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Flight Test of Active Structural Acoustic Noise Control System
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A � ight test is described in which an active structural/acoustic control system reduces turboprop induced interior
noise on a Raytheon Aircraft Company1900Dairliner. Control inputs to 21 inertial force actuators were computed
adaptivelyusing a principal component domain version of the multichannel � ltered-x least mean square algorithm
to minimize the mean square response of 32 microphones. A tabu search algorithm was employed to optimize
placement of the force actuators on the aircraft frame. Both single-frequency and multifrequency control results
are presented. Noise reductions of up to 15 dB were obtained at the blade passage frequency (BPF) during single-
frequency control tests. Simultaneousnoise reductionsof 10dB,2.5 dB, and3.0 dB,at the BPF andnext2 harmonics,
were obtained in a multifrequency test.

Introduction

T HE active structural acoustic control (ASAC) approach for
noise control in aircraft cabins has been in development for

several years.1¡5 ASAC differs from active noise control (ANC)6;7

approach in actuation method; ANC uses loudspeakersvs ASAC’s
structural actuators.8 The ASAC approach has been pursued with
the expectation that a mature design would be more cost effective
than an ANC system of comparable performance. Ef� ciency im-
provements are expected in installation costs, channel count, and
channel power requirements.

Two technologies were tested in the ASAC design. First, the
� ltered-x least mean square (LMS)9 controller was implemented
in the principal component domain.10 This provides processing ef-
� ciencies and controller stability beyond that of conventional con-
trollers. Second, the actuator locations were optimized using a tabu
search algorithm that was directedby predictionsof noise reduction
and control force.11 Proper positioningof ASAC actuatorshas been
shown to be critical in achieving good noise control while using
minimal force.11

The � ight test objectiveswere to demonstratestable noise control
of the � rst three harmonics of the blade passage frequency (BPF),
verifying controller performance and validating the optimization
predictions.Both single-frequencyand multifrequencycontrolwere
accomplished. The following sections present a description of the
principalcomponentcontroller,the optimizationprocedure,and the
test con� guration. Test results are then presentedand discussed and
concluding remarks are offered.

Principal Component Controller
The principal component least mean squares (PC-LMS) algo-

rithm was used as the adaptive control algorithm. This algorithm
is a transform domain version of the multichannel � ltered-x LMS
algorithm9;12 and is described in detail elsewhere.10 In PC-LMS,
the controller parameters, that is, the � lter weights, are adapted
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in a transformed coordinate system that decouples the multiple-
input/multiple-output control channels at a single frequency. Each
controlchannelin this transformedcoordinatesystemis independent
of everyotherchannel.In contrast,the � lter weights for the � ltered-x
algorithm are adapted in a coordinate system de� ned by the control
actuators,which are not usually independentof one another and can
show high degrees of interchannel coupling when many actuators
are used.By decouplingthe controlchannels,convergencerates and
control effort penalties can be set for each channel independently.

A block diagram of a feedforward controller based on the
multiple-error LMS algorithm is shown in Fig. 1. The response of
the error sensors is given by the (m £ 1) vector e and at a frequency
! as described by the expression

e.!/ D H.!/w.!/ C d.!/ (1)

The (r £ 1) vector w represents the control inputs to the actuators,
and the (m £ r ) matrix H contains transfer functions from the input
of each actuator to the output of each error sensor at the frequency
!. The (m £ 1) vector d contains the error sensor responses to the
primary noise � eld and is called the primary response. The matrix
OH(z) is an estimateof thephysicalerrorpath transferfunctionmatrix
H(z) and is used to � lter the reference signal.7

Each termin Eq. (1) dependson frequency!, and thisdependence
is understoodimplicitly in subsequentequations.The frequencydo-
main representation in Eq. (1) describes the controller operating at
steady state, with no transients, and should not be used to ana-
lyze the effect of delays in the error path transfer functions on the
controller.12 The PC-LMS algorithm is obtained by substituting the
singular value decomposition(SVD) of H into Eq. (1). The SVD of
H is written

H D USV H (2)

where superscript H denotes the complex conjugate transpose.The
(m £ m) matrix U and (r £ r ) matrix V contain the eigenvectorsof
HHH and HH H, respectively. The (m £ r ) matrix S contains the
square roots of the eigenvalues of HH H. The singular values are
decreasing,such that s1 > s2 > ¢ ¢ ¢ > sr , where si is the i th singular
value.

