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Abstract

An analytical and experimental investigation of active control of sound transmission through double
panel systems has been performed. The technique used was active structural acoustic control (ASAC) where
the control inputs, in the form of piezoelectric actuators, were applied to the structure while the radiating
pressure field was minimized. Results verify earlier experimental investigations and indicate the application
of control inputs to the radiating panel of the double panel system resulted in greater transmission loss (TL)
due to its direct effect on the nature of the structural-acoustic (or radiation) coupling between the radiating
panel and the receiving acoustic space. Increased control performance was seen in a double panel system
consisting of a stiffer radiating panel due to its lower modal density and also as a result of better impedance
matching between the piezoelectric actuator and the radiating plate. In general the results validate the
ASAC approach for double panel systems, demonstrating that it is possible to take advantage of double
panel system passive behavior to enhance control performance, and provide design guidelines.
r 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Recent developments in turbofan technology have prompted research into innovative ways of
reducing interior noise of aircraft. Ultra high bypass turbofans and unducted fans have increased
low frequency noise fields impinging on the exterior of the aircraft fuselage. Traditional methods
of low frequency noise reduction require heavy damping material which leads to significant weight
penalties, offsetting the performance gains of the turbofans. These factors have prompted the
research into applying active control techniques to reduce the interior noise field of a fuselage.
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This analytical investigation is continuing work previously presented by Carneal and Fuller [1]
where the noise transmission path from the exterior of a fuselage through the fuselage skin and the
interior trim to the interior noise field was experimentally studied. The experiments used a
simplified model of the transmission path; a double panel system mounted in a transmission loss
test facility. The incident plate of the double panel system was aluminum that approximated the
skin of the aircraft fuselage. The radiating plate of the double panel system was either G10
fiberglass or sandwich board construction which approximated the interior trim of the aircraft.
Excitation of the incident plate of the double panel system was provided by a speaker in the source
chamber. The radiating plate of the double panel system emitted sound into a reverberant
acoustic field in the receiving chamber. Three microphones in the radiated acoustic field provided
error signals to a Filtered-X LMS control system. The control signals were input to three
piezoelectric actuators mounted on either the incident or radiating plates.

In the experimental investigation [1], it was shown that applying the piezoelectric actuators to
the radiating plate of the double panel system has distinct advantages. The application of active
structural acoustic control (ASAC) via piezoelectric actuators bonded to the radiating plate of a
double panel system will increase the amount of transmission loss through the double panel
system and will not increase the vibrational energy of the incident plate. A double panel system
with a sandwich board radiating plate (which is relatively stiff) resulted in increased transmission
loss due to passive and active effects over one with the G10 fiberglass radiating plate (which is
relatively flexible). In addition to these experimental results, another advantage is that the
radiating panels can be more easily removed allowing facilitated installation and repair of sensors
and actuators.

However, there is a disadvantage that should be mentioned. The application of the control
inputs to the interior trim of an aircraft will tend to impart local control of acoustic fields whereas
control inputs applied to the fuselage will generally impart global control. This is due to the more
continuous, distributed dynamic response of the fuselage structure in the low frequency region.
This is mentioned as a separate issue and will be investigated in future work.

For a more detailed literature review, the reader is referred to Ref. [1] also by Carneal and
Fuller. This reference compares this approach to other active approaches. In summary, the main
advantage of the ASAC approach over the other active approaches applied to double panel
systems is the control source which is moved closer to the disturbance to achieve more effective
control, the possible use of enclosed active noise sources, etc.

This paper performs an analytical and experimental investigation to further study and verifies
the work carried out previously. First, the system description of the analytical model will be
discussed followed by a brief overview of the structural and acoustic models. Results are then
presented and discussed followed by concluding remarks.

2. Structural and acoustic models

2.1. System description

The application to be studied is the noise transmission path from the exterior of an aircraft to
the interior. The structural models of such a system can be approximated by a baffled double
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panel arrangement, which consists of an incident plate and a radiating plate coupled by an air
cavity. The incident acoustic field in the application is the noise field generated by the propeller of
an advanced turboprop engine which can be approximated by an acoustical oblique plane wave.
The radiated acoustic field of the double panel system is the interior of an aircraft, which we
assume is highly damped and can be approximated by an acoustical free field. These assumptions
are necessary to provide a deterministic model of the transmitted power, which can be found by
integrating the acoustic pressure over a hemisphere in the free field. Control is provided by
piezoelectric actuators mounted on either the incident plate or the radiating plate of the double
panel system. The system schematic is presented in Fig. 1.

Dimensions and parameters of this investigation were chosen to be identical to the previous
experiments. The incident plate is made of aluminum of dimensions 380� 300� 1.6mm thick.
The radiating plate material is either aluminum of the same dimensions as the incident plate
(which is relatively flexible) or sandwich board of dimensions 380� 300� 10.2mm thick (which is
relatively stiff). Both plates are assumed to be located in a rigid wall whose surfaces are flush with
the incident and radiating plates as shown in Fig. 1. The incident and radiating plates are coupled
by an air cavity of dimensions 380� 300 and 48mm thick. The double panel system is assumed to
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be excited by an oblique incident acoustic plane wave. The defined cost function for the control
analysis is radiated acoustic power, which is determined by integrating the acoustic pressure in the
far field over a hemisphere surrounding the radiating plate. Control signals are output to four
piezoelectric actuators that are placed so that each actuator is evenly spaced at the corner of a
rectangle on the plate. The actuator placement was chosen so each could couple into every plate
mode up to the (4,4) mode. Control inputs are determined by linear quadratic optimal control
theory (LQOCT) [2]. Specifies of the structural, acoustic, and controller analytical models are now
discussed.

