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Active Acoustic Control of a Rocket Fairing Using
Spatially Weighted Transducer Arrays
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A preliminary study, including experimental results for a novel active acoustic control approach to reduce the low-
frequency modal response in a rocket fairing, is presented. The control method uses spatially weighted transducer
arrays with H, feedback control laws to attenuate globally the targeted acoustic modes. The nature of the fairing
acoustic problem is described, the theory of the control approach is discussed, and important feasibility issues
regarding the actual implementation of the control method are presented. Several controllers were implemented
on a full-scale composite model of a small rocket fairing. The results demonstrate that the controller was able
to reduce the response of the low-frequency modes by 6-12 dB with very little spillover. In addition, a spatially
averaged reduction of the acoustic response of the fairing interior in excess of 3 dB over the 20-200-Hz bandwidth
was demonstrated. The feasibility studies indicate that limitations on actuator power and volumetric displacement
under actual launch conditions are not necessarily prohibitive, but may be satisfied with continued development

of actuator technology and placement optimization.

Nomenclature

A., B.,C.,D, = state-spacerepresentationof a dynamic
control law

A,B,,C, D, = state-spacerepresentationof the control law
augmented with spatial weighting vectors or
matrices

G, (jw) = frequency response of the actuator transfer
function relating the applied control signal
to the actuator output signals

G i (Jo) = frequency response of the microphone
transfer function relating the measured
pressure to the output signal, V/Pa

G(s) = Laplace transform of the system transfer
matrix

H(jo) = frequency response of the control law, V/V

I s = root mean square of the currentacting on an
actuator at a frequency, A

i,(jow) = currentsignal applied to the actuators, A

P, = average power delivered to an actuator at a
frequency, W

p(jw) = microphone pressure measurement, Pa

p(jw) = scaled pressure signal, Pa

Pref = reference pressure, 20 nPa

R = resistance of the series resistor contained
in the constant volume-velocity actuators, 2

u = vector of control inputs

Uy, = denotes the mth system input
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u(s) = spatially weighted system input

Vims = root-mean-square voltage acting on an
actuator at a frequency, V

v, (Jo) = control signal applied to an actuator, V

v, (Jw) = voltage measured across the series resistor
of an actuator circuit, V

v (Jw) = voltage applied to a speakerin the control
experiments, V

W, = spatial weighting matrix for actuators

w, = spatial weighting matrix for sensors

w, = spatial weighting vector applied to actuators

W, = spatial weighting vector applied to sensors

diaphragm displacement, m, and velocity,
m/s, respectively

x(jo), X(jw)

y = vector of system outputs
y(s) = spatially weighted system output
o = constant scaling factor for microphone signals
6 = power factor of an actuator (speaker)
Wmax = maximum frequency of measured data, rad/s
Wimin = minimum frequency of measured data, rad/s
Superscript
T = transpose operator

Introduction

HE high-level, low-frequency acoustic excitation that occurs

at launch can induce structural-acoustic vibrations that cause
payloaddamage. As engineersendeavorto create larger, lightweight
fairings, thatis, launch vehicles, acousticexcitationbecomes a more
critical factor in payload launch survivability. Research in acoustic
attenuation within the fairing has investigated the use of both active
control and passive treatments, in addition to controlling the vi-
bration of the fairing itself.!~> At low frequencies, lightly damped
modes dominate the interior acousticresponseof the fairing. The in-
effectiveness of passive treatments, such as acoustic blankets, fiber-
glass, and acoustic foam, at low frequencies impels consideration
of active control methods.
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Previous work has shown that dissipative control can be achieved
in one-dimensional acoustic enclosures by using a collocated pres-
sure sensor and a constant volume-velocitysource *7 This approach
was extended to control low-frequency modes in an aircraft fuse-
lage by utilizing arrays of spatially weighted sensors and actuators.
The transducer arrays were spatially weighted to selectively couple
with low-frequency modes, which has the advantageof reducing the
order of the control law. Significant damping of the low-frequency
modes was achieved without producing significant spillover?® Here,
this control approach is extended to the fairing problem.

