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Loudspeakers tuned as optimal acoustic absorbers can significantly reduce damaging, low
frequency, reverberant noise in a full-scale launch vehicle fairing. Irregular geometry, changing
payloads, and the compliant nature of the fairing hinder effective implementation of a passively
tuned loudspeaker. A method of tuning the loudspeaker dynamics in real time is required to meet the
application requirements. Through system identification, the dynamics of the enclosure can be
identified and used to tune the dynamics of the loudspeaker for reduction of targeted, high intensity,
low-frequency modes that dominate the acoustic response in the fairing. A loudspeaker model with
desired dynamics serves as the reference model in a control law designed to tune the dynamics of
a non-ideal loudspeaker to act as an optimal tuned absorber. Experimental results indicate that a
tuned loudspeaker placed in the nose cone of the fairing significantly reduces acoustic energy and
verifies results calculated from the simulation. ©2003 Acoustical Society of America.
@DOI: 10.1121/1.1558371#
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I. INTRODUCTION

The high-intensity, low frequency acoustic excitatio
that occurs in a rocket fairing at launch can induce structu
acoustic vibrations that damage the payload. As engin
endeavor to create larger, lightweight, cost-effective fairin
acoustic excitation becomes a more critical factor in paylo
launch survivability. Previous research in this area has inv
tigated both active and passive methods for acou
attenuation,1–3 in addition to vibration control of the fairing
itself.4,5 At low frequencies, lightly damped modes domina
the interior acoustic response of the fairing, and the ineff
tiveness of passive methods such as acoustic blankets,
glass, or acoustic foam impels consideration of active
hybrid control methods. This study presents the experime
results of an actively controlled, optimally tuned acous
absorber implemented in a full-scale fairing testbed.

Previous work has shown that dissipative control can
achieved in acoustic enclosures using a collocated pres
sensor and a constant volume-velocity source.6,7 Extension
of this principle yielded significant attenuation of low fre
quency acoustic modes in a launch vehicle fairing by uti
ing arrays of sensors and actuators working cooperativel
achieve global control. The transducer arrays were spat
weighted in order to selectively couple to low-frequen
modes, which reduced the order of the controller and yiel
significant modal control with minimal control spillover8

Global peak reductions~8–10 dB! of targeted acoustic
modes required an extensive array of control sources, co

a!Portions of this work were presented in ‘‘Noise reduction in a laun
vehicle fairing using actively tuned loudspeakers,’’ Proceedings of J
140th Meeting of the Acoustical Society of America and NOISE-CO
2000, Newport Beach, CA, 2000.
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tioning and amplification measures, microphones, con
hardware, and wiring. Further review of these requireme
has prompted investigation of less equipment intensive, ‘‘
brid’’ active/passive controllers.

Previous research involving hybrid systems for sou
absorption demonstrated the effectiveness of surface im
ance control in rectangular enclosures9,10 and impedance
tubes11 with low modal density. Both loudspeaker dia
phragms and panels with tuned dynamics demonstrated
tenuation through active impedance changes at enclo
boundaries, but none demonstrated acoustic absorption
within the enclosure. More relevant to this work, the auth
joined an effort to develop a passive vibroacoustic attenu
based on a hybrid of a proof-mass actuator~PMA! and a
shunted loudspeaker.12 That study highlighted the possibility
of combining a tuned mass damper for structural damp
and a tuned diaphragm for acoustic damping. The attenu
was dynamically modeled and placed within a fully coupl
structural-acoustic finite element model of the fairing. R
sults predicted a broadband noise reduction of 3 dB,
difficulties in the experimental development and applicat
of such an attenuator left room for improvement.

