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Feedforward Piezoelectric Structural Control: An
Application to Aircraft Cabin Noise Reduction

A. Grewal¤ and D. G. Zimcik†

National Research Council of Canada, Ottawa, Ontario K1A-0R6, Canada
and

B. Leigh‡

Bombardier Aerospace, Downsview, Ontario M3K-1Y5, Canada

The use of adaptive feedforward control within the active structural acoustic control framework was applied
to the problem of propeller-induced noise and vibration reduction in the passenger cabin of the Bombardier (de
Havilland) Dash-8 aircraft. Piezoceramic elements were used for structural actuation, and either vibration or
acoustic sensing was employed. Actuators comprised of segmented piezoelectric elements were designed with the
objective of reducing the noise and vibration levels at the propeller blade passage frequency (BPF) and the � rst
harmonic.The actuator design objectivewas suppression of the operating de� ection shapes (ODS) of the fuselage at
the various frequencies by the judicious placement of piezoelectric elements. Using an actuator and sensor design
optimized for the BPF together with vibration error sensing, the controller was successful in reducing interior
noise in addition to vibration. Further improvement in noise reduction was obtained when acoustic error sensing
was employed. Similar optimized designs for actuator and sensors were also found to exist at other frequencies,
providing good noise and vibration attenuation. Furthermore, this strategy was successfully applied to noise
reduction at two operating frequencies, where suppression of the ODSs at both the BPF and 2 £ BPF was the
objective.

Nomenclature
am;k;ia = control � lter forward coef� cient for the mth control

input caused by the kth reference signal, shifted ia

time steps
bm; p;ib = control � lter recursive coef� cient for the mth control

input caused by the pth control input, shifted ib time
steps

c`;m1 ; jc = secondary path forward � lter coef� cient for the `th
plant output caused by the m1th input, shifted jc time
steps

d`;q; jd = secondary path recursive � lter coef� cient for the `th
plant output caused by the q th output, shifted jd time
steps

d = vector of output signals as a result of the action of
the reference inputs on the primary path

e = residual error or output .d C y/
Gp = primary path; transfer function matrix from reference

(disturbance) input to error sensors
Gs = secondary path; transfer function matrix from control

input to error sensors
H = feedforward controller
J = scalar cost function
p = vector of sound pressure values
r`;m;k;ia = kth reference signal � ltered through the secondary

path (from the mth input to the `th output)
s`;m;p;ib = pth control input � ltered through the secondary path

(from the m th input to the `th output)
u = vector of control input signals
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v = vector of voltages
x = vector of reference input signals
y = vector of output signals caused by the action

of the controller
µ = generic � lter coef� cient
¹ = convergence coef� cient for steepest-descentmethod

Introduction

T HE noise levels in the passenger cabins of turbopropeller-
driven aircraft, which result mainly from the excitation of the

fuselage by the unsteady aerodynamic pressure � eld of the pro-
pellers, are typically higher than the noise levels in comparable
turbofan-powered aircraft. This leads turboprop regional aircraft
manufacturers to seek passive and active means of cabin noise and
vibration reduction. Because the interior noise spectrum in these
aircraft is dominated by tones occurring at integral multiples of the
propeller blade passage frequency (BPF),1 the reduction of interior
noise and fuselage vibrations at these discrete frequenciesprovides
a signi� cant improvement to passenger comfort.

Passive techniquesof noise and vibration reduction for this class
of problem are generally not effective for a number of reasons.
Because the excitation is usually neither broadband nor resonant,
the addition of damping material does not have a major effect on
noiseandvibrationlevels.Moreover,soundabsorptionmaterials,for
which the thickness must be at least comparable to the wavelength
of the sound,2 are ineffectiveat the low frequencieswhere propeller
noise is signi� cant (approximately50–300 Hz). Structural damping
enhancementssuch as constrainedlayer damping are also of limited
use at low frequencies.Tuned vibration absorbers (TVA), which are
located on fuselage frames and designed with a resonant frequency
equal to that of the BPF thereby reducing the fuselage vibrationand
noise transmission, have also been considered for aircraft applica-
tion. When subjected to a stationary harmonic disturbance, TVAs
that are tunedaccuratelycan be effective,but thevariationsin engine
speed with operating conditions greatly limits their performance as
a resultof the requiredtradeoffbetweenbandwidthand peak achiev-
able attenuation.

Active noise control (ANC) of the aircraft cabin through the use
of secondary acoustic sources has also been demonstrated.3;4 Such
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systems, which are presently offered by a number of turbopropair-
craft manufacturers, incorporate a large number of trim-mounted
speakers along with microphones and/or accelerometers to achieve
noise reduction through destructive interference between the pri-
mary (disturbance) sourcesand the secondary(control) sources.Ac-
tive structuralacousticcontrol (ASAC) involvesthe use of structural
actuators,such as piezoelectricdevicesor minishakers,and acoustic
or structural sensors to accomplish noise attenuation. There is con-
siderable interest in the ASAC approach because when compared
to the ANC approach there tends to be a reduction in the number
of actuators, less complexity in the control architecture,and a more
global reduction in noise. One characteristic of ASAC is that it in-
volves reducing the transmission of noise (i.e., before it enters the
cabin). This is consistent with the well-accepted rule that treating
noise at or close to its source yields superiorperformancecompared
to treating the problem further down the transmission path. The re-
sulting system is generally simpler with fewer actuator and sensors
because they are required only in the propeller footprint area.5;6

Background
The use of piezoelectric elements as structural actuators has a

number of bene� ts as a result of their high bandwidth, low weight,
anddistributedactuationproperty.The latterpropertyis of particular
interest because of the possibility of selectively imparting control
authority over those structural modes that interact strongly with the
acoustics of the aircraft interior (i.e., radiating modes). The major
disadvantageof piezoelectricmaterials is their high-voltagerequire-
ment. However, the required voltage can be reduced considerably
by constructing a stack of thinner piezoelectric elements.