2.2. Structural models

In this section, double panel system structural models are presented. The general assumptions
are (1) the system has a steady state sinusoidal response, and (2) the spatial response of all of the
governing differential equations can be represented by an infinite series of eigenfunctions.
Therefore, the response can be written as a homogeneous solution of the modal amplitudes and
eigenvectors. An additional assumption is the plates have simply supported boundary conditions
for derivation of the eigenvectors and eigenvalues, and then the model will be modified for
clamped boundary conditions. The modal amplitudes are then determined by the application of a
specific forcing function.

2.2.1. Double panel system
The following derivations are based on those originally performed by Vaicaitis [3] and the

reader is referred to this reference for specifics. The double panel system considered in this
investigation consists of two simply supported single plates separated by an air cavity as seen in
Fig. 1. This configuration approximates the fuselage (incident plate) and internal trim (radiating
plate) of modern aircraft. The air cavity between the two plates can be analytically described as a
uniformly distributed linear air spring (Ks) which acts on the relative displacement of the two
plates. This assumption is valid well below the first transverse resonance of the air cavity [3],
which is 3572Hz. The governing equations of motion describing the out-of-plane displacement
(w) for the double panel system can be written as

mi .wi þ Ci ’wi þ Dir4wi þ Ksðwi � wrÞ þ
1

3

� �
ms .wi þ

1

6

� �
ms .wr ¼ 0;

mr .wr þ Cr ’wr þ Drr4wr þ Ksðwr � wiÞ þ
1

3

� �
ms .wr þ

1

6

� �
ms .wi ¼ 0;

ð1Þ

where

mi ¼ rihi; Di ¼
Eih

3
i

12ð1� u2i Þ
;

r4 ¼
@4

@x4
þ 2

@4

@x2@y2
þ

@4

@y4
; mr ¼ rrhr;

ms ¼ rshs; Dr ¼
Erh

3
r

12ð1 � u2r Þ
;

ð2Þ
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where wi and wr are the flexural displacements of the incident and radiating plates, respectively.
Subscripts i; r; and s denote the incident plate, the radiating plate and the air space, respectively.
The air spring (Ks) is modelled as a linear elastic spring with no damping:

Ks ¼
Es

hs

¼
rsc

2

hs

; ð3Þ

which acts on the relative displacement of the two plates. It was assumed that the inertial force
varied linearly across the air space and therefore the air inertia terms (ms=3 and ms=6) were
apportioned to the individual plates. For further explanation of this concept, the reader is referred
to Vaicaitis [3].

The flexural response of the individual plates can be written as the summation of the product of
the modal amplitudes and the eigenvectors, which satisfy the simply supported boundary
conditions. Substituting the assumed solution into the equations of motion and utilizing the
orthogonality principle yields a set of coupled differential equations [3]. After algebraic
manipulation, the frequency response functions (Y) can be written as a function of the excitation
frequency (o) and the natural frequencies (omn) for the incident plate as

Yi
mn ¼

X i
mn

1 � Es=hs þ o2bs

� �2
X i

mn=mi

� �
X r

mn=mr

� �;
Yr

mn ¼ Yi
mn

Es

hs

þ o2bs

� �2
X r

mn

mr

� � ð4Þ

and for a forcing function acting on the radiating plate

Yr
mn ¼

X r
mn

1 � Es=hs þ o2bs

� �2
X i

mn=mi

� �
X r

mn=mr

� �;
Yi

mn ¼ Yr
mn

Es

hs

þ o2bs

� �2
X i

mn

mi

� �
;

ð5Þ

where

X i
mn ¼ ðoi

mnÞ
2 �

ai

mi

� �
o2 þ 2joi

mnoZ
i
mn þ

Es

hsmi

� ��1

;

X r
mn ¼ ðor

mnÞ
2 �

ar

mr

� �
o2 þ 2jor

mnoZ
r
mn þ

Es

hsmr

� ��1

;

ð6Þ

ai ¼ mi þ
ms

3
; ar ¼ mr þ

ms

3
; bs ¼

ms

6
: ð7Þ

In the above equations, the uncoupled natural frequencies of the incident and radiating plates,
respectively, are defined as

oi
mn ¼

Di

mi

� �2

ða2
m þ a2

nÞ; or
mn ¼

Dr

mr

� �2

ða2
m þ a2

nÞ: ð8Þ
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The natural frequencies of the double panel system can be determined by setting the damping to
zero and maximizing the frequency response functions in Eqs. (4) and (5):

omn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bmn7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2

mn � 4ACmn

p
2A

s
; ð9Þ

where

A ¼ aiar � b2
s ;