Substituting the SVD of H into Eq. (1) yields

e D USVH w C d (3)

UH e D SV H w C UH d (4)

³ D Sº C p (5)

The vector ³ D UH e represents the sensor responses mapped onto
the principal components (PCs) of the control system, whereas
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Fig. 1 Multiple-error LMS algorithm.

Fig. 2 Principal component LMS.

º D V H w is the mapping of the actuator inputs onto the PCs. The
vector p D UH d is the mapping of the primary � eld onto the PCs.
The columnsof the matrix U, therefore,constitutelinear transforma-
tions from sensor responses to PCs, and the columns of V transform
actuator inputs to PCs.10;12 ExpandingEq. (5) term by term produces

³i D
»

si ºi C pi for i D 1; : : : ; r

pi for i D r C 1; : : : ; m
(6)

assuming there are more error sensors than control actuators. Each
PC error term ³i dependsonlyon the correspondingPC control input
ºi and the mapping of the primary response onto the i th PC pi . The
last (r C 1) through m PCs are not controllable and constitute the
residual � eld after control is applied.

Figure 2 contains a schematic of feedforward control imple-
mented using the PC-LMS algorithm. The � lter weights º are
adapted in terms of the PCs of the controller, and then transformed
usingV into actuatorcoordinates.The sensor responsesare likewise
transformed into PC coordinates using UH and are used in the re-
cursive updates of the � lter weights in PC coordinates. A recursive
update for the PC control inputs ºi can be derived from the update
expressionused in the multiple-errorLMS algorithm. The resulting
adaptive algorithm for the i th PC weight ºi is written10

ºi .n C 1/ D ºi .n/ ¡ ¹i si ³i .n/ (7)

Combining the scalar step size ¹i and singular value si into a single
scalar yields a generalized update

ºi .n C 1/ D ºi .n/ ¡ ®i ³i .n/ (8)

where ®i is the step size parameter for the i th principal component.
It is often necessary to constrain the control outputs so that they

do not exceed physical limitations of the control actuators. There
are two methods for constrainingactuator inputs when the PC-LMS
algorithm is used: 1) Set the step sizes ®i of the last few PCs to
zero.10 These PCs require the highest control effort. 2) Apply a
control effort penalty or leak factor in the weight update recursion
for some PCs. The update recursion with a control effort penalty is
written

ºi .n C 1/ D [1 ¡ .u i=si /¯i ]ºi .n/ ¡ ®i ³i .n/ (9)

The noise reductionpotentialof candidate control systems is cal-
culated during actuator location optimization. For a feedforward
control system, predictions of noise reduction and control effort
require knowledge of the transfer function matrix H, the primary
response d, and an estimate of the coherencebetween the reference
and the primary response °2 . The portion of the primary response
at the i th microphone that is coherentwith the reference signal and,
therefore, controllable is written

dcoh
i D di °i (10)

where °i is the coherence between the reference and the response
of the i th microphone. When the PC transformation is applied to
the coherentportionof the primary response,d coh

i produces a vector
of coherent PC responses, denoted pcoh

i . The predicted value of the
control input to the i th PC is given by10

ºcoh
i D

¡si pcoh
i

s2
i C ¯i

(11)

The predictedcontrol inputs in terms of actuator coordinatescan be
computed from the PC control inputs ºcoh as

w D Vºcoh (12)

These control input values can be substituted into Eq. (1) to obtain
the residualerror.Noise reduction,in decibels,can thenbe computed
by

1dB D 10 log10.eH e=dH d/ (13)

Test Con� guration
The test aircraft, a Raytheon 1990D, is shown in Fig. 3. The

aircraft can carry 19 passengers 2900 km at a maximum cruise
speedof 533 km/h. The aircraftcabin is 10.8 m long, 1.8 m high,and
1.4 m wide. The 1900D has a four-bladed propeller and associated
BPF of »103 Hz. The twin engines are phase locked through a
synchrophaser at the shaft speed of 25.8 revolutions per second
(rps). The test aircraft was untrimmed.