The feasibilityof usingpiezoelectricactuatorsand structuralsen-
sorshaspreviouslybeenexperimentallyinvestigatedandestablished
on a full-scale Bombardier (de Havilland) Dash-8 Series 100 fuse-
lage using multiple piezoelectricelements connected to form a sin-
gle actuator located in the plane of the propeller.7 Noise attenuation
of nearly 5 dB at the control frequency was achieved when sens-
ing of the fuselage radial acceleration was employed together with
a classical second-ordersingle-input,single-outputcompensator.A
singlespeakerwas usedas the soundsourcein thiswork.The Dash-8
Series 100 fuselage is shown in Fig. 1.

In a subsequent study the preceding work was extended by em-
ployingmultiplepiezoelectricactuatorsalongwith a multiloopfeed-
back control system on the Dash-8 fuselage.8 Classical compen-
sators were also used for each of the dominant loops of the system.
A more sophisticatedsound sourceconsistingof a speaker-ringwith
four loudspeakerswas used. Using this system, the in-� ight magni-
tude and phase distribution of noise on the exterior of the fuselage
was simulated in the neighborhood of the propeller plane. At the
BPF (61 Hz) interior noise attenuation as high as 14.8 dB and a
peak vibration reduction in excess of 20 dB were achieved.

In the present investigation the emphasis is placed on the use of
adaptive feedforward control, the con� guring of piezoelectric ac-
tuators for control at multiple frequencies, and on comparing the
performanceobtained with acousticvs structural error sensing.The
paper is organized as follows. First, the salient aspects of the the-
ory of multi-input, multi-output (MIMO) � ltered-u recursive-least-
mean-squares (RLMS) adaptive feedforward control are reviewed.
Next, detailsof theexperimentalsetup, includingcontrol implemen-
tation, the speaker-ringnoisesimulation,and the actuatorand sensor
design approaches are presented. Finally, the various experimental
results are presented and discussed.

Fig. 1 The de Havilland Dash-8 S-100/200 aircraft.

Fig. 2 Block diagram for adaptive feedforward control.

MIMO Filtered-u RLMS Control
The � ltered-u RLMS adaptive feedforward scheme is an exten-

sionof the � ltered-xschemeto caseswhen in� nite-impulseresponse
(IIR) or recursive digital � lters are used for the control � lter and
to model the secondary path. The MIMO version of the � ltered-
u RLMS adaptive feedforward control algorithm9 is implemented
experimentally in this study. This control method requires that the
transfer functions between the control actuators and the error sen-
sors (i.e., the secondarypath)be estimated.Both on-lineand off-line
approaches to the estimation of these transfer functions have been
developed.

The structure of a generic adaptive feedforward controller to-
gether with the plant is shown in Fig. 2. The vector of K reference
inputsignalsx passesthroughthe transferfunctionmatrix Gp , which
is also referred to as the primary path of the system, producing a
vector of L disturbance signals d. A secondary path Gs between M
actuators inputs u and the vector of L outputs y is also present. The
residual error signal as measured by the L error sensors is denoted
by e, the complex vector sum of d and y. A feedforward controller
denoted by H, which is adapted by the error e, is used to � lter the
reference input signal to produce a control signal, which is applied
to the actuators. The overall objective is to design this feedforward
controller such that the magnitude of e is kept as small as possible.

The secondary path is assumed to be represented adequately in
the discrete time domain by an IIR � lter with Nc forward and Nd

recursive coef� cients, i.e.,

yn
` D

MX

m1 D 1

Nc ¡ 1X

jc D 0

cn
`;m1; jc u

n ¡ jc
m1

C
LX

q D 1

NdX

jd D 1

dn
`;q; jd

yn ¡ jd
q (1)

where the superscripts (i.e., n; n ¡ jc; n ¡ jd ) indicate the sample
period; ` D 1; : : : ; L is the element of the sensor output vector; and
c`;m1 ; jc is the forward � lter coef� cient for the `th plant output as a
result of the m1th input, shifted jc time steps. The recursive � lter
coef� cientd`;q ; jd is de� ned as the coef� cient for the `th plant output
caused by the qth output, shifted jd time steps.

For generality, the control � lter is also chosen to be an IIR � lter
with Na forward and Nb recursive coef� cients, i.e.,

un
m D

KX

k D 1

Na ¡ 1X

ia D 0

an
m ;k;ia

xn ¡ ia
k C

MX

p D 1

NbX

ib D 1

bn
m ;p;ib

un ¡ ib
p (2)

A � nite-impulse response (FIR) � lter can be speci� ed by simply
choosing Nb D 0. Here am;k;ia is the forward coef� cient for the mth
controlinputcausedby the kth referencesignal, shifted ia time steps,
whereas bm; p;ib is the recursive coef� cient for the mth control input
caused by the pth control input, shifted ib time steps.