Bmn ¼ mioi2

mn þ
Es

hs

� �
ar þ mror2

mn þ
Es

hs

� �
ai þ 2bs

Es

hs

;

Cmn ¼ mioi2

mn þ
Es

hs

� �
mror2

mn þ
Es

hs

� �
�

Es

hs

� �2

:

ð10Þ

These equations give two real eigenvalues for each set of modal indices. For each modal index,
the eigenvalue with the lower value corresponds to the in-phase flexural response and eigenvalue
with the higher value corresponds to the out-of-phase dilatation response of the double panel
system. Physically, the in-phase flexural response is when the displacement of the two plates
comprising the double panel system is in-phase, i.e. both plates travel in the positive z direction at
the same instant. The out-of-phase dilatational response [3] is when the displacement of the two
plates is out-of-phase, i.e. one plate travels in the positive z direction and the other travels in the
negative z direction. Physically, there is little or no relative displacement between the individual
plates which means that the spring rate of the acoustical cavity has little effect for the in-phase
flexural motion. For the out-of-phase dilatational motion, the relative displacement between the
plates is significant and the increased stiffness (due to the spring rate of the acoustical cavity) of
the system results in an increased natural frequency. This will be discussed further in the results
section.

2.2.2. Clamped boundary conditions
The above analyses were performed for simply supported boundary conditions. To be able to

experimentally verify the models, simply supported boundary conditions are difficult if not
impossible to implement for determining transmission loss. The accepted method for
experimentally investigating transmission loss includes plates mounted in a frame in an extended
wall that approximates clamped boundary conditions and allows no acoustical transmission path.
This method also reduces other factors such as structure-borne flanking transmission paths, which
can taint the results of the transmission loss experiments. Due to the above conditions, the
theoretical models must be modified to approximate clamped boundary conditions.

Although simply supported mode shapes have been shown to be a reasonable approximation of
clamped mode shapes [3,4] the associated simply supported natural frequencies are incorrect due
to the lack of stiffness inherent to the simply supported boundary conditions compared to the
clamped boundary conditions. As an approximation, the stiffness of the simply supported plate
can be increased by

ffiffiffi
2

p
for each boundary [3] to approximate the clamped boundary conditions

and therefore the natural frequencies will more accurately represent clamped boundary
conditions. This modification can be inferred from a comparison of a simply supported beam
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(or plate) natural frequencies compared to a clamped beam (or plate) [4]. This has been shown to
have little effect on the validity of the theoretical model [3] since the difference in modal radiation
efficiencies of clamped and simply supported plates has been shown to be less than 3 dB [5].

2.3. Acoustic models

2.3.1. Incident pressure field
The incident pressure field is assumed to be an oblique incident plane wave which impinges on

the incident side of the single plate or the incident plate of the double panel system. The
mathematical expression for the plane wave can be written as [6]

piðx; y; tÞ ¼ Pi exp½jðot � kx sin yi cosfi � ky sin yi sin fi � kz cos yiÞ	: ð11Þ

Further discussion of the incident pressure field as a forcing function is presented in the next
section. The incident intensity is the amount of intensity that is normal to the plate,

Ii ¼
P2

i cos yi

2rc
: ð12Þ

The incident acoustic power is the incident intensity times the area of the plate,

Pi ¼
P2

i cos yilxly

2rc
: ð13Þ

2.3.2. Radiated pressure field
The radiated pressure field emits from the radiating side of a single plate or the radiating plate

of a double panel system. The equation for the radiated pressure from a plate is derived from the
model of the radiated pressure from an elementary volume source mounted in an infinite rigid
baffle [6]. From an acoustical viewpoint, the motion of the plate can be seen as a multitude of
these elementary volume sources. Therefore, the total radiation from a plate can be found by
integrating the radiated pressure from an elementary volume source over the domain of the plate.
The result is the well-known Rayleigh integral for a plate [7]. For these calculations, the numerical
values for the plate were previously given in Section 2.1, and the wavelength is equal to
(c/frequency).

Utilizing the far field approximation, which is valid if the radius at which the pressure is being
evaluated, is large compared to the maximum dimension of the structure, a closed form solution
for the Rayleigh integral is [6]

prðr; y;fÞ ¼ �
o2rolxly

2pr
exp jo t �

r

c
�

sin y
2c

ðlx cosfþ ly sin f
� �
 �XN

m¼1

XN
n¼1

WmnYmYn; ð14Þ

where

Ym ¼
�

j

2
sgnðsin yr cosfrÞ; ððmpÞ2 ¼ ½sinyrcosfrðolx=cÞ	2Þ;

mp 1 � ð�1Þm exp½�j sin yr cosfrðolx=cÞ	
 �

ðmpÞ2 � ½sin yr cos frðolx=cÞ	2
; ððmpÞ2a½sinyrcosfrðolx=cÞ	2Þ;

8>><
>>:
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Yn ¼;

�
j

2
sgnðsin yr cosfrÞ; ððnpÞ2 ¼ ½sin yr cosfrðoly=cÞ	2Þ;

npf1� ð�1Þn exp½�j sin yr cosfrðoly=cÞ	g

ðnpÞ2 � ½sin yr cosfrðoly=cÞ	2
; ððnpÞ2a½sin yr cosfrðoly=cÞ	2Þ:

8>><
>>: ð15Þ

As a result of the far field assumption, the pressure wave can be locally approximated by a
plane wave. Therefore the far field intensity at a point can be written as

Ir ¼
jprðr; y;fÞj2

2rc
: ð16Þ

The total radiated power is defined as the integral of the far field intensity over a hemisphere
enclosing and centered on the baffled plate which can be written as

Pr ¼
Z 2p

f¼0

Z p=2

y¼0

Irr
2 sin y dy df: ð17Þ

2.3.3. Transmission loss
The plate transmission loss is defined as [8]

TLðdBÞ ¼ 10 log10

1

t

� �
¼ 10 log10

Pi

Pr

� �
: ð18Þ

For engineering design, it is useful to have a single acoustic performance index that can be
compared. Therefore, the transmission loss will be averaged over a frequency range. This index is
more applicable than frequency dependent power reduction since the disturbance is tonal in
nature and the frequency varies. The frequency averaged transmission loss is defined as

TLavgðdBÞ ¼ 10 log10

Pi;avg

Pr;avg

� �
; ð19Þ

where the frequency averaged acoustic power is defined as

Pavg ¼
1

N

XN

n¼1

Pn: ð20Þ

Note that this assumes the transmission loss data is discrete over the frequency range. The
frequency averaged acoustic power is a linear average of the auto-spectrum which denotes the
average power over a frequency range. Note that the analytical results are presented in terms of
frequency averaged transmission loss.

2.4. Plate forcing functions

2.4.1. Incident pressure field
When the incident pressure field impinges on the plate, there are two traveling waves incident

upon the double panel system incident plate, the incident pressure and the reflected pressure.
Conversely, only one traveling wave, the radiated pressure, emits from the radiating plate of the
double panel system. In previous analyses, it was found that the incident and reflected pressure
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wave magnitudes can be assumed equal since the impedance of the plate approximates a rigid
boundary for air loading [8]. Therefore, the pressure exciting the plate is assumed to be the blocked
pressure, which is twice the magnitude of the incident wave. The inclusion of the radiated pressure
into the solution of the non-homogeneous solution of the plate motion produces a very
complicated equation known as the fluid loaded plate equation. However when the fluid is air, it
was found that the transmitted pressure was negligible compared to the blocked pressure [6].
Without the radiated pressure term, the equation of motion of the plate can readily be solved for
the in-vacuo (which is sometimes called light fluid loaded) case.

As stated earlier, the forcing function can be decomposed into an infinite series of
eigenfunctions. The blocked pressure can be represented as

pb ¼ 2piðx; y; tÞ ¼
XN
m¼1

XN
n¼1

pd
mn sin ðamxÞ sin ðanyÞ; ð21Þ

where pi was defined in Eq. (11) and

pd
mn ¼

8Pi

lxly

Z lx

x¼0

Z ly

y¼0

exp ½jðkx sin yi cosfi � ky sin yi sin fiÞ	 sinðamxÞ sin ðanyÞ dy dx: ð22Þ

This integration has a closed form solution:

pd
mn ¼ 8PiYmYn; ð23Þ

where Ym and Yn are defined as

Ym ¼
�

j

2
sgnðsin yi cosfiÞ; ððmpÞ2 ¼ ½sin yi cosfiðolx=cÞ	2Þ;

mpf1� ð�1Þm exp½�j sin yi cosfiðolx=cÞ	g

ðmpÞ2 � ½sin yi cosfiðolx=cÞ	2
; ððmpÞ2a½sin yi cosfiðolx=cÞ	2Þ;

8>><
>>:

Yn ¼
�

j

2
sgnðsin yi cosfiÞ; ððnpÞ2 ¼ ½sin yi cosfiðoly=cÞ	2Þ;

npf1 � ð�1Þn exp½�j sin yi cosfiðoly=cÞ	g

ðnpÞ2 � ½sin yi cosfiðoly=cÞ	2
; ððnpÞ2a½sin yi cosfiðoly=cÞ	2Þ:

8>><
>>: ð24Þ

Note that the above expression is the same as defined in Eq. (15) except the angles are radiating
co-ordinates compared to Eq. (24) which uses incident co-ordinates. The modal amplitudes can
now be written for a double panel system by multiplying the modally decomposed disturbance
(Eq. (23)) by the frequency response function for a forcing function acting on the incident plate
(Eq. (4)):

W d;i
mn ¼ pd

mnY
i
mn; W d;r

mn ¼ pd
mnY

r
mn: ð25Þ

2.4.2. Piezoelectric actuator
Piezoelectric plate actuators generally consist of a lead zirconate titanate (PZT) actuator

co-located pair (on each side of the plate) wired out of phase to produce pure bending in the
structure. Their forcing function can be modelled as line moments applied at the PZT element
boundary. Following the solution for the incident pressure field, the PZT forcing function can be
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decomposed into an infinite series of eigenfunctions. Using mode orthogonality, the modally
decomposed forcing function can be written [9]

%Pc
mn ¼ 4Coepe �

a2
x þ a2

y

axay

 !
½cos ðaxx1Þ � cos ðaxx2Þ	½cos ðayy1Þ � cosðayy2Þ	; ð26Þ

where epe ¼ ðd3lV=tÞ and Co is a constant. This term is a constant that is a function of the plate
and piezo actuator properties and geometry.