A list of the � ight test equipment is given in Table 1, and a block
diagram of the system is shown in Fig. 4. The control system used
32 microphones and 21 actuators. The controller, conditioners,am-
pli� ers, and digital tape recorder were arranged in two racks.

Table 1 Equipment list

Item Number

Controller
Rack-mount PC 1
DSP board 1
I/O board 3; 48 in; 24 out
Tachometer interface 1

Acquisition
ICP conditioners 3; 48 channels
Microphones 32
Accelerometers 12
Tape recorder 48 channels

Control
Ampli� ers 4; 24 channels
Actuators 21 pairs

Miscellaneous
Oscilloscope 1
Monitor 1
Keyboard 1
Mouse 1

Fig. 3 Raytheon/Beech 1900 Cabin.
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Fig. 4 System block diagram.

Controller

The controllerconsistedof a rack-mountedcomputerwith digital
signal processor (DSP), I/O, and tachometer interface. The DSP
board contained two TMS320C40 processors, which were con-
nected to three I/O boards.Each I/O board had 16 input and 8 output
channels. A once-per-revolutionpulse was obtained from the pro-
peller shaft tachometer signal and used to trigger an interrupt on
the DSP board. A phase lock loop tracked this interrupt signal and
was used to generate a data sampling pulse at a frequency 48 times
the once-per-revolutionsignal. With a nominal propeller shaft rate
of 25.8 rps, the sampling rate for the control system was approxi-
mately 1238 Hz. Filters onboard the I/O boards were set to 723 Hz
and provided–18-dB rolloff per octave.

Acquisition

The primary response was sampled with 0.25-in. electret con-
denser microphones with 30-mV/Pa sensitivity. The microphones
were uniformly distributed, four microphones on a ring frame (as
shown in Fig. 5) with the lower and upper microphones roughly
corresponding to seated and standing head heights, respectively. In
an effort to reduce near-� eld effects, the microphoneswere attached
so that they protruded about 20 cm from the side wall. Eight frames
in the passenger compartment of the aircraft were instrumented for
a total of 32 microphones.

Actuation

The inertial actuators, type IFX 15, were made especially for
installation on an aircraft ring frame (see Fig. 6). The actuators are
designed to be mounted in pairs on the frame. Speci� cations for the
actuator are summarized in Table 2. There were 21 actuator pairs
installed for the � ight test. The actuator resonant frequency (95 Hz)
was tuned to be just below the 1900D BPF (103 Hz) to avoid the
high rate of change of phase that typicallyoccurs around resonance.
The coil resistance (7.5 Ä) was chosen to be compatible with the
multichannelaudio ampli� ers that were used to power the actuators.

Actuator Location Optimization
The actuator locations were selected through a process of com-

binatorial search with a goal to reduce interior noise and control

Table 2 Speci� cations for IFX 15 actuators

Parameter Value

Peak force 75 N (17 lbf)
at 103 Hz

Power 12 W
Resistance 7.5 Ä (dc)
Resonant frequency 95 Hz
Weight 245 g (0.5 lb)
Dimensions 64 £ 25 £ 36 mm

(2.5 £ 1 £ 1.4 in.)

Fig. 5 Frame bay and microphone locations.

Fig. 6 Inertial actuator mounted to 1900D frame.

effort. The tabu search method, with its straightforward approach
and success record,11 was chosen to optimize the actuator locations
for the � ight test.

A combinatorial search procedure such as tabu search combs
through a large set of candidate actuator locations and selects a
subset of a given size that best meets some goal or performance cri-
teria. For the purposeof optimizingactuator locations for best noise
reduction, a database of actuator acoustic response at each candi-
date location must be constructed, and a procedure for predicting
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the noise reduction for any subset of actuator responses must be
established.

The effectiveness of the tabu search algorithm hinges on the ac-
curacy of the cost function (predicted noise reduction) and the cov-
erage of the candidate set. An absolutely accurate cost function is
not necessary for optimization. However, a good prediction is use-
ful for making tradeoff studies of the number of actuators needed
to meet a speci� c noise reduction goal. Acquiring the data neces-
sary to construct the candidate set is challengingbecause it requires
obtaining a representativesample of the actuator response at all of
the possible locations. A method of predicting the noise reduction
that incorporatescoherenceand constraintsis given in Eqs. (11–13).
The next section will describe how the actuator location candidate
set was obtained.