The present work proposes to attenuate the response of low-
frequency acoustic modes in a launch vehicle fairing by using an
active feedback controller in conjunction with an array of nearly
collocated microphones and moving-coil actuators (speakers). Col-
location reduces the phase lag between the sensors and actuators
and, packaged as a single unit, limits the spatial impact of the sys-
tem on the payload volume of the fairing. Spatially weighting the
array of sensors (microphones) allows measurements taken by each
individual sensor to be used collectively, forming a more accurate
measurementof the acousticdynamicsof the enclosure. The weight-
ing process emphasizes the coupling with the target mode or modes
to be controlled and reduces the coupling with nontarget modes.
Likewise, collective implementation of the actuator array enables
greater control authority over the low-frequency acoustic modes.
Spatial weighting results in a simplified system identification pro-
cess and controllaw design. Because only low-frequencymodes are
targeted by the controller, control can be achieved with relatively
low-order controllaws, thatis, less than 20 states. By the incorpora-
tion of low-order dynamic control laws with nearly collocated pres-
sure sensors and volume-velocity actuators, significant controller
rolloff is achieved both above and below the control bandwidth,
which increases the performance and stability of the controller.

This report presents the results of a preliminary investigation of
this control approach applied to a full-scale composite model of a
small fairing at Duke University. Primarily, this investigationsought
to determine the effectiveness of the control approach in reducing
the response of the low-frequency acoustic modes of the fairing.
Additionally, this work investigated the feasibility of using the con-
trol approachin an actual launch vehicle, where the overall acoustic
levels exceed 140 dB over the bandwidth of 10 Hz-10 kHz.

The following discourse first focuses on the fairing acoustics, the
spatial-weighting concept and its application, and the method for
designing and implementing control laws. Then a discussionis pre-
sented that addresses the primary concerns regarding feasibility and
the methods used here to investigatethese concerns. Next, the exper-
imental testbed, hardware, facilities, and procedure are described.
Results from several controllers are presented to provide an indica-
tion of controller performance and to illustrate important controller
design issues. Finally, conclusions based on this preliminary effort
are given.

Theory

Fairing Acoustics

A rocket fairing is essentially a flexible, thin-walled structure
that protects the payload during launch. Fairings are typically con-
structed of metal, such as aluminum, but more recently compos-
ites have been used. Although composites offer many advantages,
they are less massive and, therefore, allow increased transmission
of exterior disturbances. Acoustic waves within the fairing interact
detrimentally with the payload. Typically, the overall acousticlevels
inside small fairings during launch can exceed 140 dB. At low fre-
quencies (10-200 Hz), the levels reach approximately 120-130 dB.

The length of the fairing considered in this work was 5.3 m, and
the maximum diameter was approximately 1.3 m. For this geome-
try, the low-frequency acoustic modes are longitudinal. A model of
arigid-walled cylinder of similar dimensions provides a reasonable
prediction of the lowest acoustic natural frequencies of the fair-
ing. If the longitudinal mode-shapes can be approximated as cosine
functions, the first three acoustic natural frequencies occur at ap-
proximately 32, 65, and 97 Hz, with the correspondingwavelengths
being 10.6, 5.3, and 3.5 m (Ref. 9). Though a very rough approxi-
mation, it is apparentthat at such long wavelengths passive damping
treatments such as acoustic blankets and liners are impractical.

Because of the low amount of damping provided by the fairing,
the low-frequency acoustic modes are lightly damped, further exac-
erbating the problem. If the payload exhibiteda structuralresonance
near an acoustic resonance, the acoustic loading could cause dam-
age to the payload. Flat surfaces of solar panels and lightweight
structures such as thin films and membranes would be especially
susceptible to damage from low-frequency excitation.

The acoustic modes of the fairing are excited by a number of
disturbancesources, including aerodynamic buffeting during flight,
structural vibrations induced by the rocket motors, and pyrotechnic
shocks during stage separations. These sources act in addition to the
explosive noise produced by the motors themselves. The presence
of multiple, random disturbance sources precluded adaptive feed-
forward control and compelled the use of active feedback controlin
the present investigation.

Spatial Weighting

Previous research has demonstrated the advantages of employing
spatially weighted, discrete transducer arrays to emphasize cou-
pling with target modes 3 1°=1* Applicationshave typicallyinvolved
structural systems where the sensors and actuators were spatially
weighted to couple with particular modes of the structure. Sensor
and actuator weights were related to the mode shape of the structure
and the relative positions of the sensors and actuators. To illus-
trate spatial weighting for a one-dimensional acoustic application,
consider the rigid-walled, simply supported cylinder presented in
Fig. 1a, with sensors mounted along the length as indicated. The
corresponding first acoustic mode for this hypothetical system is
presented in Fig. 1b. The appropriate spatial weight for each of the
actuators shown corresponds to the modal amplitude evaluated at
the sensor position. Notice that the spatial-weighting values for the
first three sensors are positive, whereas the last three are negative.
The change of sign indicates that the last three sensors are 180 deg
out of phase with the first three. The fourth sensoris located near the
node of the mode shape; therefore, its corresponding spatial weight
would be near zero.