The modal amplitudes can now be written for a PZT actuator by multiplying the modally
decomposed disturbance (Eq. (26)) by the double panel system frequency response function for a
forcing function:

W c;r
mn ¼ pc

mnY
r
mn; W c;i

mn ¼ pc
mnY

i
mn; ð27Þ

where Yi
mn and Yr

mn were defined in Eqs. (4) and (5) for a piezoelectric actuator mounted on the
incident and radiating plates, respectively. The PZT properties are presented in Table 1.

2.4.3. Total structural response
The total structural response of the system can be determined by the superposition of the

system response to the disturbance (the incident pressure field in this paper) and the control field
defined as the sum of each piezoelectric actuator response. The total modal response of the system
can be written:

W t;i
mn ¼ W d;i

mn þ
XC

j¼1

W cj ;i
mn ; W t;r

mn ¼ W d ;r
mn þ

XC

j¼1

W cj ;r
mn ; ð28Þ

where C is the total number of piezoelectric actuators.

2.4.4. Cost function

The stated objective is the reduction of the transmission loss of a double panel system. This is
accomplished by reducing the radiated sound power emitted by the radiating plate of a double
panel system, which can be written for a baffled plate as

Pr ¼
1

rc

Z 2p

0

Z p=2

0

prðr; y;fÞj j2 r2 sin y dy df; ð29Þ
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Table 1

PZT properties

Material Lead zirconate titanate

Density (kg/m3) 7600

Strain coefficient (m/V) 166E�12

Elastic modulus (N/m2) 63E+9
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where pr is the far field pressure. Writing Eq. (29) in terms of the total modal response of the
radiating plate and rearranging:

Pr ¼
XN
m¼1

XN
n¼1

XN
k¼1

XN
l¼1

DmnklW
t;r
mnW t;r�

kl ; ð30Þ

where [10]

Dmnkl ¼
1

rc

Z 2p

0

Z p=2

0

AA�YmYnY�
k Y�

l r2 sin y dy df ð31Þ

and where Ym was previously defined in Eq. (15) and

A ¼ �
o2rolxly

2pr
exp jo t �

r

c
�

sin y
2c

ðlx cosfþ ly sin f
� �
 �

: ð32Þ

2.4.5. Linear quadratic optimal control

For the analytical results, LQOCT is used to determine the optimal control inputs for the
application of ASAC to double panel systems. The reduction of the transmission loss of a double
panel system is accomplished in practice by reducing the radiated sound power from the radiating
panel of a double panel system, which was previously written in Eq. (30). Using superposition, the
total modal response of the radiating panel can be written as a function of the applied
piezoelectric force, which is a function of applied voltage (V ).

W t;r
mn ¼ W d ;r

mn þ
XC

i¼1

Cci ;r
mnVi; ð33Þ

where W ci ;r
mn ¼ Cci ;r

mnVi and C has dimensions m/V. It is evident from the substitution of Eq. (33)
into Eq. (30) that the radiated sound power is a quadratic function of the applied piezoelectric
voltage. Taking the derivative of radiated power with respect to the piezoelectric voltage (the
control signal to each actuator) and setting the result equal to zero will give the equation for the
optimal applied piezoelectric voltage:

V1

^

VC

8><
>:

9>=
>; ¼

bCc1;r
mn C

c1;r�
mn ? bCc1;r

mn C
cC ;r�
mn

^ & ^

bCcC ;r
mn Cc1;r�

mn ? bCcC ;r
mn CcC ;r�

mn

2
64

3
75
�1 �bW d;r

mnC
c1;r�
mn

^

�bW d;r
mnC

cC ;r�
mn

8><
>:

9>=
>;; ð34Þ

where

b ¼
XN
m¼1

XN
n¼1

XN
k¼1

XN
l¼1

Dmnkl : ð35Þ

3. Results

Analytical results calculated from the double panel system, acoustic, and controller models
developed in the previous section are presented. First, the analytical double panel system model is
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validated through a comparison of the theoretical and experimental uncontrolled transmission
loss. The analytical model is then applied to the active control of double panel systems and a
parametric analysis including the variation of the location of control actuators, the radiating plate
stiffness, and the air cavity mass and stiffness.

3.1. Model validation

The analytical double panel system model is validated through a comparison of the theoretical
and experimental uncontrolled transmission loss for an aluminum and sandwich board radiating
plate double panel system. The system is described as follows: a normal acoustic plane wave
excites the incident plate of a double panel system. The induced incident plate motion excites the
acoustic cavity thereby inducing motion in the radiating plate. The radiating plate then emits
acoustic power into an acoustic free field. For experimental implementation, the incident acoustic
field was provided by a speaker positioned adjacent to the incident plate of the double panel
system at a distance of 0.3m to provide an approximation of a plane wave. A broadband signal of
0–800Hz was input to the speaker providing excitation of the double panel system. Incident
pressure measurements were taken by a single microphone positioned near the center of the
incident plate. Radiated pressure measurements were taken by a microphone positioned at several
points on a hemisphere in an anechoic room. The hemisphere was divided into equal areas and
one microphone was placed at the center of each area. From the microphone measurements and
associated area, an approximation of radiated acoustic power can then be calculated. All pressure
measurements were processed by a B&K model 2032 dual channel signal analyzer where the auto-
correlation and cross-correlation of the disturbance signal and the pressure measurements were
computed. This information was downloaded to a PC compatible computer and analyzed using a
MATLAB code which yielded the transmission loss data as per calculations detailed previously.
The signal levels at the incident plate were approximately 110 dB to achieve approximate signal
levels of 70 dB (off-resonance) in the anechoic room. Comparison to aircraft levels depends on the
specific aircraft configuration, but this level is within an order of magnitude for a trimmed
aircraft.