Actuator Location Survey

To optimizethe actuatorlocationsat a givenfrequency,a matrixof
transfer functionsbetween the input to an actuatorat each candidate
location and the microphone outputs must be assembled. Analyti-
cal methods are not yet capable of modeling the structural/acoustic
response of an airframe with the � delity needed to create this ma-
trix, and so an experimentalapproachwas employed.This approach
involved placing an actuator at each candidate location, driving it
with a tone at the frequency of interest, and computing the transfer
functionto each microphoneresponse.To avoid the time consuming
process of drilling holes and bolting the actuator at each location, it
was proposed that the actuator be clamped to the frame temporar-
ily. The use of a single clamped actuator had the drawback that the
relationship between the clamped actuator response and a bolted
actuator-pair response was unknown. A preliminary test was per-
formed that validated the use of the clamped actuator for the survey.
The actuator/clamp assembly was able to be � tted to 82 locations
on the 1900D frame. There were 32 microphones mounted as de-
scribed in the section on test con� guration.Transfer functions were
obtained at the BPF and four higher harmonics.

Pressurization Effects

The actuator location survey was done on the ground in an
unpressurized cabin. Pressurizing the cabin could alter the struc-
tural/acoustic actuator transfer functions and, thus, affect the per-
formance of the PC domain controller.10 If these changes were sig-
ni� cant, they could invalidate the results of the actuator location
optimization. An evaluation of the pressurization effects was made
usinga � nite elementmodel of an aluminumcylindercompletewith
ring frames and stringers.The interior acousticswere modeled with
a boundary element model. The results of these simulations, sum-
marized in Table 3, demonstrate that pressurizationchanges similar
to thoseexperiencedat cruisealtitudecan have a signi� canteffecton
the performance and stability of an ASAC system.13 Table 3 shows
noise control predictions for unpressurized and pressurized oper-
ating conditions. Both conditions use transfer functions obtained
in unpressurized conditions. Note that no noise reduction is ob-
tained under pressurizedconditions at the higher harmonics. Based
on these results, it can be expected that the actuator set optimized
with ground-basedtransfer functions will not perform as predicted,
especially in the higher harmonics. At the very least, the transfer
function data should be measured in � ight, before the noise con-
trol experiment, to restore lost performance. However, selection of
truly optimal actuator locations may require in-� ight measurement
of transfer functions for all candidate actuator locations.

Table 3 Effect of cabin pressurization on
predicted noise control

1dB

104 208 312 416 520
Condition Hz Hz Hz Hz Hz

Unpressurized ¡17.9 ¡2.6 ¡1.8 ¡3.6 ¡4.1
Pressurized ¡13.1 —— —— —— ——

Multifrequency Optimization

Multifrequencyactuator locationoptimizationwas accomplished
using total noise reduction over the frequencies of interest as the
search cost function. This cost function is written as

Jtot D
nX

iD1

a2
i Ji (14)

where the parameters ai are de� ned according to the weighting
methodbeingused.Threeweightingmethodswereevaluated:linear,
decibel-A, and loudness level. Loudness level weighting indicated
there would be no subjective bene� t from controlling the higher
harmonics. Linear and A weighting showed similar effects, that is,
the fourth and � fth harmonicmay not be worth controlling,and very
little bene� t is gained from the second and third. For these reasons
the optimizationwas performed using the linear sum of the squared
pressures of the � rst three harmonics to calculate the total noise
reduction.

PC Optimization

One of the features of the PC controller is that increased stabil-
ity and performance can be achieved by not controlling the higher
principal components that are associated with smaller singular val-
ues and higher control forces. This functionality can be simulated
by using the PC domain noise prediction equations as given by
Eqs. (10–13) as the optimization cost function.