At present all coef� cients for the secondary path model and the
control � lter are assumed to be time varying.The two de� ning char-
acteristics of the LMS algorithm are the approximation of the ex-
pected values of signals by their instantaneous values and the use
of the steepest-descentmethod to update the � lter coef� cients such
that the cost function approaches a minimum,10 i.e.,

µ n C 1 D µ n ¡ ¹

2
@ J .n/

@µ
(3)
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where J .n/ is the instantaneous value of the cost function to be
minimized, which is simply the sum of the squares of the L error
signals, i.e.,

J .n/ D
LX

` D 1

e2
`.n/ (4)

The presence of the secondary path results in a modi� ed version
of the standard LMS algorithm, which is commonly referred to as
the � ltered-u RLMS algorithm. The resulting update algorithm for
the control � lter coef� cients given by � ltered-u RLMS algorithm is
found to be

an C 1
m ;k;ia

D an
m ;k;ia

¡ ¹

LX

` D 1

e`.n/r n
`;m;k;ia

bn C 1
m;p;ib

D bn
m; p;ib

¡ ¹

LX

` D 1

e`.n/sn
`;m ;p;ib

(5)

where r`;m;k;ia and s`;m;p;ib are the kth reference signal and pth con-
trol input, respectively, � ltered through the secondary path (from
the mth input to the `th output), i.e.,

r n
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k C

LX

q D 1

NdX

jd D 1

dn
`;q; jd

r n ¡ jd
q;m ;k;ia

sn
`;m;p;ib

D
Nc ¡ 1X

jc D 0

cn
`;m; jc u

n ¡ ib ¡ jc
p C

LX

q D 1

NdX

jd D 1

dn
`;q ; jd

sn ¡ jd
q ;m;p;ib

(6)

In each of the precedingequations,in additionto thenormal delay
associated with an IIR � lter there also exists a delay associated
with the coef� cients of the forward or recursive portions, i.e., ia

or ib . The requirement of � ltering the reference and control signals
through the actual secondary path is an impractical task. However,
if available,a � lter that representsan estimateof the secondarypath,
given by the coef� cient arrays OC and OD, can be used in place of the
secondarypath itself. This estimate can be obtained by a number of
on-line or off-line techniques.One such approach, shown in Fig. 3,
uses the standard RLMS algorithm to produce this estimate.4 The
on-line identi� cation approach is shown here although the off-line
proceduresimply involvesapplyingthe method in the absenceof the
control� lter.A randomsignalv is applied to both the secondarypath
and the digital � lter given by OC and OD. The error between the plant
and its estimate e is used to adapt the � lter coef� cients in a manner
identical to that describedearlier. In reference to Eq. (1), the update
algorithm for the � lter coef� cients of the estimated secondary path
is given by

Ocn C 1
`;m1 ; jc

D Ocn
`;m1; jc ¡ Q¹Qe`.n/ Qxn ¡ jc

m1

Odn C 1
`;q; jd

D Odn
`;q ; jd

¡ Q¹ Qe`.n/ Qyn ¡ jd
q (7)

Fig. 3 Filtered-u RLMS adaptive control with plant identi� cation.

where the tilde is used to denote the values of variables during the
system identi� cation process. The identi� cation process can occur
in parallel with the control process although achieved performance
may be very sensitive to the strength of the training random signal.
The selection of a level acceptably high for good system identi� -
cation in the presence of the primary disturbance, but acceptably
low in terms of the residual noise or vibration level, can prove to
be dif� cult in some cases. Another factor is the demanding com-
putational resources required in implementingsimultaneoussystem
identi� cation and control, especially if the disturbance frequencies
are high.

A straightforward implementation of Eqs. (2), (5), and (6) also
results in a very large computationalburden. Under the assumption
of slowly varying plant model coef� cients, in the case of on-line
plant identi� cation or stationaryplant model coef� cients,which oc-
curs if off-line identi� cation is used, and zero initial conditions, the
generation of the � ltered control and reference signals is simpli� ed
considerably.Under these assumptions Eq. (6) reduces to
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r n
`;m ;k;ia

D
Nc ¡ 1X

jc D 0

cn
`;m; jc

xn ¡ ia ¡ jc
k C

LX

q D 1

NdX

jd D 1

dn
`;q; jd

r n ¡ jd
q ;m ;k;ia

8ia D 0

sn
`;m; p;ib

D sn ¡ 1
`;m;p;ib ¡ 1

; 8ib D 2; : : : ; max.Nb; Nd C 1/

sn
`;m;p;ib

D
Nc ¡ 1X

jc D 0

cn
`;m ; jc

un ¡ ib ¡ jc
p C

LX

q D 1

NdX

jd D 1

dn
`;q ; jd

sn ¡ jd
q;m;p;ib

8ib D 1 (8)

Thus, except for those � ltered values associated with ia D 0 and
ib D 1, that is those associatedwith the latest valuesof the signals for
a given jc and jd , the quantitiesr`;m;k;ia and s`;m;p;ib can be obtained
by a simple shiftingprocess.This results in a considerablereduction
in the real-timecomputationalrequirement.Of the threemajor steps,
i.e., 1) computing the control signals, 2) computing the � ltered ref-
erence and � ltered control signals, and 3) updating the control � lter
coef� cients, the most burdensome by far is the second step. As an
illustration, assume for the moment that Na D Nb D Nc D Nd ´ N .
Then, prior to the preceding simpli� cation, the computation of the
� ltered reference and control signals required approximately N 2

� oating point operations (FLOPs) for each control input m, error
output `, and reference input k. The aforementioned simpli� ca-
tion reduced this requirement to N FLOPs and N shift operations,
which can be programmed very ef� ciently on most modern digital
signal processors (DSPs) through the use of the circular addressing
mode.11

Experimental Implementation and Setup
A schematic diagram of the experimental setup used in this in-

vestigation is given in Fig. 4.