A comparison of the theoretical and experimental uncontrolled transmission loss of the
aluminum radiating plate double panel system is shown in Fig. 2. Note that the theoretical curve
does not exist below 50Hz since this was the approximate frequency where the flanking paths of
the test facility dominate the experimental results. The results indicate that the transmission loss
minima correspond to the natural frequencies of the system with the most prominent occurring at
the in-phase and out-of-phase (1,1) (B120–170Hz), (3,1) (B350–360Hz), and (1,3) (B490–500Hz)
modes. This agrees with the theoretical model for an normal plane wave which indicates that a
uniform excitation field can only excite the symmetric modes, i.e. modes that have an odd–odd
index. However, the experimental results show minima at other natural frequencies of the double
panel system, namely the (1,2) (B260–280Hz) and (4,1) (B520–560Hz) modes. The excitation of
these modes could be attributed to a number of things including an imperfect normal acoustic
plane wave, unevenly damped plate, and/or the structural flanking path. As stated earlier, the
intent is to provide a model to investigate the trends involved with active control of double panel
systems. As can be seen in Fig. 2, there is general agreement in the trend of the theory with
experiment.
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A comparison of the theoretical and experimental uncontrolled transmission loss of the
sandwich board radiating plate double panel system is shown in Fig. 3. In this plot, the prominent
transmission loss minima occur at the in-phase (1,1) mode (B135Hz), the in-phase (3,1) mode
(B350Hz) and the out-of-phase (1,1) mode (B500Hz). Notice there are less minima compared to
the aluminum radiating plate double panel system (Fig. 2) due to the lower modal density, as a
result of the increased stiffness of the sandwich board radiating plate. It should be noted that the
values of transmission loss are significantly higher (as compared to Fig. 2) in the low frequency
range of 100–200Hz due to the absence of an efficient acoustic radiating mode resonance. These
results agree with Carneal and Fuller [1] who found that a stiff radiating plate exhibited increased
uncontrolled transmission loss over a more flexible radiating plate. The above results also agree
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Fig. 2. Uncontrolled aluminum radiating plate double panel system TL:     , theoretical; ——, experimental.

Fig. 3. Uncontrolled sandwich board radiating plate double panel system TL:     , theoretical; ——, experimental.
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with fundamental transmission loss theory. According to Fahy [8], plate response is stiffness
controlled at low frequencies. A plate with increased stiffness leads to lower response, which leads
to higher transmission loss.

In summary, the theoretical and experimental results show good agreement in the double panel
system trends in uncontrolled transmission loss. Further improvements in modelling of the
incident acoustic field and/or the double panel system boundary conditions could possibly
minimize the detailed discrepancies seen in transmission loss curves.

3.2. Active control of double panel systems

This section theoretically investigates the active control of double panel systems using the
previously defined models. The results are presented in several subsections that provide insight to
the active control of double panel systems by perturbing the basic double panel system
parameters. Specifically, the influence of the following double panel system parameters on control
performance is studied: the radiating plate stiffness (aluminum or sandwich board), PZT actuator
location (incident or radiating plate), and air cavity parameters (mass and stiffness).

In this and the following sections, the compound adjectives associated with a full system
description can become excessive. For instance, for the PZT location parameter, the full
description of the double panel system would be a sandwich board radiating plate double panel
system with incident plate PZT locations. In this paper, this full description will be stated only once
for brevity. Once the full description has been stated, an abbreviated description using the word
case will be used. For example, the above description will be shortened to the incident PZT case.

3.2.1. Effect of radiating plate stiffness on control performance

The first parameter to be studied is the radiating plate stiffness where an aluminum radiating
plate is used for a relatively flexible case and a sandwich board is used for a relatively stiff case.
The effect of radiating plate stiffness on the increase in frequency averaged transmission loss
(TLavg; as defined in Eq. (19)) with control is presented in Table 2 (along with the variation of the
test system parameters of incident plane wave and PZT location). The increase in TLavg is
presented for two distinct averages, one from 50 to 800Hz and 300 to 800Hz. Two distinct
averaging ranges are presented since some of the results obtained are also dependent upon the
variation of the frequency range.
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Table 2

Effect of radiating plate stiffness on increase in frequency averaged transmission loss with control

PZT location Incident wave Radiating plate

Aluminum Sandwich board Aluminum Sandwich board

Increase in TLavg (dB) 50–800Hz Increase in TLavg (dB) 300–800Hz

Incident Normal 30.0 49.1 11.4 22.6

Oblique 30.3 48.8 11.0 22.9

Radiating Normal 23.8 53.6 12.3 39.9

Oblique 24.2 53.4 10.8 38.3
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As can be seen in Table 2, better control is achieved for a double panel system with a sandwich
board radiating plate over an aluminum radiating plate by approximately 11–30 dB depending on
the other system parameters. The explanation for this behavior is due to the modal density of the
double panel system. This behavior will now studied in more detail.