As an extension of the hybrid principle, this work a
plies tuned mass damping theory to sound absorption ap
cations in a flexible, irregular cavity that encloses chang
payloads and demonstrates significant, three-dimensi
modal complexity. This study proposes to attenuate low f
quency modes in a launch vehicle fairing with loudspeak
tuned as optimal acoustic absorbers. The absorbers pro
efficiency of the control system while demonstrating cont
results comparable to previous active studies. As a prim
advantage, the significant logistical issues of typical act
systems have been eliminated. The control law discus
herein actively tunes a loudspeaker to passively reduce

t
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targeted mode~s!, removing typical acoustic spillover in th
control bandwidth, and allowing global attenuation with
single actuator. A parametric optimization scheme select
optimal tuned absorber model which is compared to an id
tified model of the non-ideal loudspeaker in the fairing; t
difference between them is minimized by a model refere
control law, based onH2 design. Loudspeaker tuning re
quires only low-order control in a limited bandwidth. The
achievements increase the performance and stability of
controller, while reducing control energy and hardware
more than 90%.

Preliminary investigation of actively tuned acoustic a
sorber design facilitates application of that technology
noise control in acoustic enclosures, and more specifically
an experimental, full-scale, composite launch vehicle fair
model at Duke University. In support of continuing efforts
improve payload survivability, the research sought definit
control results to promote further study of the effectiven
and efficiency of adaptive acoustic control within the fairi
volume.

II. THEORY

A. Fairing acoustics

A rocket fairing is essentially a flexible-walled structu
surrounding an acoustic enclosure that protects the pay
during launch. Fairings have typically been constructed
metal, such as aluminum, but composites have been
more recently. Although composites offer many advantag
they are less massive and therefore allow increased trans
sion of exterior disturbances. Vibration of the fairing excit
acoustic resonances within the enclosure, which detrim
tally couple to the payload. Data from previous satell
launches indicate that the overall acoustic levels inside
fairing during launch can exceed 140 dB. At low frequenc
~10 to 200 Hz!, the levels reach approximately 120 to 13
dB.13

The fairing considered in this work is based on the O
bital Sub-orbital Program Space Launch Vehicle~OSPSLV!
minotaur. The shroud is 5.3 meters long with a maxim
diameter of approximately 1.3 meters. Therefore, the lo
frequency modes are longitudinal rather than radial. The f
ing is excited by a number of disturbances, including ae
dynamic buffeting during flight,14 structural vibrations
induced by the rocket motors, and pyrotechnic shocks du
stage separations. These sources act in addition to the e
sive noise produced by the motors themselves.

The most harmful vibration occurs in the first 30–4
seconds after ignition, as both acoustic transmission
aerodynamic buffeting decrease with decreasing atmosph
pressure and density. While on the launch pad, the earth
as an acoustic baffle, reflecting enormous waves of energ
the payload. As the vehicle lifts away from earth, increas
speed causes significant aerodynamically induced no
When the payload exhibits a structural resonance near
acoustic resonances of the fairing, the acoustic loading
result in appreciable damage to the payload. The Departm
of Defense reports that at least 40% of first-day satellite f
ures result from vibration damage incurred at launch.15 Flat
J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 J. D. Kemp
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surfaces of solar panels and light-weight structures such
thin films, membranes, and precision optics are particula
susceptible to damage from the low frequency excitati
The presence of multiple, random, low-frequency dist
bance sources precludes passive and feedforward con
compelling the use of an innovative feedback cont
scheme.

B. Tuned acoustic absorbers

The concept of loudspeakers tuned as optimal acou
absorbers grew from the familiar use of tuned mass-sp
systems for vibration absorption in structures. Here, ac
tuning controls enclosed acoustics. Departing from previ
acoustic approaches which attempted to change the enclo
boundary, this work develops the ability of production lou
speakers to act in reverse, or as self-contained tunable
sorbers. Essentially, a loudspeaker is actively tuned to
spond passively as though it were an ideal absorber fo
targeted modal frequency.

Realization of the ideal absorber begins with develo
ment of a theoretical model that couples the response of
fairing enclosure to a disturbance source and a typical lo
speaker. An optimization scheme then selects an ideal
sorber for reduction of global acoustic energy at a targe
modal frequency. A model reference control law can th
minimize the response difference between the ideal mo
and the actual loudspeaker, forcing that loudspeaker to ac
an ideal absorber.