Control Implementation

The controllersdescribedearlierwere implementedon a DSP sys-
tem consistingof a SpectrumQPC40 processorboardequippedwith
a single Texas Instruments TMS320C40 processor. I/O was pro-
vided on a separate board with 16 channels of 12-bit analog inputs
and 8 channels of 12-bit analog outputs. Communication between
the processor and I/O board was achieved via a high-speed 16-bit
interface. Other features of the I/O board include programmable
input gain, a maximum sample rate of 25 kHz (with all channels
in use), and on-board third-order Butterworth anti-aliasing and re-
construction low-pass � lters for all input and output channels (with
¡18 dB/octave roll off).

Even with the simpli� cations discussed earlier, the relative com-
plexityof the MIMO � ltered-uRLMS algorithmrequiredthat mixed
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Fig. 4 Schematic of the control system and experimental setup.

C/Assembler language code be used. This allowed for the use of a
number of low-level programming techniques such as the use of
parallel instructions and the circular addressing mode for the im-
plementation of the time critical aspects of the algorithm. These
operations include the � lter implementation, updating of the input
and control vectors, and updating of the � ltered input and control
signals. The outputs of the controller were ampli� ed by a pair of
dual-channelTrek model 50=750 high-voltage ampli� ers designed
speci� cally for driving active loads.

Test Article

The test articlewas a full-sizedBombardier(deHavilland)Dash-8
Series 100=200 fuselage without horizontal lifting surfaces. The
cargo and pilot’s bulkheads as well as the � oor were present in the
interior although the trim panels and seats were removed. The fuse-
lage rests on a cradle-� tted trailer except during testing when an
overhead crane raised the fuselage using steel cables, which were
attachedto the fuselageat the wing-fuselageinterface.This arrange-
ment was deemed to subject the fuselage to support conditions that
resemble steady level � ight. The fuselage was placed in a high bay
measuring approximately 21 m (70 ft) £ 14 m (45 ft) with a height
of 11 m (35 ft). The temperature in the high bay was maintained at
approximately 20±C at ambient atmospheric pressure.

Noise Source

The port-side exterior propeller pressure � eld was simulated us-
ing the sound � eld generated by a speaker-ring with four 12-in.
(0.5 cm) loudspeakerunits, each with a rated power of 200 W. Each
unit had two sections, a sealed plywood enclosure that formed the
speakerbox and a horn section with an openingthatmeasured76 cm
(30 in.) £ 61 cm (24 in.). The speaker-ringcoveredan arc of approx-
imately 100 deg on the fuselage and was maintained at distance of
approximately5 cm from the fuselagesurface to allowfor the blend-
ing of the sound from the individual speakers. The four individual
waveforms were synthesized by a National Instruments AT-AO-10
analog output card and ampli� ed using a pair of Ashly MFA-8000
dual-channel power ampli� ers.

The exterior propeller pressure � eld at the surface of the fuselage
hasbeensimulatednumericallyfor the Series 100aircraftby thepro-
peller manufacturer.The objectiveof using the present speaker-ring
was not to recreate the entire propeller � eld, but rather to represent
its phase and magnitude characteristics over the key region close
to the propeller plane. It can be extended in the future to provide a
simulation of a larger portion of the propeller � eld.

Because of the blendingof sound � elds from each speaker, it was
not possible to use directly the desired magnitude and phase at the

regions of the fuselage located adjacent to the four speakers as the
magnitudes and phases of the waveforms supplied to each speaker.
The approach employedhere was to determine the transfer function
matrix between input voltages to the four speakersand the resulting
sound � eld at a number of distinct locations. The relationship be-
tween the vector of speaker input voltages v and the resultingsound
pressure � eld measured at a number of distinct locations p is given
by

p D Gv (9)

The transfer matrix G is a complex matrix whose columns can be
determinedexperimentallysimply by measuring the vector of com-
plex sound pressurevalues p as a result of each of the four unit basis
vectors of speaker input voltages, i.e.,
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Alternately, any set of four independent vectors can be employed,
in which case G is computed by

G D PV¡1 (11)

where V is the full rank matrix formed by the four independent
vectors of voltages and P is the matrix formed by the resulting
vectors of pressures.

Next, the required vector of voltages vr , which minimizes the
squared error between the desired pd and achieved pressure � elds,
can be determined.Provided that the columns of G are independent,
this vector is given by

vr D .GH G/¡1GH pd (12)

where the superscriptH denotes the Hermitian (complex-conjugate)
transpose of the matrix.

Using this approach, the desired and achieved relative magnitude
and phase of the propeller � eld at fuselage exterior were found to
be in good agreement. The noise generation system is discussed in
greater detail in Refs. 8 and 12.

Actuator and Sensor Design Approach
The interactionbetween piezoelectricactuatorsand the structures

to which they are bonded is of considerable interest, with numer-
ous studies reported on beams, plates, and cylindrical shells. One
of the earliest studies on piezoelectricactuatorsbondedonto beams
showed that as the bonding layer became thinner and stiffer the
loading transfer between actuator and substructure occurred over a
increasingly small region at the two ends of the actuator element.13

Therefore when a series of elements are bonded close together and
subjected to the same electrical � eld, they will behave as a single
long actuator, with only the outer ends of the � rst and last elements
having a loading effect; the work done by and hence control contri-
bution of the adjoining ends of neighboring piezoelectric elements
tend to cancel. The requirements for this are that the distance be-
tween neighboring elements be considerably less than the lengths
of individual elements. This result can be used to design actuators
that selectively impart control authority over vibrationalmodes.