As an example, consider a 12-actuator, 32-microphone control
system. Selecting a random set of actuators from the database of
82 possible locations results in values for the principal components
of the primary � eld pi as shown in Fig. 7. This system will not
achieve good noise reduction because too much acoustic power is
concentrated in the higher-order elements of pi , for example, the
18th which are either uncontrollable or dif� cult to control (due to
small singularvalues). A set of actuatorsoptimizedusing force con-
straints improves the design by shifting more acoustic power into
the 12 controllable PCs (Fig. 8). Here, the majority of the acous-
tic power is concentrated into the � rst few PCs, matching the au-
thority available in the larger singular values. A force constrained
optimization is obtained by incorporating force constraints into the
noise control solution (see Ref. 14 for details). This can be done in
either of two ways, calculating a unique constraint matrix for each
solution (using, for example, a constraint minimization algorithm)
or estimatinga single conservativeconstraintmatrix that satis� es all
solutions(as in Ref. 15). The former producesa more accuratenoise
reductionprediction,but placesadditionalcomputationalburden on
the optimization algorithm. The latter method has little overhead
and, although not accurate, produces results that are adequate for
optimization purposes.

Fig. 7 PCs using a random actuator set.
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Table 4 Predicted noise control for optimized
actuator con� guration

1dB

Weighting Overall BPF 2BPF 3BPF

Linear ¡12.9 ¡13.5 ¡8.6 ¡6.3
A weighted ¡10.8 ¡13.5 ¡8.7 ¡6.4

Fig. 8 PCs using optimized actuators.

Fig. 9 Actuator mounting locations on 1900D.

Optimization Results

The actuatorset used in the noise control � ight tests were selected
using a force constrained optimization (see section “PC Optimiza-
tion”) over the � rst three harmonics. Figure 5 shows the numbering
for some of the bays on the 1900D frame. Figure 9 shows all 21
actuator locations in a view where the frames are unwrapped, bay 1
on the port or left side. The � rst frame is closest to the cockpit, just
behind the door, and is placed at the top of Fig. 9.

The predicted noise reduction is listed in Table 4 for linear and
A-weighted cases. Although the A weighting produces a smaller
overall noise reduction � gure, the value of the � rst harmonic (BPF)
reduction is identical to the linear case, and the values of the sec-
ond and third harmonics (2BPF and 3BPF, respectively) increase
only slightly. This is further evidence of the dominance of the � rst
harmonic.

The noise controller used only the � rst 18 principal components
due to processinglimitations,and so it was important to concentrate

Fig. 10 Primary PCs, � rst harmonic.

Fig. 11 Primary PCs, second harmonic.

as much of the primary source in the � rst 18principalcomponentsas
possible.The principal componentdistributionof the � rst harmonic
(BPF) is well constructed (Fig. 10) with most of the acoustic power
in the lower PCs. The second harmonic (2BPF) PC distribution
is good (Fig. 11), whereas the third harmonic PC distribution is
only fair (Fig. 12) with acoustic power building in the higher, least
ef� cient PCs.

Noise Control Results
The results of the noise control � ight test are discussed here,

includingcoherencedatabetweenthe synchrophaserand the interior
sound� eld and noise reductionsobtainedat the � rst threeharmonics
of the propeller BPF. The section begins with a description of the
test procedure used during the � ight.

Test Procedure

The � ight began with a climb to a cruisingaltitudeof 15,000 ft, at
whichpoint thepilot reducedtheenginespeedfromthecruiseengine
speed from 1550 to 1440 rpm. This shifted the propellerBPF and its
harmonics away from their cruiseoperatingfrequencies,therebyal-
lowing the control system to measure the transfer functionsbetween
actuators and error sensors at the 1550-rpm operating frequencies.
The transfer functions were measured in � ight by exciting an indi-
vidual actuator with one of the � rst three harmonics of the normal
BPF while recording the microphone responses.

Once the system identi� cation was completed, the pilot restored
the engines to their cruise operating speed, and the noise reduction
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Table 5 Test points

Run Time,
no. Activity min

System identi� cation 28
1a Control BPF 7
1b Control 1,2,3 BPF linear 6
3a Control 1,2,3 BPF A weighted 6
5a Control 1,2,3 BPF linear 7
6a Control 2 BPF 4
7a Control 1,2,3 BPF, descent 17

Fig. 12 Primary PCs, third harmonic.

tests were started. The test points obtained during the � ight are
listed in Table 5. The � rst column in Table 5 gives the run number
for the testpoints; thesenumberswill be usedsubsequentlywhen the
results are discussed.The next two columns contain a descriptionof
each test point and the approximate length in minutes of each test.
The notation BPF and 2BPF denote the blade passage frequency
and its second harmonic, respectively. All of the test points listed
in Table 5 were conductedwith the control system synchronizedto
the left (portside) engine. The total elapsed time from the start of
the system identi� cation procedure to touchdown was 79 min.