III. MODELING, DESIGN, AND OPTIMIZATION

The combined behavior of the fairing disturbances
unpredictable, but the modal acoustic response in the en
sure due to the vibration of the fairing structure can be ea
modeled. A rigid walled cylinder model of equal dimensio
provides a strong prediction of the magnitude, phase,
frequency of the lowest modal frequencies, and is c
structed here for the purposes of absorber design and op
zation. The development follows Morse and Ingard16 and
Cheng and Nicolas.17 Application of the appropriate bound
ary conditions allows solution of the homogeneous wa
equation in a cylinder of lengthL with a Hankel function of
orderm:

p~r ,u,z,t !5 (
m50

`

(
n51

`

(
m51

`

Amnm sinS mu1g
p

2 D
3Jm~krr !cosS mp

L
zDei ~vt2kuu2kzmnm

z!, ~1!

where p represents the pressure in the fluid,c is the local
speed of sound, andr, z, andu are the cylindrical coordinate
within the cavity. Here,m, n, andm, andg are the azimuthal,
radial, longitudinal, and symmetric~rotational! modal indi-
ces, respectively. Here,ku is the azimuthal wave number an
kz is the longitudinal wave number. The radial wave numb
kr is thenth root of the derivative of the Bessel function o
the first kind evaluated at the cavity wall.

The model includes a vibrating rectangular pan
curved and placed at the enclosure wall to simulate the tra
1987and R. L. Clark: Noise reduction with actively tuned speakers
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mission path in the actual fairing. Following fluid-structu
coupling techniques, the modal interaction model by Fah18

and recent work by Henry and Clark,19 the model results.
From the inhomogeneous wave equation for the pressur
the cavity, the equations of motion for the enclosure as
turbed by the curved panel can be written as

Lnp
v̈np

~ t !1Lnp
vnp

2 vnp
~ t !52r0c2S0(

k51

K

Cnpkẅk~ t !, ~2!

wherer0 is the density of the fluid in the cavity, andvnp
(t)

is a generalized modal coordinate. The panel undergoing
of-plane displacement,w, is modeled as a distributed volum
velocity source just inside the enclosure boundary. T
modal volume,Lnp

, is represented by the integral of spat
mode shape functions, and the subscriptsm, n, andm have
been replaced in by the generalized modal indexnp . The
coupling coefficientCnpk is the surface integral of the
product of the mode shape functions of the panel and
enclosure.

A. Tuned absorber coupling

Modeling and design of the tunable acoustic absor
requires coupling the equations of motion for a typical lou
speaker to the acoustics of the enclosure model develo
above. The passive interaction of the tuned loudspeaker
the fairing acoustics forms the tunable boundary condit
for control application. In preliminary tests, the nose co
seemed ideal for installation of the tuned absorber: the
mary active control targets are the modes of lowest
quency, so the absorber should interact with longitudinal,
radial or azimuthal, wave forms. These wavelengths are m
easily targeted spatially by observation and control at the
caps of the fairing. Applied damping at the boundary con
tion responsible for longitudinal modal response will redu
acoustic energy at the modal frequency, thereby reduc
overall acoustic energy propagation within. Additional
placement of the tuned absorber in the nose cone minim
the control system impact on available payload volume.

FIG. 1. ~a! Mechanical schematic of loudspeaker system.~b! Electrical
schematic of loudspeaker system@after Clarket al. ~Ref. 20!#.
1988 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 J. D
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A model of a loudspeaker, radiating in its piston mod
was therefore incorporated in one end cap of the enclos
The electromechanical coupling and structural acoustic c
pling are described by assimilating the typical loudspea
equations of motion20 with the enclosure model above. Fig
ure 1~a! provides a schematic representation of the mech
cal system, and the respective equation of motion can
written as

Mmẅ~ t !1Dmẇ~ t !1Kmw~ t !5Bli ~ t !2S0p~ t !, ~3!