In the present work 199 piezoelectric elements each measuring
1 £ 1 £ 1

4 in. (25:4 £ 25:4 £ 6:4 mm) were bonded onto three ad-
jacent fuselage frames on the port side of the aircraft. A distance
of 1

8 in. (3.2 mm) was maintained between neighboring elements.
The elements are a Type I d31-mode ceramic designatedBM400 by
the supplier, Sensor Technology Limited of Collingwood, Ontario,
Canada.The material characteristicsof BM400 are given in Table 1.
The electricalpower cables for the piezoelectricelementswere con-
� gured in such a way that power to individual elements could be
disconnected.As a result, there is a greatdeal of � exibilityin quickly
recon� guring the coverage and the actual number of actuators.
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There have been numerous model-basedapproachesfor optimiz-
ing the location of positioning of piezoelectric actuators on simple
structures such as beams and plates. For obvious reasons these ap-
proaches are not applicable to complex structures such as aircraft
fuselages. In more complex structures the optimal positioning of
actuators for noise and vibration control is often determined us-
ing experimental data together with a combinatorial optimization
scheme.14 In the present case a more physical approach was fol-
lowed; the vibration patterns or operating de� ection shapes of the
fuselage were used to determine the speci� c elements to be in-
cluded in the actuators, in particular the circumferential limits of
each actuator.

The one-sided or asymmetric actuation of a structure such as an
aircraftfuselageby bondedpiezoelectricelementswill produceboth
� exural and in-plane vibration. For the case of noise transmission
into an aircraft cabin, � exural vibrations are of greater signi� cance
as a resultof theirabilityto couplewith acousticwaves. In thecaseof
� exural vibration, the predominant actuation mechanism for a rect-
angularpiezoelectricactuator is the applicationof bendingmoments
at its ends on the host structure. This is true of both monolithic and
segmented piezoelectric actuators. With this in mind, a segmented
actuator with all of its elements connected in phase should be posi-
tionedsuch that its endscoincidewith regionsof high (andopposite)
angular rotationin order to havehigh controlauthorityover that par-
ticular mode. If the ends are located in regionsof high displacement
(and hence low rotation) or if the rotations at the ends are nearly
equal, low control authority over that mode results. More details on
the actuator design methodology can be found in Refs. 8 and 12.

For ASAC applications care must be taken to ensure that the
structural sensor is measuring a quantity well correlated with the
sound levels to be reduced. In a fashion analogous to the design

Table 1 Material characteristics
of BM400 piezoelectric

Property Value

Charge constant, d31 ¡115 £ 10¡12 C/N
Elastic compliance, SE

11 12:5 £ 10¡12 m2 /N
Mass density, ½ 7.6 g/cm3

Fig. 5 Measured operating de� ection shape caused by simulated propeller noise, BPF, 910 rpm (61 Hz). The lines represent fuselage de� ections at
� xed time interval over a single period of oscillation.

of actuators, piezoelectric material can also be used to selectively
sensecertain modes of vibration.Polyvinylidene� lm has been used
extensively for this application. When using discrete sensors, the
use of a weighted average of sensor signals can produce a similar
effect. This ensures that the average vibration over the critical re-
gion is measured and reduced by the control system. In doing so
the volume velocity strength of the residual vibration pattern will
decrease, resulting in lower interior noise levels.

Because of the relatively low frequencies of interest here (i.e.,
up to 140 Hz) and the relatively large region of high acoustic pres-
sure on the fuselage exterior, the dominant vibrational modes will
be of relatively low order. Furthermore, in most aircraft propeller
noise problems it is the low-order, volumetric structural modes that
are responsible for much of the noise transmission. Therefore, by
designing sensors and actuators that are tailored to effectively de-
tect and control these modes good vibration and noise reduction
performance should occur.

Experimental Results
The � rst case exploredwas control at 61 Hz (910 rpm, BPF) with

accelerometererror sensing. Based on the actuatordesign approach
discussedearlierand themeasuredde� ectionpatternat 61 Hz, which
is shown in Fig. 5, three piezoelectric actuators were designed by
connectingall of the elements located between adjacent nodal lines
of the de� ection pattern (i.e., points I and II) at each frame in par-
allel. This is referred to as con� guration A and is also indicated
on Fig. 6, where elements p10–p49 are activated. Actual available
piezoelectriccoverageextendedfrom points I to III. Figure 7 shows
a side view of the fuselage with the axial locations of the piezo-
electric elements, accelerometers and microphones indicated. Four
accelerometers were placed over the region of high open-loop vi-
bration (i.e., between points I and II on Fig. 5) at the three axial
locations where piezoelectric elements were bonded. The signals
from accelerometersa1 to a4, a5 to a8, and a9 to a12 were summed
respectively to effectively create three sensors (see Fig. 6). An IIR
� lter with 15 forward and 14 recursive � lter coef� cients was used to
model the secondary path using off-line RLMS system identi� ca-
tion. A band-limited randomsignal between 55 and 75 Hz was used
for plant identi� cation. The control � lter was chosen to be a FIR
� lter with 15 coef� cients and was implementedat a samplingrate of
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Fig. 6 Section through frame 1, showingmicrophone(m1 to m9), actu-
ator (p1 to p68), and accelerometer location (a1 to a12) for con� guration
A. Also shown is the piezo location on the fuselage frame.

Fig. 7 Side view of instrumented section, showing microphone loca-
tions (m1 to m9) and axial locations of accelerometers and actuators.