Operational Strategy

The step size parameter ¹ and control effort penalty ¯ must be
set for each virtual PC channel. For the multifrequency PC-LMS
controller this totals 108 parameters (3 frequencies times 18 PCs
per frequency times 2 parameters per PC). The appropriate values
for these parameters were not known ahead of time, and so the
system was initialized with a small step size and an effort penalty
large enough to prohibit any control output. The effort penalties for
a particular frequency PC were then relaxed incrementally and the
control system response observed from a monitoring station that
displayed the average noise power at the microphones and the total
control voltages. For multifrequency tests, the test engineer relied
on a performance metric (1 decibels per watt) that was calculated
and displayed for each frequency to decide where additional con-
trol effort should be applied to produce the most noise reduction.
This resulted in long apparent convergence times, which were ac-
ceptable given that a primary goal of the control system for these
tests was predictable and stable operation. If predictable and stable
operation is achieved (as it was in this � ight test) then it is possible
to implement an outer loop controller, for example, in fuzzy logic,
that would automaticallyadjust the inner loop parameters, reducing
convergence times dramatically.

Coherence Results

The coherencebetween the referencesignal and theprimarynoise
� eld determines the maximum possible noise reduction in a feed-
forward control system.12 The reference signal was generated on

the DSP synchronously with the tachometer signal taken from the
port engine.One would, therefore,expect relativelygood coherence
between the referenceand the noise � eld createdby the portsidepro-
peller. Because the interior noise � eld contains contributions from
the port and starboard propellers, the coherence may be reduced,
dependent on the precision of the aircraft’s synchrophaser.Another
factor contributingto reducedcoherencemay be a lack of coherence
between the engine tachometersignaland the interiornoise � elddue
to uncorrelated effects such as aerodynamic buffeting.

Figure 13 shows the coherencebetween the referenceand the mi-
crophoneresponses,as measured during test 5a (see Table 5). The x
axis denotes the microphone channel ranging from 1 to 32, except
for channel 7, which was inoperableduring the tests and, therefore,
is not plotted.The coherence is shown at the � rst threeharmonicsof
the blade passage frequency, BPF, 2BPF, and 3BPF. The coherence
values are generallyhigh and show a slight drop off with increasing
harmonic number. One would expect to see greater microphone-
to-microphonevariation at the higher frequencies where the wave-
lengths are shorter.

First Harmonic (BPF) Results

The � rst test concerned the reduction of the propeller BPF. The
uncontrolled sound pressure level (SPL) averaged across the mi-
crophone array is shown in Fig. 14. The harmonics of the BPF are
evident at 103, 206, 309, and 412 Hz. The tone at 160 Hz was as-
sociated with the environmental control system on the aircraft and
was not targeted by the noise reduction system during these tests. A
time history of the average SPL of the BPF after the control system
was turned on is shown in Fig. 15. The solid line shows the mea-
sured SPL at approximately 1-s intervals during the 6.75-min test.

Fig. 13 Reference to primary coherence, run 5a.

Fig. 14 Average SPL before control, run 1a.
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Fig. 15 Reduction of BPF: ——, measured; - - - -, predicted; and
. . . . . , predicted using unity coherence.

Fig. 16 Actuator maximum power.

The other lines show the predicted noise reduction; the dashed line
includes effort constraints and measured coherence, and the dotted
line includes effort constraints but assumes unity coherence. The
effort constraintswere reduced incrementallyduring the test, hence
the stair-step appearanceof the predicted noise reduction.The SPL
of the BPF was reduced by nearly 15 dB 6 min after the control
system was turned on. The measured reduction closely matches the
predicted value (dashed line), which illustrates the importance of
coherence in noise reduction prediction.