whereMm , Dm , andKm are the mechanical mass, dampin
and stiffness of the speaker, andẇ(t) represents the displace
ment of the speaker coil. The force input has two comp
nents: electromotive force is the product of the field stren
of the inductorB, the conductor lengthl, and the current
i (t); and the pressure input is the product of the surface a
of the loudspeaker diaphragm,S0 , and the acoustic pressur
p(t). This pressure input, or radiation resistance, is the m
crucial coupling term for this application. Figure 1~b! pro-
vides a schematic representation of the electrical syst
governed by the following equation:

L
di ~ t !

dt
1Rsi ~ t !5va~ t !2Blẇ~ t !. ~4!

Note that the voice coil~Bl! couples the electrical and me
chanical systems in the speaker. These equations of mo
can now be coupled through diaphragm displacementw and
acoustic pressurep to the acoustic model of the enclosure f
full system modeling and optimal design.

B. Optimization

A constrained optimization scheme determines the o
mal mechanical and electrical parameters of the loudspe
for acoustic energy absorption at a targeted mode in the
closure. Within reasonable constraints, the routine could
lect candidate speakers by arbitrary variation of each sign
cant property of the loudspeaker system:B, l, R, Mm , Km ,
Dm , andSo . However, to enhance the feasibility of actu
loudspeaker construction and tuning, the parameter field
narrowed to those available for physical tuning: the res
tanceR of the circuit, and the apparent spring stiffness,Km ,
of the mechanical system. The cost functional was calcula
as theH2 norm of the targeted modal acoustic outputvn of
the coupled loudspeaker/enclosure system. The routine
lized a constrained optimization function provided in the o
timization toolbox for MATLAB. The function,fmincon.m,
follows a sequential quadratic programming method
which a quadratic programming subproblem with lineariz
constraints is solved at each iteration as the routine sear
for the minimum of the given cost functional. A positiv
definite quasi-Newton estimate of the Hessian of the
grangian function is updated at each iteration to provide
direction and magnitude of the next iteration. This estimat
calculated with the BFGS~Broyden, Fletcher, Goldfarb, an
Shanno! formula which enhances the efficiency of th
scheme.21

To assure the accuracy of the optimization results, s
eral sets of initial conditions were passed to the routine
. Kemp and R. L. Clark: Noise reduction with actively tuned speakers
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FIG. 2. Frequency response of enclo
sure without~—! and with ~ !
reduction due to coupled tuned ab
sorber~¯!.
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each targeted mode. The routine repeatedly selected sim
models within one hundred iterations. The dynamic respo
of a typical optimal absorber demonstrates increased
sponse at a frequency slightly above or below the targe
modal frequency. This observation confirmed initial hypo
eses about the parallels between optimal acoustic abso
and tuned vibration control devices. Figure 2 displays
predicted acoustic response of an optimal loudspea
coupled to the acoustic enclosure developed above. Note
significant reduction in response at the second mode. T
pressure response, taken in the acoustic far field of the tu
loudspeaker, demonstrates significant global reduction f
a single tuned actuator. This ideal actuator serves as the
erence model in a control scheme designed to tune the a
loudspeaker to act as the ideal absorber.

IV. EXPERIMENTAL IMPLEMENTATION

Development of the tuned absorber continues with
plication of model reference control to the loudspeaker in
fairing. Based upon work by Ogata,22 the development of a
model reference plant involves evaluation of a performa
J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 J. D. Kemp
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metric calculated as the response difference between the
tual system and the model reference system, given iden
inputs.

An approach based on the eigensystem realiza
algorithm23,24 identifies low-order, discrete, state-space re
izations of the untuned speaker for comparison with the
timal loudspeaker model developed above. A comm
source then disturbs both the realized system and the opt
model through the respective voltage inputs, ensuring
the controller affects the loudspeaker regardless of acou
pressure input. The characteristics of the disturbance an
coupling to the fairing are irrelevant to the controller, broa
ening the scope of possible application. The outputs of
two systems are compared and the difference between t
serves as the performance variable in the control law.