2 kHz. The reductions in the vibration levels for the 12 accelerom-
eter locations as well as for the true sensed variables (i.e., the three
average acceleration values) are given in Table 2. The attenuation
values quoted are in decibels computed as follows:

Attenuation (dB) D 20 log10.xo=xc/ (13)

where xo and xc are the open- and closed-loop measured responses
(acoustic or structural), respectively.Positive attenuationvalues in-
dicate reduced levels of noise or vibration,whereas negative values
indicate increased levels. A good measure of overall vibration sup-
pression performance is given by the attenuation of the rms of all
accelerometers, which in this case is 10.2 dB. The spectra for the
control-on and control-off data for a typical accelerometer (num-
ber a11) are shown in Fig. 8. The spectra are presented in decibels
with respect to an arbitrary reference value to avoid revealingsensi-
tive proprietaryinformation.The principalobjectiveof this � gure is

Table 2 Vibration attenuation in decibels at 61 Hz,
vibration sensing, con� guration A

Accelerometer Location Attenuation, dB

a1 Lower, frame 1 5
a2 Frame 1 18
a3 Frame 1 19
a4 Upper, frame 1 11
Sensor I (average: a1–a4) —— 39
a5 Lower, frame 2 5
a6 Frame 2 16
a7 Frame 2 14
a8 Upper, frame 2 7
Sensor II (average: a5–a8) —— 42
a9 Lower, frame 3 8
a10 Frame 3 13
a11 Frame 3 21
a12 Upper, frame 3 4
Sensor III (average: a9–a12) —— 33
rms: a1–a12 —— 10.2

Table 3 Interior noise attenuation in decibels at 61 Hz,
actuator con� gurations A and B

Con� guration A Con� guration B
(accelerometer (microphone

Microphone Location sensing) sensing)

m1 Row 1, window seat 2 1
m2 Row 1, aisle seat 24 9
m3 Row 1, standing aisle 6 18
m4 Row 2, window seat 10 11
m5 Row 2, aisle seat 9 19
m6 Row 2, standing aisle 7 20
m7 Row 3, window seat 14 7
m8 Row 3, aisle seat 10 13
m9 Row 3, standing aisle 6 13
Average: —— 9.8 12.3

m1–m9
rms: —— 7.2 12.5

m1–m9

to illustrate the relative differences between open- and closed-loop
spectra.

For monitoring the noise reduction performance, a total of nine
microphones(see Figs. 6 and 7) were positionedat the seated height
for passengersin the two port side seats and at the aisle center stand-
ing height for seat rows 1, 2, and 3. The tone level attenuation data
for the con� gurationA togetherwith the results for con� gurationB,
which used microphone error sensing (to be discussed later), are
presented in Table 3. The reduction in tone level was quite global
in nature, with all of the microphone positions exhibiting reduc-
tions. The average and rms tone-level reductions over all nine mi-
crophoneswere 10 and 7 dB, respectively, in this case. This type of
global performance is typical of ASAC-based systems as opposed
to noise control systems that employ acoustic secondary sources,
which often exhibit only local noise reduction. The control-on and
control-off noise level spectra for a typical microphone location
(m2), namely the aisle seat in row 1, for the vibration error sensing
case are presented in Fig. 9 and reveal some control spillover into
other frequencies.Note that as was the case with the vibration spec-
tra, the reference acoustic pressure for the decibel representation is
unspeci� ed to protect proprietary information.

In con� guration B the three microphones located in the second
seat row (i.e., m4 to m6) were used are error sensors, although
the actuator arrangement was identical to con� guration A. The re-
maining six microphones were used only in monitoring noise con-
trol performance. In this case the noise control performance at the
BPF was superior to the preceding case (con� guration A). The con-
trol microphones experienced tone-level reductions of 11, 19, and
20 dB, respectively, while the average and rms reductions over all
microphoneswere 12.3 and 12.5 dB, respectively(see Table 3). The
signi� cantly better noise control performance of the system with
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Fig. 8 Acceleration spectra for accelerometer a11, feedforward control, vibration sensing, 61 Hz.

Fig. 9 Sound-level spectra for row 1 aisle seat (microphone m2), feedforward control, vibration sensing, 61 Hz.

microphone sensing in comparison to the system that employed
accelerometer sensing is not surprising. Rather what is somewhat
surprisingis the excellentnoisecontrolperformanceusingstructural
sensing, obtained through the judicious placement of accelerome-
ters and the appropriate averaging of their signals. This is possible
because of the relatively few structural and acoustic modes present
in the response of the system at the BPF (61 Hz), their low order
and hence their relatively simple coupling.Thus by suppressing the
dominant structural mode, signi� cant noise reduction also resulted.