Fig. 4 shows the uncontrolled and controlled transmission loss versus frequency for a double
panel system excited by an oblique incident wave with the PZTs actuators located on an
aluminum radiating plate. As compared to results for the same test configuration except with a
sandwich board radiating plate (Fig. 5), the aluminum case exhibits several more TL minima
compared to the sandwich board case, which indicates the aluminum case has a higher modal
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Fig. 4. Uncontrolled and controlled transmission loss for double panel system with aluminum radiating plate (other

parameters: oblique incident wave; radiating plate PZT location):     , uncontrolled; ——, controlled.

Fig. 5. Uncontrolled and controlled transmission loss for double panel system with sandwich board radiating plate

(other parameters: oblique incident wave; radiating plate PZT location):     , uncontrolled; ——, controlled.
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density. Since the amount of achievable control attenuation is directly related to the number of
control channels with respect to the number of system dominant modes (and the controllability of
those modes), a double panel system with a higher modal density at a certain frequency will attain
less control reduction in sound than one with a low modal density for a given number of control
actuators [11]. Also, a stiffer radiating plate leads to lower response and therefore lower sound
radiation over the entire frequency range. However, the coupling of the incident and radiating
plate through the contained air is much less for the sandwich board case. As seen in Fig. 6, the
modal response of a double panel system with a sandwich board radiating plate excited at the out-
of-phase fundamental resonance (f ¼ 500Hz) shows that control of the radiating plate has little
effect on the incident plate. This type of behavior is typical for the sandwich board case and is
independent of excitation frequency. This is a result of the low modal density of the radiating
plate. Control is achieved by modal reduction which reduces the overall response of the radiating
plate [11]. Since the incident and radiating plate are not well coupled, the influence of the control
actuators on the incident plate is minimal.

Control effort, defined as the sum of the absolute value of the control voltages squared
calculated in Eq. (34), for a double panel system excited by an oblique incident wave and with
PZT actuators mounted on the radiating plate is shown in Fig. 7. As can be seen in this figure, a
double panel system with an aluminum radiating plate requires more control effort (power) than
one with a sandwich board radiating plate. At first this seems to be an erroneous result since the
sandwich board radiating plate is much stiffer than the aluminum radiating plate. However, the
sandwich board radiating plate is also thicker than the aluminum radiating plate. The end result is
that the sandwich board radiating plate PZT forcing function (pc

mn in Eq. (26) with a unit applied
PZT voltage (V)) is an order of magnitude greater than the one for an aluminum radiating plate.
This is due to a better impedance matching of the PZT actuator with the stiff radiating plate.
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Fig. 6. Uncontrolled and controlled double panel system modal amplitudes at 500Hz with sandwich board radiating

plate (other parameters: oblique incident wave; radiating plate PZT location): , uncontrolled incident plate; ,

controlled incident plate; &, uncontrolled radiating plate; , controlled radiating plate.

J.P. Carneal, C.R. Fuller / Journal of Sound and Vibration 272 (2004) 749–771764



3.2.2. Effect of PZT location on control performance

In this section, the effect of the location of the control actuators on double panel system control
performance is presented. The control actuators (PZT piezoelectric actuators) can be positioned
either on the incident or radiating plate of the double panel system and will be referred to as the
incident PZT case and the radiating PZT case. As can be seen in Table 3, the effect of PZT
location on frequency averaged transmission loss (TLavg) depends on the choice of radiating plate
stiffness and the range over which the transmission loss was averaged. For an aluminum radiating
plate with control performance averaged from 50 to 800Hz, the incident PZT case attained
approximately 6 dB more TLavg than the radiating PZT case. Looking at the performance
numbers for the 300–800Hz averaged transmission loss, the incident PZT case indicates no
advantage for the aluminum radiating plate double panel system. However, for the sandwich
board radiating plate double panel system, the radiating PZT case performs better than the
incident PZT case regardless of the transmission loss averaging range. This behavior will now be
discussed in more detail.
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Fig. 7. Maximum control effort for a double panel system with an aluminum and sandwich board radiating plate (other

parameters: oblique incident wave; PZTs located on radiating plate):     , aluminum; ——, sandwich board.