The augmented system25,26 was then assembled an
modeled using Simulink,27 and H2 control laws were com-
puted using MATLAB. Filters designed to shape the contr
ler are added for stability but increase the order~number of
states! of the augmented plant and the resulting control la
The controller, now of unnecessarily large order, is redu
FIG. 3. Illustration of fairing testbed.
1989and R. L. Clark: Noise reduction with actively tuned speakers
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through model reduction techniques, such as balanced
sidualization or truncation.26,28 After computation, a Tustin
routine transforms the reduced-order control law into the d
crete domain and the control law is downloaded to a dig
signal processor~DSP! for implementation.

Comparison of the open-loop and closed-loop freque
response functions from a disturbance input~band-limited
random noise! to an array of performance microphon
yields a controller performance metric. Averaging these f
quency response measurements provides represen
open-loop and closed-loop frequency responses and fa
tates evaluation of the overall effects of the controller a
function of frequency. From this evaluation, the occurren
of spillover, the degree of coupling to the target modes,
the average amount of local and global attenuation is
served.

A. Fairing testbed

Experiments are conducted on a full scale compo
fairing model containing the loudspeaker/absorber, the ac
erometer sensor, the acoustic disturbance source, and si
arbitrarily positioned performance microphones. The fair
~shown schematically in Fig. 3! is approximately 5.3 meter
in length, 1.3 meters in diameter~maximum!, and tapered a
both ends. A plywood end cap is attached to the base of
fairing and sealed appropriately. A hemispherical alumin
end cap completes the nose cone and seals the aco

FIG. 4. Schematic of absorber system mounted in nose cone.
1990 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 J. D
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chamber behind the loudspeaker, as shown in Fig. 4.
loudspeaker and baffle are rigidly attached to the nose c
The loudspeaker is a manufactured 18 inch subwoofer, oc
pying roughly 60% of the area of the nose cone baffle.

The accelerometer is fixed at the diaphragm center
maximum signal and focus on the piston mode of t
speaker. A small conditioning device located within the fa
ing amplifies the accelerometer signal. A disturbance lo
speaker in the corner of the fairing near the base end
excites the interior cavity modes. The performance mic
phones were distributed throughout the interior at arbitr
positions to measure the overall controller effects. All c
bling was connected through a panel at the base of the
ing. The controller, spectrum analyzers, power amplifie
microphone conditioners, and other required hardware w
housed external to the fairing. A block diagram of the se
is presented in Fig. 5.

V. RESULTS

A. Tuned absorber

The experiment begins with an investigation of the co
pling effects between the loudspeaker and the fairing aco
tics. Figure 6 supports the predicted effects of this coupli
The frequency response of the loudspeaker is measured
in open air and after installation in the fairing nose co
baffle. Both were measured as frequency response funct
between a band-limited random disturbance applied to
voltage input of the loudspeaker and the voltage signal fr
the accelerometer mounted on the loudspeaker diaphra
Note the strong modal response when the loudspeake
coupled to the fairing acoustics. The modes apparent here
coupled mechanoacoustic modes of the loudspeaker and
ing, not merely a reflection of the fairing acoustics. Th
coupling is crucial to the success of the tuned absorber
discussed in Sec. III, and verifies conjecture about this p
sure input to the dynamic system modeled herein.

Modeling of the loudspeaker dynamics for the purpo
of control is accomplished through system identificati
techniques. Following identification, the control law is a
plied to tune the loudspeaker as an optimal absorber.
controller effectively changes the dynamic response of
loudspeaker, as shown in Fig. 7. The loudspeaker respon
l
FIG. 5. Schematic of experimenta
setup.
. Kemp and R. L. Clark: Noise reduction with actively tuned speakers
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FIG. 6. Acoustic coupling demon-
strated by loudspeaker responses me
sured from voltage input to accelerom
eter in open air ~—! and after
mounting in nose cone baffle
~ !.
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measured by the accelerometer relative to an acoustic di
bance applied to the fairing volume. Note the significa
peak introduced at the targeted frequency of 65 Hz. Figu
details the effects of the controller when the disturbance
purely acoustic; the modes of the fairing are apparent.
controller does not retard response of the loudspeaker a
non-targeted first acoustic mode, so the response of
speaker at that frequency remains unchanged.

