelerometer does
experience a significant reduction (greater than 30 dB) at 280
Hz. However, the middle accelerometer exhibits a smaller re-
duction (approximately 4 dB), and the lower accelerometer
actually exhibits a small increase in acceleration at that fre-
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Fig. 13 Open- (dashed) and closed- (solid) loop transfer func-
tions from exterior noise to average acceleration, acceleration
feedback at 280 Hz.

40 T T T

Magnitude of Reduction (dB}

_ L i L | L
240 250 260 270 280 290 300
Frequency (Hz)

Fig. 14 Magnitude of individual accelerometer reductions with
controller on, acceleration feedback at 280 Hz.
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Fig. 15 Open- (dashed) and closed- (solid) loop transfer func-
tions from exterior noise to interior sound pressure, acceleration
feedback at 280 Hz.

quency. The level of open-loop vibration at the upper accel-
erometer is relatively low; therefore, its large reduction
(closed-loop) does not contribute to a large reduction in the
average acceleration.

The controller is successful in achieving sound attenuation,
not only at the control frequency (2.7 dB), but also in the
frequency range of 276-283 Hz (Fig. 15). There are two sig-
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nificant peak reductions in that range: at 279.3 Hz (4.9 dB)
and at 282.4 Hz (5.7 dB). In reconciling the noise reduction
with the vibration attenuation results, it can be inferred that
the vibration in the region of the upper accelerometer and, to
a lesser extent, the middle accelerometer contributes more to
the interior noise than the vibration at the location of the lower
accelerometer.

These results highlight the complicated nature of the cou-
pling between the cabin acoustics and the fuselage structural
response. The successful implementation of a noise control
scheme employing structural feedback and control requires a
good understanding of this relationship. Furthermore, the lack
of reliable vibroacoustic models of aircraft requires the reli-
ance on a primarily experimental approach to developing such
active noise control systems. Both the dominant acoustic
modes at the critical frequencies, and the structural modes that
couple well with these dominant acoustic modes, must be de-
termined. Effective control and sensing of these structural
modes is probably the most critical aspect of implementing
structurally based active noise control systems.

Conclusions

The feasibility of using piezoelectric actuators and collo-
cated feedback in reducing the cabin noise environment and
fuselage vibration levels in a Dash-8 turboprop aircraft has
been shown. The reductions in fuselage vibration and cabin
noise obtained in a limited implementation on an actual aircraft
were significant. These reductions were achieved using a sim-
ple second-order classical compensator that is particularly
suited for the use of strain feedback because of the positive-
real nature of the actuator to SG transfer functions. However,
the most promising results were obtained when acceleration
feedback was employed. The peak sound attenuation achieved
in this instance was 4.9 dB, and this result was obtained within
a 1-Hz bandwidth of the target control frequency. The superior
noise reduction performance achieved with acceleration feed-
back compared with strain feedback is consistent with the fact
that the flexural (radial) vibration of the fuselage is the dom-
inant mechanism for noise transmission. Because the in-plane
strain consists of two components, extensional and flexural de-
formation, reductions in overall in-plane strain may be
achieved by changes in the phase relationship between the con-
stituent strains without a reduction in the flexural component.
In such a scenario, the noise reduction would be insignificant.
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