For complex structures and enclosures such as the fairing, the
spatial-weighting vector or matrix must be determined from exper-
imental measurements. The method presented herein estimates the
appropriatespatial-weightingvector from frequency-responsemea-
surements. Because the sensors and actuators in the experiments
were collocated with respect to the acoustic wavelength, the spatial
weight foreachactuator was approximatedas the weightdetermined
for the corresponding sensor. This approximation is sufficient for
control of low-frequency modes in a lightly damped enclosure.

Consider an enclosure with an array of pressure sensors (micro-
phones) positioned arbitrarily throughout. A loudspeaker is posi-
tioned arbitrarilyin the enclosureto provide a stochasticnoise input.
The frequencyresponses between the noise input and the sensor mi-
crophones reveal the degree of coupling between each sensor and
the acoustic modes of the enclosure® At a particular modal fre-
quency, the weight for a given sensor can be defined as the real part
of the complex frequency response of the sensor at the modal fre-
quency. Weights are calculated for each sensor in this fashion from
the respective frequency-responsemeasurements. The weights col-
lectively form a vector of weighting values for the sensor array and,
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hence, for the actuator array. The weighting vector is normalized to
unity for convenience.

Consider a system with M inputsu and P outputs y, represented
by the transfer matrix G(s). The spatial-weighting vector used to
emphasize a single target mode is denoted as w, for the sensors and
w, for the actuators, where

w =w§ (1)

Application of the weighting vectors w, and w, to the system in-
puts and outputs, respectively, reduces the system to a single input
i(s) and a single output y(s). The output is expressed as a linear
combination of the sensor measurements,

Y(s) =wyy 2)
Because the sensor outputs can be expressed as
y=G@s)u (3)
substituting Eq. (3) into Eq. (2) yields
Y(s) =w,G(s)u “)

Because the inputs to the plant are given as

Uy =W, U, m=12....M 5)
the output can be expressed as
P M
FE) =D Wy Y Gpn()W,, i(s) ©)
p=1 m=1
which yields
36 _ Ny
= 3w, Gouw,, 7

p=lm=1

Therefore, the resulting single-inputiingle-output system is ex-
pressed as

y()/u(s) =w,Gs)w, ®)

For a system where Q modes are to be selected for control, the order
(i.e., the number of inputs and outputs, as opposed to the number of
states) of the system is expanded from a single-inputkingle-output
system to one having an input and output corresponding to each
targeted mode. In this case, the weighting vectors are replaced by
the matrices W, and W, (M x Q and Q x P, respectively) with
rows and columns correspondingto the spatial-weightingvector for
each target mode.

To achieve global dissipation of acoustic energy in the fairing, a
measurement or linear combination of states differing from that of
the sensors must be included, otherwise control effects may only
be local, that is, limited to servocontrol. In this investigation, this
measurement, referred to as the performance signal, was gener-
ated by using a second array of microphones distributed arbitrarily
throughout the interior of the fairing. Measurements from these
performance microphones were not measured by the controller, but
were only used as a performance metric in the design of the control
law. Spatial-weighting vectors were measured and applied to the
performance microphones to emphasize the same modes targeted
by the controller.

Control Design

Dynamic controllers can be shaped to emphasize control over a
specific bandwidth and to produce rolloff above the control band-
width. Therefore, dynamic controllers can provide better perfor-
mance and increased stability in comparison to static gain con-
trollers. The control laws used in the present work were computed
to minimize the two norm H, of the transfer matrix between the
performance variables and the exogenous inputs.'>!> Criteria for
control law design included disturbance rejection at low frequen-

Control
Effort z ()
Penalty
Performance | _ .
fis) D Gis) Penalty 0
Pg[oqess
;) —we| Noise
o © Filter
Sensor
w, (s) ——| Noise -—() )
Filter

Fig. 2 Block diagram of the augmented plant used in H, control law
synthesis.

cies while maintaining low sensitivity to noise and modeling errors
at higher frequencies.

In the subsequent experiments, models of the open-loop system
were computed by using an approach based on the eigensystem
realizationalgorithm.!® This method of systemidentificationyielded
low-order, discrete state-space models that were used in control law
synthesis. Frequency-dependentweighting filters were added to the
open-loop system model to form the augmented plant presented in
Fig. 2. The inputs to the augmented plantincluded the control signal
i (s), the process noise input that represents exogenous inputs and
disturbancesw, (s), and the sensornoise input w; (s). The outputs of
the augmented plant included the control effort penalty z.(s) , the
spatially weighted performance microphone measurements z,(s),
and the sensed variable y(s), whichrepresentsthe spatially weighted
sensor microphone measurements.