For most turboprop aircraft the dominant tone in the multitonal
interior sound � eld in terms of sound pressure level is the BPF. In
some aircraft, when an A-weighting is applied to help account for
the spectral sensitivity of the human ear, the magnitude of the � rst
harmonic rivals that of the fundamental. Typically, the magnitudes

of the higher harmonics are signi� cantly lower than those of the
fundamental and � rst harmonic. Furthermore, the transmission of
the noise � eld at the higher harmonics is adequately reduced us-
ing various passive means. However, it is usually important that
the active noise control system be capable of reducing the noise
as a result of the � rst harmonic of the blade passage frequency,
i.e., 2 £ BPF, in addition to the fundamental tone. Therefore, the
performance of a given actuator/sensor con� guration at the � rst
harmonic of the BPF was also evaluated.The vibration suppression
performance of con� guration A at 2 £ BPF (121 Hz) is summa-
rized in Table 4, whereas the noise control performance is given in
Table 5. The vibration suppression performance at this frequency,
as indicatedby the averageaccelerationvalues (i.e., the sensed vari-
ables), the individual accelerometer signals, and the rms value of
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all 12 accelerometers were slightly reduced when compared to the
BPF. Nevertheless, the reduction in vibration provided by the con-
trol system was still impressive. However, the accompanying noise
control performance was signi� cantly poorer than at the BPF, re-
sulting, in fact, in a marginally higher overall noise level (i.e., by
1.6 dB). The reason for this is ultimately traceable to the greater
number of structural and acoustic modes interacting at this higher
frequency. With the greater complexity of the structural-acoustic
coupling, it is probable that the mode which dominates the vibra-
tion � eld couples poorly with the mode that dominates the interior
acoustic � eld. This situationwould result in an essentiallyunaltered
acoustic � eld even if the dominant vibration mode were effectively
suppressed.When con� guration B (i.e., with acoustic sensing) was
tested in the presence of the 2 £ BPF disturbance, the noise control
performance was only marginally better than con� guration A (see
Table 5). Here the overall rms noise level increased by 0.7 dB. The
three control microphones did exhibit a modest rms reduction of
1.8 dB. Upon closer examination of the operating de� ection shape
(ODS) at 2 £ BPF (121 Hz), it was realized that with con� guration
A or B the lower end of the actuator was located at a position that
leads to unfavorable coupling with the 121 Hz ODS (see Fig. 10)
and therefore provided ineffective suppression of this ODS. An al-

Table 4 Vibration attenuation in decibels at 121 Hz,
vibration sensing, con� guration A

Accelerometer Location Attenuation, dB

a1 Lower, frame 1 ¡7
a2 Frame 1 9
a3 Frame 1 13
a4 Upper, frame 1 8
Sensor I (average: a1–a4) —— 20
a5 Lower, frame 2 ¡4
a6 Frame 2 15
a7 Frame 2 14
a8 Upper, frame 2 10
Sensor II (average: a5–a8) —— 20
a9 Lower, frame 3 ¡1
a10 Frame 3 14
a11 Frame 3 7
a12 Upper, frame 3 1
Sensor III (average: a9–a12) —— 21
rms: a1–a12 —— 5.7

Fig. 10 Measured operating de� ection shape as a result of simulated propeller noise, 2 £ BPF, 910 rpm (121 Hz).

ternateactuatorcon� guration,denotedC, was developedto improve
suppressionof the 2 £ BPF (121 Hz) ODS while providingeffective
suppression of BPF ODS.

For con� guration C the piezoelectric elements between adjacent
nodal points at 2 £ BPF (denotedas IV and II in Fig. 10) at all three
axial locationswere grouped together to form one actuator,whereas
the elements between points II and III at all three axial locations
formed a second actuator.Con� guration C is also shown in Fig. 11,
where piezo elements p16–p49 on all three frames are grouped to-
gether to form the � rst actuator, whereas the elements from p50 to
p68 on all three frames are groupedto form the secondactuator.This
con� gurationprovideda more effective suppressionof the 2 £ BPF
than con� gurationA at the price of reduced suppressionof the ODS
at the BPF. The lack of piezoelectric elements precluded the cov-
erage from extending beyond point III. Had this been possible, one
would expect even higher controllabilityover the vibration � elds at
both the BPF and 2 £ BPF. In this case six accelerometersbetween
points IV and II (two per axial location) were averaged to form two
effective error sensors, whereas another six between II and III (also
two per axial location) were averaged to form another pair of sen-
sors. This con� guration is also shown in Fig. 11, where the four
velocity sensorswere formed by averagingsignals from accelerom-
eters: a1, a5, and a9 for sensor I; a2, a6, and a10 for sensor II; a3, a7,

Table 5 Interior noise attenuation in decibels at 121 Hz,
con� guration A and B

Con� guration A Con� guration B
(accelerometer (microphone

Microphone Location sensing) sensing)

m1 Row 1, window seat ¡2 ¡2
m2 Row 1, aisle seat ¡2 ¡4
m3 Row 1, standing aisle ¡3 ¡1
m4 Row 2, window seat 5 4
m5 Row 2, aisle seat ¡1 ¡1
m6 Row 2, standing aisle ¡1 2
m7 Row 3, window seat ¡1 1
m8 Row 3, aisle seat ¡3 ¡1
m9 Row 3, standing aisle ¡2 ¡1
Average: —— ¡1:1 ¡0.49

m1–m9
rms: —— ¡1.6 ¡0.7

m1–m9



172 GREWAL, ZIMCIK, AND LEIGH

Table 6 Vibration attenuation in decibels at 61 Hz,
vibration sensing, actuator/sensor con� guration C

Vibration
Accelerometer Location attenuation, dB

a1 Lower, frame 1 6
a2 Frame 1 13
a3 Frame 1 8
a4 Upper, frame 1 33
a5 Lower, frame 2 8
a6 Frame 2 11
a7 Frame 2 11
a8 Upper, frame 2 18
a9 Lower, frame 3 5
a10 Frame 3 11
a11 Frame 3 13
a12 Upper, frame 3 22
rms: a1–a12 —— 9.9

Fig. 11 Section through frame 1, showing accelerometer positions (a1
to a12) for con� guration C.