Actuator Power

A primary concern in the design of the noise control system was
to ensure that the actuators had suf� cient authority. Figure 16 is a
plot of the percent of actuator maximum power consumed during
this test for 10 of the most utilized actuators. At the end of the test,
a few actuatorsapproached60% power (about 7 W), well below the
12-W maximum. By the use of Fig. 15 in conjunction with Fig. 16,
it is possible to trade off actuatorpower for noise reduction, thereby
selectinga noise reduction� gure that would require a less powerful,
but cheaper, actuator. Also notice that, even though noise reduction
is levelingoff, actuatorpower is climbingsteadily,thus emphasizing
the need for force constraints.

Multifrequency Results

Two multifrequencytests were conducted in which the � rst three
harmonics were controlled simultaneously.The goal of the � rst test
(run 1b in Table 5) was to minimize a linear summation of the levels
of the three harmonics, as given by Eq. (14). From the uncontrolled
harmoniclevels shownin Fig. 14, this amountedto reducingtheBPF

� rst, then the second harmonic, and then applying any remaining
control authority to the third harmonic. The goal of the second test
(run 3a in Table 5) was to minimize an A-weighted summation of
the harmonic levels. This amounted to reducing the third harmonic,
followed by the second, and then the BPF itself. The end result of
these two tests was similar; small reductions were obtained at the
two higher harmonicsbecause most of the control energy was spent
where it was most effective, namely, on the BPF.

Linear Cost Function

Time histories showing the reduction in a linear and an
A-weightedsummationof the threeharmonicsare plotted in Fig. 17.
The linear cost was reducedby slightlymore than 8 dB (4 dBA) dur-
ing the test . The test was approximately 6 min long and produced
noise reductions at the � rst three harmonics of 9.5, 3.3, and 1.5 dB,
respectively.

A-Weighted Cost Function

Measured reductions in the � rst three harmonics of 10, 2.5, and
3.0 dB, respectively, were obtained. Compared to the results from
test 1b, there was an improvement at the third harmonic, from 1.5
to 3.0 dB of reduction, but this came at the expense of the second
harmonic, which was reduced by only 2.5 dB in this test.

A time history of the cost function reduction is plotted in Fig. 18.
The A-weightedreductionof the threeharmonicswas just over4 dB,
which is nearly identical to the reduction that was obtained in test
1b. The linear reductions were also nearly equal between the two
tests.

The actual multifrequencynoise reductions are listed in Table 6.
The � rst harmonic performs close to predictions (see Table 4),

Fig. 17 Reduction of cost function (run 1b, linear-weighted cost):
——, linear, and - - - -, A weighted.

Fig. 18 Reduction of cost function (run 3a, A-weighted cost): ——,
linear, and - - - -, A weighted.
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Table 6 Multifrequency noise control attained
for runs 1b (linear) and 3a (A weighted)

1dB

Weighting Overall BPF 2BPF 3BPF

Linear ¡8 ¡9.5 ¡3.3 ¡1.5
A weighted ¡4 ¡10.0 ¡2.5 ¡3.0

whereas the second and third harmonics performance falls well
below. The similarity of this behavior to that in Table 3 indicates
that cabin pressurizationmay have affectedthe optimizationresults.

Concluding Remarks
The active structural/acoustic control system attained good con-

trol of the blade passage frequencyin single-frequency(15-dB) and
multifrequency (10-dB) tests. Control of the second and third har-
monics did not meet expectations (expected »7, obtained »3 dB).
This was due possibly to the effect of cabin pressurization on the
structural/acoustic transfer functions. The transfer functions were
obtained in unpressurizedconditionson the ground and used for ac-
tuator location optimization.The resulting actuator array was prob-
ably suboptimally placed, an effect having a greater impact at the
higherharmonics.When in-� ight transferfunctionsareused,predic-
tive capability is shown to be excellent.The use of the actuator array
optimization technique can then be recommended if good transfer
functions are available. The principal component control system
proved to be highly con� gurable and remained stable throughout
the test matrix. The ASAC approachhas been shown to be very ef� -
cient, requiringa maximum of 7 W of power per actuator to produce
15-dB noise reduction in the � rst harmonic.
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