For system modeling, the disturbanceloudspeakerand the acous-
tic paths from the disturbanceto the performance microphoneswere
not measured or included. This exclusion prevented the controller
from attempting to impedance load the disturbance. Instead, the
controllershould yield attenuationregardlessof the source or the lo-
cation of the disturbance. For modeling purposes, the process noise
input was summed into the control input (see Fig. 2). Therefore,
the plant (fairing acoustics) shaped the effects of the process noise
as recommended.> To generate a well-posed control problem, a
low-pass filter was added to the process noise input to eliminate
feedthrough terms. The cutoff frequency of the low-pass filter was
set to 10 kHz, well above the bandwidth of interest.

The augmented system was assembled and modeled us-
ing Simulink,"” and H, control laws were computed using
MATLAB®.® Filters used to shape the controller increased the or-
der (number of states) of the augmented plant and of the resulting
control law. This resulted in a control law of much larger order than
necessary. Model reduction techniques, such as balanced residual-
ization or truncation,>! were applied to reduce the order of the
controller without significantly affecting the dynamics of the con-
troller or the closed-loop system.

After computation, the reduced-order control law was trans-
formed into the discrete domain using a Tustin transformation, the
spatial-weighting vectors were applied, and the control law was
downloadedto a digital signal processor (DSP) for implementation.
A controllaw givenas {A., B, C., D.} can be expanded for M = P
collocated sensors and actuators such that

A=A, C =w,C.,

/ /
B, =B.w,, D, =wDw,

©)

For a multimode (Q > 1) controller, the weighting vectors are re-
placed by the corresponding weighting matrices.

Controller performance was determined by comparing the open-
loop and closed-loop frequency-response functions from a distur-
bance input (band-limited random noise) to the performance mi-
crophone array and the sensor microphone array. Averaging these
frequency-response measurements provided representative open-
loop and closed-loopfrequency responses and facilitated evaluation
of the overall effects of the controller as a function of frequency.
From this evaluation, the occurrence of spillover, the degree of cou-
pling to the target modes, and the average amount of attenuation
at the sensors and globally at the performance microphones can be
observed.
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Fig. 3 Path from sensor to actuator.

Feasibility Issues

An active control system must meet many criteria to be practical
in alaunchvehicle. The additionalweightand expenseof the control
system is of primary concern. Another important consideration is
the performance-to-weightratio, which indicates how much atten-
uation is provided for a given weight of the control system. In some
situations, it might be determined that simply adding an equivalent
amount of mass to the structure would provide the same attenuation
levels without the additional complexity.

In this investigation,issues such as actuator power requirements,
actuator diaphragm displacement, and signal clipping were consid-
ered. Although the controller would only operate for the several
minutes between launch and orbit, it is important to determine the
amount of power required by the controller (specifically the actu-
ators) to determine feasibility from a power-supplybattery stand-
point. Another important issue involves the response of the actuator
to the control input. A control signal for high-level disturbances
could command a response beyond reasonable actuator abilities,
such as an extreme volumetric displacement. By the measurement
of the response of the actuators and the transfer function from the
sensor inputs to the actuators, the power and diaphragm displace-
ment were extrapolated from the experimental data to higher sound
pressure levels. Although the relatively low sound pressure levels
used in these preliminary experiments (90 dB) deemed clipping an
unimportantissue, clipping would be a critical considerationin an
actual implementation where the acoustic disturbance is orders of
magnitude larger.

The path from the sensor input to the actuator output is presented
in Fig. 3. The pressure response measured at each sensor, p(jw),
for a band-limited random disturbance was used as a rough approx-
imation of the pressure response that would be experienced in the
fairing at launch. The microphone response was integrated over the
bandwidth to compute the total rms pressure at the microphone.
The total rms pressure was then converted to sound pressure level
[SPL(dB)], which is given by

Wmax

NT
SPL(dB) = 20log, i Z oy 1PU @D (10)
DPret

By scaling the sound pressure level [SPL(dB)] spectrum measured
at lower disturbancelevels, the pressure spectrum correspondingto
the total rms pressure for any desired level can be predicted, that is,

DPret

SPL(dB) = 20log,, (11)

where « is a constant scaling factor for each microphone and is
determined by

ot losflL/zo
o = Pt T (12)

NIk

where SPL is the desired SPL. This scaling yields a rough prediction
of the pressure measurement p(jw) that would occur for an actual
launch,

pPljw) = ap(jw) (13)

Each microphone transduced the pressure inside the fairing to an
equivalentoutput voltage that was defined by the microphonesensi-
tivity. This signal was then filtered and amplified by the microphone
conditioninghardware. Thus, the gain of the microphone condition-
ing circuitry and the microphone sensitivity, collectively referred to

v(jw) L.
wlJ Power is(jo)

Amplifier .

i R v, (jw)
12
Volume v ()
Velocity
Compensator

Fig. 4 Schematic of the actuator setup.

as Gpic (jw), were necessary for calculating the interior SPLs from
the output signals of the microphone conditioning hardware.