Model reference control demonstrates authority over
dynamics of an actual loudspeaker. By design, the con
law can tune the loudspeaker to absorb at any freque
though some frequencies are more conducive to tuning
others. The efficiency of the controller and the magnitude
resulting effects are dependent on the dynamics of
speaker, as expected. If the desired tuning frequency is pr
mal to a coupled mode of the loudspeaker and fairing, t
the controller is more successful, as the effort required
J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 J. D. Kemp
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move a system pole is significantly less than that required
introduce a new pole. Additionally, the modal targeting i
troduced by the noise filters in the control law preven
placement of control effort out of the most efficient ban
width. An inherently efficient controller results from thi
combination of control strategies.

B. Acoustic control in the fairing

Demonstration of a stable tuned loudspeaker allo
implementation in the fairing volume. Key to the stabili
and minimal energy consumption of the controller is t
separation of the controller from the acoustics of the fairin
The control law seeks only to tune the mechanics of
loudspeaker, not to actively control the fairing acousti
This separation precludes the development of typical aco
tic instabilities found in most active acoustic control system
red
FIG. 7. Loudspeaker acceleration response measu
from acoustic disturbance to accelerometer without~—!
and with active tuning~ !.
1991and R. L. Clark: Noise reduction with actively tuned speakers
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FIG. 8. Local acoustic pressure re
sponse measured from acoustic distu
bance to a single microphone~No. 3!
without ~—! and with active tuned ab-
sorber ~ ! targeting second
acoustic mode~69 Hz!.
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allowing significant control signal gain without fear of un
stable acoustic feedback. In other words, the controller
tively tunes the loudspeaker to act as a passive acoustic
sorber, as discussed in the preceding sections.

Optimization efforts revealed significant control capab
ity at the second mode of the fairing, 69 Hz. Proximity to
actual coupled modal frequency of the loudspeaker and
ing promotes effective control of loudspeaker dynami
Candidate absorber models with natural frequencies slig
above or below the targeted 69 Hz were chosen by the o
mization routine. The best results, both predicted and act
utilized an absorber tuned to 80 Hz. The optimal tuning f
quency is roughly 15% above the targeted modal freque
a result typical of tuned mass absorber design. Figure 8
plays the local pressure response for this control config
1992 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 J. D
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tion, measured at a microphone located in the cross-secti
center of the fairing, approximately 0.8 meters from t
tuned diaphragm. The 12 dB reduction at the second m
~69 Hz! is apparent; the resonant peak is split and of grea
reduced magnitude. This microphone represents the resp
of the fairing in the acoustic near field of the tuned lou
speaker.

An evaluation of global performance in the fairin
yields the acoustic response shown in Fig. 9. This respo
was measured as the simple average of the pressure
corded at 16 arbitrary positions within the fairing. Significa
global peak reduction~4 dB! is apparent; control is achieved

Note that the global reduction is less significant than
local control shown in Fig. 8, as expected. To investigate
performance at individual microphones throughout the spa
-
is-
t
r

FIG. 9. Global acoustic pressure re
sponse, as averaged from acoustic d
turbance to 16 microphones, withou
~—! and with active tuned absorbe
~ ! targeting second acoustic
mode~69 Hz!.
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Table I details the second mode~69 Hz! peak reduction mea
sured at each location. The microphone locations are n
bered consecutively from forward to aft. The local frequen
response plotted in Fig. 8 corresponds to microphone num
3, as the first two positions were closer to the loudspea
but not in the center of the fairing. Note that attenuation
achieved at 13 of the 16 microphone locations, the exc
tions being two microphones where no attenuation was no
and a 3 dB increase measured at microphone number
However, the overall RMS pressure level in the 200
bandwidth was still reduced by 0.61 dB at microphone N
13. Additionally, two separate locations, one in the acou
near field~No. 3! and one in the far field~No. 11! measured
peak reductions of 12 dB. The previous active system req
ing 16 actuators did not achieve any peak reduction gre
than 12 dB.8