and a11 for sensor III; and a4, a8, and a12 for sensor IV. The plant
was modeled using an IIR � lter with 15 forward and 14 recursive
coef� cients, whereas a FIR � lter with 15 forward coef� cients was
used for the control � lter. In this case plant identi� cation was also
carried out off-line. The achieved vibration reduction was again
signi� cant at the BPF (see Table 6). The vibration reduction per-
formance was only slightly reduced compared to the performance
for con� guration A at this frequency (9.9 dB vs 10.2 dB in rms
reduction for all 12 accelerometers). However, the noise reduction
performance (see Table 7) diminished from an overall tone-level
rms reduction of 7.2 dB with con� guration A to 3.4 dB with con-
� guration C at the BPF. Furthermore, there were three microphone
locations that exhibited slight increases in noise levels. Neverthe-
less, the overall noise reduction performance of this con� guration
was quite good. Next, the performance of this con� guration in the
presence of the 2 £ BPF (121 Hz) disturbance was assessed. The
vibrationattenuationperformance,which is summarized in Table 8,
indicates that con� guration C is capable of reducing the level of
vibration signi� cantly at this frequency; the rms reduction over the
12 accelerometerswas almost 8 dB. The level of noise reductionob-
tained with con� guration C, shown in Table 9, is lower at 2 £ BPF
than at the BPF, with the overall RMS noise level attenuatedby only
1 dB.

When noise reductionis the only performancemetric or criterion,
the results obtained using microphone error sensing will generally
be superior to those for vibration sensing. For example, with the
identical actuator design as con� guration C, but using the three
microphones in seat row 2 as the error sensors, control at 61 and
121 Hz was explored. This will be referred to as con� guration D.

Table 7 Interior noise attenuation in decibels at 61 Hz,
con� gurations C and D

Con� guration C Con� guration D
(accelerometer (microphone

Microphone Location sensing) sensing)

m1 Row 1, window seat ¡3 2
m2 Row 1, aisle seat 7 10
m3 Row 1, standing aisle 7 12
m4 Row 2, window seat ¡2 8
m5 Row 2, aisle seat 4 15
m6 Row 2, standing aisle 8 26
m7 Row 3, window seat ¡2 3
m8 Row 3, aisle seat 2 11
m9 Row 3, standing aisle 6 13
Average: —— 3.0 11.0

m1–m9
rms: —— 3.4 10.6

m1–m9

Table 8 Vibration attenuation in decibels at 121 Hz,
vibration sensing, con� guration C

Vibration
Accelerometer Location attenuation, dB

a1 Lower, frame 1 13
a2 Frame 1 10
a3 Frame 1 4
a4 Upper, frame 1 4
a5 Lower, frame 2 14
a6 Frame 2 13
a7 Frame 2 14
a8 Upper, frame 2 9
a9 Lower, frame 3 5
a10 Frame 3 23
a11 Frame 3 ¡2
a12 Upper, frame 3 10
rms: a1–a12 —— 7.9

Table 9 Interior noise attenuation in decibels at 121 Hz,
con� gurations C and D

Con� guration C Con� guration D
(accelerometer (microphone

Microphone Location sensing) sensing)

m1 Row 1, window seat 5 4
m2 Row 1, aisle seat 4 6
m3 Row 1, standing aisle ¡2 10
m4 Row 2, window seat 13 17
m5 Row 2, aisle seat ¡1 9
m6 Row 2, standing aisle ¡1 2
m7 Row 3, window seat 7 11
m8 Row 3, aisle seat 2 4
m9 Row 3, standing aisle 0 6
Average: —— 3.1 7.8

m1–m9
rms: —— 1.0 6.8

m1–m9

IIR � lters with 15 forward and 14 recursive coef� cients were used
both to model the plant and to implement the controller.Once again,
off-line RLMS identi� cation of the secondarypath of the plant was
performed. The results for the BPF, which are given in the last col-
umn of Table 7, demonstrate the superiority in the noise reduction
performance; the RMS attenuation over all microphone locations
was more than 10 dB (7 dB greater than in the case when accelerom-
eter error sensing was employed). At 121 Hz noise control perfor-
mance using microphone sensing was again much better than with
accelerometer sensing, with the rms reduction over all nine micro-
phones being almost 7 dB (i.e., 6 dB greater than in con� guration
C). In both these cases (61 and 121 Hz) the reductions were global
in nature for con� guration D.
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Conclusions
The use of adaptive feedforward control in an ASAC setting was

applied successfully to reduce interior noise and vibration in a full-
scale aircraft fuselagesubjectedto simulatedpropellernoise at mul-
tiple frequencies in laboratory testing. This was achieved using a
control system that incorporated segmented piezoelectric actuators
bondedto the fuselageand either acousticor vibrationerror sensing.

The results of this investigation demonstrated that through judi-
cious actuator and sensor design considerations, which were out-
lined, ASAC systems using bonded piezoelectric actuators and ac-
celerometers were capable of simultaneously providing signi� cant
noise reduction and vibration suppression in the passenger cabin of
aircraft subjected to simulated propeller noise. Optimization for a
single, low-frequencydisturbanceresulted in excellentnoise reduc-
tion at that frequency, but poor performance at higher frequencies.
However, the same actuator design methodology was applied for
control at two operating frequenciesand resulted in reasonableper-
formance at both frequencies when vibration sensing is employed.
When microphone sensing was used instead, noise reduction in-
creased dramatically, providing over 10 dB (rms) and almost 7 dB
(rms) of noise reduction, respectively at the BPF and 2 £ BPF. Fur-
thermore, the reductions were global in nature.
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