For feedback controllerimplementation, the voltage signals from
the sensor microphones and the conditioning hardware were sam-
pled by the DSP and filtered by the discrete control law to compute
the control signals. The control law, which is referred to as H( jw),
was characterized by measuring the frequency response across the
input and output channels of the DSP. This measurement verified
that the dynamics of the downloaded controller corresponded to the
designed control law and revealed any effects from antialiasingand
reconstruction filters of the DSP.

The output voltages from the DSP as applied to the actuators,
denoted as v, (jw), were predicted by using the controller trans-
fer matrix H(jw), the transfer functions across the microphones
Gic (jw), and the estimated pressure signals acting on the micro-
phones p(j),

va(jw) = H(jo)Guic(jo)p(jo) (14)

From this prediction, the controller voltages were estimated as a
function of fairing interior sound level for a given controller.

AsshowninFig. 4, the actuatorhardware includeda power ampli-
fier, a moving-coil speaker, a series resistor for sensing the current,
and a constant volume-velocity compensator. In the subsequentex-
periments, 14-cm-diam loudspeakers mounted in small enclosures
were used as control actuators. Each loudspeakersystem was com-
pensated by using a feedback loop around the actuator to cause the
loudspeakerto approximateconstantvolume-velocitybehaviorover
the control bandwidth.” This feedback loop reduced the effects of
the loudspeakerdynamics on the closed-loop system and simplified
control law design.

The diaphragm velocity x(jw) and displacement x(jw) were
measured as a function of voltage applied to the actuator v, (jw)
using a laser vibrometer. The frequency response of the actuator
displacement to applied voltage was used to extrapolate the actu-
ator displacement corresponding to higher SPLs. This calculation
assumes linearity and ignores possible peak-to-peak voltage limits
of the DSP. Although free-air measurements give a good estimate
of the velocity and displacement response, they do not account for
the coupling between the actuator and the acoustic system. In the
coupled system, the acoustic modes of the fairing affect the actuator
response. However, these effects are small and were neglected in
the present study.

For a voltage applied to an actuator, the average power delivered
to the speaker can be computed as*

P,y = Vs Lms €0 0 (15)

The power spectrum of the voltage applied to a speaker can be cal-
culated by using the frequency-responsefunction v (jw) /v, (jw):

v (Jo)
v (Jw)

2
(o) = ’ v (jo)I? (16)

where v, (jw) is the voltage acting on the speakeras shown in Fig. 4.
The power spectrum of the current i, (jw) is readily available by
dividing the frequency response of the series resistor voltage signal
to the applied voltage by the series resistor resistance, which yields

2

[va(jo)? a7

v (jo)

. . 2
lis(jo)I” = Ro. (o)
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Fig. 5 Illustration of the fairing testbed.

The power delivered to a speaker as a function of frequency for an
applied voltage v, (jw) is computed from

P (jo) = Vv, (jo) PV iy (jo)I? cosf (jw) (18)

This can be summed over the bandwidth to yield an overall actuator
(OA) power requirement, computed as

POA_

(19)

Experimental Equipment and Testbed

Experiments were conducted on a full-scale composite fairing
model using 16 constant volume-velocity actuators with 16 collo-
cated sensor microphones and 16 performance microphones. The
fairing (shown in Fig. 5) was approximately 5.3 m in length, 1.3 m
in diameter (maximum), and taperedatboth ends. An aluminumend
cap was fixed to the nose, and a plywood end cap was attached to the
base. Each sensor/actuator pair was rigidly attached to the compos-
ite structure. The sensor/actuator pairs were evenly distributedalong
the length and circumference of the fairing interior to yield unbiased
spatial sampling. For these experiments, off-the-shelfloudspeakers
that wererated at 100 W with a maximum linearexcursionof4.5 mm
were used as actuators. A disturbanceloudspeakerwas placed in the
corner of the fairing near the base end cap and was used to excite
the interior cavity modes. The performance microphones were dis-
tributed throughout the interior at arbitrary positions to measure the
overall controllereffects. All cabling was connected through a panel
at the base of the fairing. The controller, spectrum analyzers, power
amplifiers, microphone conditioners, and other required hardware
were housed outside of the fairing. A block diagram of the setup is
presented in Fig. 6.