A promising observation throughout the tests is the vo
age necessary to achieve this level of control. A freque
spectrum of the control voltage is provided in Fig. 10. Th
controller, by design as merely an enabling device for p

TABLE I. 69 Hz mode peak pressure reductions achieved with an acti
tuned loudspeaker, calculated from measurements of frequency resp
between acoustic disturbance and each microphone.

Microphone ID Peak reduction~69 Hz!

1 7 dB
2 8 dB
3 12 dB
4 8 dB
5 0 dB
6 1 dB
7 0 dB
8 6 dB
9 6 dB

10 5 dB
11 12 dB
12 4 dB
13 23 dB
14 3 dB
15 5 dB
16 5 dB
J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 J. D. Kemp
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sive absorption, required 0.216 Volts RMS~1.180 V peak!
for the duration of the testing. These levels are at least
order of magnitude less than the voltage required per ac
tor by active systems achieving similar levels of control w
multiple actuators.8 Power requirements are also approp
ately reduced. Each of the above results demonstrates
effectiveness of a low-order model-reference controller u
to tune a loudspeaker to act as an optimal tuned acou
absorber in a full-scale payload fairing.

VI. CONCLUSION

Preliminary results presented here demonstrate the
fectiveness of a tuned loudspeaker acting as a self-conta
optimal acoustic absorber in a launch vehicle fairing. App
cation of structural tuned mass absorber theory to the re
of acoustics has allowed efficient acoustic reduction with
tive technology but without the logistical cost of previou
active and passive control apparatus.

Following development of a theoretical model of th
enclosure and of a typical loudspeaker, an optimizat
scheme selects the dynamic properties of an ideal abso
for a chosen acoustic mode of the enclosure. This opti
absorber then serves as the reference model in a contro
designed to actively tune an off-the-shelf loudspeaker to
as an optimal tuned absorber. Placement of this tuned lo
speaker in the nose cone of a full-scale launch vehicle fair
allows experimental verification of the tuned absorber c
cept. A tuned loudspeaker acting passively in the fairing
closure absorbs significant acoustic energy at targeted m
frequencies.

The feasibility of a launchable application remains t
quest of this technological development. The advanta
here are simple: the actively tuned absorber minimizes c
troller impact on payload weight and volume. The syste
requires only one actuator per acoustic mode to be c
trolled, rather than the array used for active studies. W
each actuator goes an accompanying amplifier, microph
and signal conditioner. Further, control signal voltage a
actuator power requirements are orders of magnitude

ly
ses
ce
-

FIG. 10. Frequency spectrum of the model referen
control signal voltage for the actively tuned loud
speaker.
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than active counterparts, relieving battery weight. This
brid controller accomplishes efficient, lightweight noise
tenuation in a frequency range where both active and pas
control have significant logistical and performance problem

Future work will address challenges that arise in
application of any controller to a launchable enclosu
Acoustic response of the fairing, and therefore optimizat
and modal targeting parameters, will change with paylo
and atmospheric conditions, so the tuned system mus
able to react accordingly. The tuned absorber system o
feasible solutions. Because the tuning parameters are b
solely on a targeted frequency, they could be updated with
continuous system identification. In fact, these tracking
justments could be incorporated in the control law. Additio
ally, further studies should include the use of multiple tun
loudspeakers targeting single and multiple frequencies in
enclosure. Development of these concepts holds promise
future investigations, as the actively tuned loudspeaker
demonstrated acoustic control in a full-scale fairing.
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