Both the sensor and performance microphones were calibrated,
ICP devices that, according to the manufacturer’s specifications,
were accurate to within &1 dB over the bandwidth of 20-7000 Hz
and were linear within 3% up to 128 dB. Stated temperature effects
were less than 0.5 dB over the range of —20-65°C. The micro-
phone conditioning hardware provided 12-bit accuracy and 72-dB
channel isolation and had a low-frequency response of £5% at
0.5 Hz and a high-frequencyresponse of £5% at 100 kHz. Because
the controlbandwidthin these experiments was roughly 20-200 Hz,
the uncertainty of the conditioninghardware was conservatively as-
sumed to be 3%. The accuracy of the laser vibrometerused to char-
acterize the actuators was specified by the manufacturerto be within
3% over its bandwidth.

Multichannel Rane amplifiers were used to drive the actuators.
Each amplifier channel was ac coupled and was capable of approx-
imately 100 W. Amplifier specifications included a 103-dB signal-
to-noise ratio, and —60-dB cross-talk. The frequency response was
measured to be flat (0 dB) from 20 Hz to over 10 kHz. A Siglab
spectrum analyzer system was used to generate disturbance sig-
nals and to measure open- and closed-loop frequency responses.
The analyzer used a 20-bit analog-to-digitalconverter and an 18-bit
digital-to-analogconverter. The manufacturer’ specifications indi-
cated an absolute accuracy of 0.0025% of full-range, 90-dB alias
protectionand greater than 90-dB dynamic range. The DSP used for
implementing the control law was a 32-bit TMS320C40 processor
that used 16-bit converters.

The greatest source of experimental uncertainty originated from
the microphones, microphone conditioning hardware, and the vi-
brometer measurements. The resulting uncertainty of the micro-
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Fig. 6 Schematic of the experimental setup.
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Fig. 7 Representative response at a sensor microphone (+ 0.51-dB un-
certainty).

phones and the microphone conditioning hardware was assumed to
be the product of the uncertainties, which yielded approximately
6.1%, thatis, 1.03 x 1.03. This is equivalent to an experimental er-
ror range of approximately +0.51 dB over the control bandwidth.
For the vibrometer measurements, the experimentalerrorrange was
only £0.26 dB across the bandwidth.

Results

Sensors

The response measured at a representativesensor microphone for
band-limited (200-Hz) randomnoise acting on the disturbanceloud-
speakeris shown in Fig. 7. The responseclearly indicates the lightly
damped modal nature of the fairing interior. From this frequency-
response function, the resulting interior SPL for a unit-magnitude
voltage (rms) applied to the disturbance loudspeaker can be deter-
mined. Including the microphone sensitivity of 20.61 mV/Pa and
the conditioning hardware gain of 50, the voltage responsein Fig. 7
can be converted to pascal per volt, where

pressure (Pa) _ 1 Pa 1000 mV 1V
disturbance (V) ~ \ 20.61 mV v 50 V

microphone voltage output
disturbance voltage input

For a band-limited random noise disturbance input of 1 V rms,
the resulting rms pressure response at this microphone would be
approximately 117 dB (relative to a reference pressure of 20 pPa).
To scale this pressure spectrum such that the rms pressure level was
120 dB, the scaling factor «, determined from Eq. (12), would be
approximately 1.275.

Actuators

The diaphragm velocity response as measured with a laser vi-
brometer relative to a 1-V rms band-limited random noise input
v, (jw) foratypicalactuatoris presentedin Fig. 8. Figure 8 shows the
open-loop velocity response and the closed-loop response with the
constant volume-velocity compensator. The diaphragm velocity of
the compensatedactuator was nearly constantatroughly 18 mm/s/V
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Fig. 8 Measured velocity response of the actuator diaphragm
(+ 0.26-dB uncertainty).
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Fig. 9 Computed displacement response of the actuator diaphragm
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Fig. 10 Average sensor microphone response for the first-mode con-
troller (+ 0.51-dB uncertainty).

from 10 to 900 Hz. The phaselag resulting from the actuatordynam-
ics was significantly reduced over this bandwidth. After integration,
the assumed constant velocity response of 18 mm/s/V yielded the
diaphragm displacement approximation presented in Fig. 9.

Single-Mode Controllers

Initially, experiments were performed to attenuate the response
of a single acoustic mode of the fairing. Figures 10 and 11 show
the results of a controller designed for the fundamental mode at
47 Hz. Figure 10 presents the averaged open-loop and closed-loop
frequency-responsefunctions measured at the sensor microphones
relative to the disturbance input. Figure 11 presents the averaged
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Fig. 11 Average performance microphone response for the first-mode
controller (+ 0.51-dB uncertainty).
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Fig. 12 Average sensor microphone response for the seventh-mode
controller (+ 0.51-dB uncertainty).
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Fig. 13 Average performance microphone response for the seventh-
mode controller (+ 0.51-dB uncertainty).

open-loop and closed-loop frequency-responsefunctions measured
at the performance microphones. Note that Figs. 10 and 11 present
the microphone output voltages, which indicate the reductionin the
interior SPL achieved by the controller. These results demonstrate
that the controller successfully reduced the response of the target
mode, both at the sensor microphones and at the performance mi-
crophones. This controller was designed to be aggressive, yielding
10dB of reductionof the targetmode at the sensors and performance
microphones, respectively, but also creating spillover at the second
mode. Computing the open-loop and closed-loop rms pressure re-
ductions indicated that only 0.88 and 0.85 dB of attenuation was
achieved at the sensor and performance microphones, respectively,
over the 200-Hz bandwidth.

The next experiments investigate the ability of the controller to
control higher frequency modes of the fairing. Figures 12 and 13
present the results for a controller designed to target the seventh
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Fig. 14 Average sensor response for the three-mode controller (nonag-
gressive) (+ 0.51-dB uncertainty).
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Fig. 15 Average performance microphone response for the three-
mode controller (nonaggressive) (= 0.51-dB uncertainty).

acoustic mode of the fairing at 200 Hz. This controller was less
aggressive than the preceding one (i.e., more control effort penalty,
see Fig. 2), and yet the response of the target mode was reduced
by 6 dB at both the sensor and performance microphone locations.
The data indicate that this controller produced very little spillover.
In spite of the significant attenuation measured at the single tar-
get mode, the overall rms reductions were only 0.17 and 0.32 dB
over the 250-Hz bandwidth at the sensor and performance micro-
phones, respectively. However, in both cases, the spatially weighted
controller successfully coupled with the target mode and achieved
significant attenuation.

Three-Mode Controllers

The next experiments demonstrate the ability of the controller
to attenuate multiple acoustic modes. Controllers were designed to
attenuate the first, second, and third acoustic modes at 47, 75, and
107 Hz, respectively. The first controller was designed by using
a relatively large control effort penalty, which yielded only slight
attenuationateachmode, as shownin Figs. 14 and 15. The controller
reduced the response of the target modes with negligible spillover.
Over the 200-Hz bandwidth, the rms reduction was computed to be
1.19 dB at the sensor microphones and 1.13 dB at the performance
microphones.

In the final experiments,a more aggressive controller was imple-
mented, and the resultsare presentedin Figs. 16 and 17. The firstand
second modes were reducedby approximately 12 dB and the third by
5 dB at the sensor microphones and the performance microphones.
The controller had very little effect on the nontarget modes, which
is desirable from a stability standpoint. This controller achieved an
overall reduction in the rms response at the sensor microphones of
3.46 and 3.30 dB at the performance microphones. This reductionis
very significant and is highlightedby measurementof the reduction
at arbitrary points throughoutthe fairing. The first two modes were
well controlled, and little more improvement could be achieved at
these frequencies. As with the preceding controller, there was very
little spillover produced. These results illustrate the importance of
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Fig. 16 Averagesensor response for the three-mode controller (aggres-
sive) (= 0.51-dB uncertainty).
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Fig. 17 Average performance microphone response for the three-
mode controller (aggressive) (+ 0.51-dB uncertainty).

achieving an optimal balance of control effort penalty and perfor-
mance penalty in controller design. These results also demonstrate
that the control approach can attenuate multiple modes and achieve
significant levels of reduction across the control bandwidth.

Computation of Diaphragm Excursion and Power Requirements

Because the final three-mode controller provided attenuationlev-
els that would be necessary to justify implementing the controller
in an actual launch vehicle, the measurements taken from this con-
troller were used to investigate power requirements and actuator
diaphragm displacement. The voltage applied to the actuators for
various SPLs can be computed by measuring the open-loop pres-
sure responses p;(jw) for the 16 sensor microphones, measuring
the controller frequency-response functions H(jw) and measur-
ing Gy (Jw) and G, (jw). From these measurements, the rms di-
aphragm displacement and power can be determined as discussed
earlier. Results of the displacementand power calculations are pre-
sented in Tables 1 and 2, respectively, for the 200-Hz bandwidth.

Table 1 indicates that, for this controller, the diaphragm displace-
ment was less than 2 mm for disturbance levels up to 120 dB. This
displacement is within the linear excursion range of the off-the-
shelf actuators used in this investigation. At 130 dB, some actuator
displacements exceeded the nominal linear excursion limits, and
at 140 dB, the predicted excursions were on the order of centime-
ters. Note that there were considerable discrepancies between the
displacements of the various actuators, which indicates that some
actuators were not used effectively. Also note that the rms displace-
ment increased roughly an order of magnitude for every 20-dB in-
crease in the SPL (which corresponds to an order of magnitude
increase in sound pressure). Because these predictions were based
on both microphone measurements, which have an uncertainty of
approximately 6.1%, and vibrometer measurements, which have an
uncertainty of approximately 3%, the overall uncertainty of these
estimates is approximately 9%.

Table 2 shows the power delivered to the speakers that was es-
timated using Egs. (18) and (19). Based on the uncertainty of the
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Table1 Predicted rms displacement (millimeters) of speaker
diaphragms as a function of SPL (9% uncertainty)

SPL,dB
Actuator 100 110 120 130 140
1 0.042 0.132 0.418 1.322 4.181
2 0.056 0.178 0.563 1.779 5.625
3 0.049 0.156 0.494 1.563 4.942
4 0.051 0.160 0.505 1.596 5.047
5 0.049 0.156 0.494 1.562 4.939
6 0.043 0.137 0.432 1.367 4.322
7 0.042 0.132 0.416 1.316 4.162
8 0.045 0.141 0.445 1.407 4.450
9 0.049 0.154 0.488 1.542 4.875
10 0.064 0.201 0.637 2.013 6.366
11 0.064 0.203 0.640 2.025 6.404
12 0.099 0.312 0.987 3.120 9.866
13 0.095 0.300 0.948 2.999 9.483
14 0.076 0.241 0.761 2.407 7.612
15 0.073 0.231 0.730 2.307 7.295
16 0.052 0.163 0.515 1.629 5.150

Table 2 Predicted power (watts) applied to speakers
as a function of SPL (27 % uncertainty)

SPL, dB
Actuator 100 110 120 130 140
1 0.019 0.19 1.9 19 192
2 0.088 0.88 8.8 88 880
3 0.001 0.01 0.1 1 9
4 0.001 0.01 0.1 1 9
5 0.042 0.42 4.2 42 417
6 0.016 0.16 1.6 16 159
7 0.008 0.08 0.8 8 82
8 0.001 0.00 0.0 0 5
9 0.000 0.00 0.0 0 2
10 0.004 0.04 0.4 4 39
11 0.001 0.01 0.1 1 12
12 0.031 0.31 3.1 31 311
13 0.014 0.14 1.4 14 140
14 0.015 0.15 1.5 15 146
15 0.010 0.10 1.0 10 97
16 0.003 0.03 0.3 3 33

microphone measurements, 6.1%, and allowing for uncertainty in
frequencyresponse measurements of 0.1%, this yields a total uncer-
tainty in the estimated power requirements of approximately 27%.
The values given in Table 2 indicate that the power levels were
within the allowable range up to 130 dB. At 140 dB, there were sev-
eral actuators above the nominal rating. The data indicate that the
power requirements increased two orders of magnitude for every
20-dB increase in the SPL. Again, there were considerable vari-
ations of the power requirements for each speaker, most notably
between speakers 2 and 9.

Conclusions

The preliminary set of experiments presented herein demon-
strated that active acoustic control with spatially weighted trans-
ducer arrays has the potential to significantly reduce the low-
frequency modal response of a launch vehicle fairing. Over 3 dB
of reduction was measured throughout the fairing interior over the
20-200-Hz bandwidth. The results demonstrated that the proposed
control method successfully coupled with and controlled the tar-
get mode(s), attenuating the individual target modes by as much as
12 dB without producing significant spillover.

Feasibility issues for practicalimplementationof the control sys-
tem were presented and discussed. For an aggressive three-mode
controller, data measured at disturbance levels near 90 dB were
extrapolated to predict rms diaphragm displacement and power re-
quirements corresponding to higher SPLs. The data indicated that
the required power levels on some speakers exceeded 100 W above

130 dB. However, the diaphragm displacement was less than a few
millimeters below 130 dB. The displacement and power require-
ments are not unrealistic at low frequency, where levels are ap-
proximately 130 dB, and may be achieved with better designed
actuators and optimization of the number and placement of the
actuators.
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