Table 3

Effect of PZT location on increase in frequency averaged transmission loss with control

Radiating plate Incident wave PZT location

Incident Radiating Incident Radiating

Increase in TLavg (dB) 50–800Hz Increase in TLavg (dB) 300–800Hz

Aluminum Normal 30.0 23.8 11.4 12.3

Oblique 30.3 24.2 11.0 10.8

Sandwich board Normal 49.1 53.6 22.6 39.9

Oblique 48.8 53.4 22.9 38.3
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The uncontrolled and controlled transmission loss for a double panel system with a sandwich
board radiating plate and excited by an oblique plane wave is shown in Fig. 8. Control of the
system with PZTs mounted on the radiating plate is more effective by approximately 20 dB at
frequencies above 300Hz. This behavior can be explained by how well the control actuators can
influence the structural-acoustic coupling of the radiating plate and the radiating acoustic field. As
stated in the previous section, the motion of the incident plate is not significantly coupled into the
motion of the sandwich board radiating plate and therefore is not coupled significantly into the
radiated acoustic field. The PZT actuators on the incident plate will not be able to significantly
modify structural-acoustic coupling of the radiated plate. However, actuators mounted on the
radiating plate can directly modify the structural-acoustic coupling and therefore better control is
achieved.

The results for an aluminum radiating plate double panel system are not as definite. Fig. 9
shows the uncontrolled and controlled transmission loss for an aluminum radiating plate double
panel system excited by a normal incident plane wave. As can be seen, the effect of the PZT
location on control performance varies with frequency. From an investigation of the double panel
system equations, it is seen that a double panel system consisting of two plates of similar
properties will exhibit behavior where one plate will dominate the double panel system response
over some frequency ranges, while the other plate will dominate the others. Therefore,
piezoelectric actuators mounted to the incident plate will exert more effective control when the
incident plate dominates the double panel system response; likewise piezoelectric actuators
mounted to the radiating plate will exert more effective control when the radiating plate
dominates the double panel system response. As was discussed previously, the sandwich board
radiating plate double panel system does not exhibit such behavior.

It should be noted that the above analysis did not take the PZT control effort into account. This
quantity is defined as the sum of the squares of the control voltages calculated in Eq. (34). As can
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Fig. 8. Uncontrolled and controlled transmission loss for double panel system with PZTs located on incident and

radiating plates (other parameters: oblique incident wave; sandwich board radiating plate):     , uncontrolled; ——,

incident PZT; - - -, radiating PZT.
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be seen in Fig. 10, the control effort for the incident PZT case is significantly higher than the
radiating PZT case. This again demonstrates that a direct coupling of the control actuators into
the radiated acoustic field (i.e. PZTs located on the radiating plate) is beneficial. Taking the very
large amount of increased control effort for the incident PZT case and the relatively small increase
in frequency averaged transmission loss into account, placement of the PZT actuators on the
incident plate would be a poor choice.
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Fig. 9. Uncontrolled and controlled transmission loss for double panel system with PZTs located on incident and

radiating plates (other parameters: normal incident wave; aluminum radiating plate):     , uncontrolled; ——,

incident PZT; - - -, radiating PZT.

Fig. 10. Maximum control effort for PZTs located on incident and radiating plates of a double panel system (other

parameters: normal incident wave; aluminum radiating plate):     , incident PZT; ——, radiating PZT.
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3.2.3. Effect of air cavity mass and stiffness on control performance

In this section, the influence of air cavity mass and stiffness on control performance is studied.
The uncontrolled and controlled transmission loss for a double panel system cavity mass equal to
air (Ms=air) and equal to twice that of air (Ms=2air) is shown in Fig. 11. The double panel
system was excited by a normal incident wave with PZT actuators located on an aluminum
radiating plate. As can be seen, the additional mass of the air cavity has a small effect on control
performance and the additional mass decreases the uncontrolled and controlled transmission loss.
This effect also increases with frequency. This can be seen in the coupling terms of the double
panel system equations in Eq. (4) where the mass term is multiplied by the square of the
frequency.

The uncontrolled and controlled transmission loss for a double panel system cavity stiffness
equal to air (Ks=air) and equal to twice that of air (Ks=2air) is shown in Fig. 12. The double
panel system was excited by a normal incident wave with PZT actuators located on an aluminum
radiating plate. As can be seen, the additional stiffness of the air cavity has little effect on control
performance, however the additional stiffness decreases uncontrolled and controlled transmission
loss by approximately 6 dB. Note that the increased stiffness has little effect at the in-phase
natural frequency (110 and 340Hz). At these frequencies, the incident and radiating plates are
vibrating in-phase with little relative motion between the plates and therefore the increased air
cavity stiffness has little or no effect. This can be seen in the double panel system equations in
Eq. (1) where the air cavity stiffness is written as a function of the difference of the incident and
radiating plate flexural motion. However, the increased stiffness has the effect of increasing the
out-of-phase resonant frequencies. For example, the out-of-phase fundamental is increased from
156Hz to approximately 190Hz as seen in Fig. 12.
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Fig. 11. Uncontrolled and controlled transmission loss for double panel system with cavity mass equal to air (Ms=air)

and double air mass (Ms=2air) (other parameters: normal incident wave; PZTs located on aluminum radiating plate):

- - -, uncontrolled baseline; -  -, uncontrolled 2 times mass; ——, controlled baseline;     , controlled 2 times mass.
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4. Concluding discussion

An analytical model for studying the ASAC of double panel systems has been developed. This
double panel system model approximates the noise transmission path from the exterior of an
aircraft fuselage to the interior noise field. A comparison of theoretical and experimental
uncontrolled transmission loss verified that the double panel system model generally describes the
system behavior.

A parametric study of the ASAC of double panel system was then performed. A double panel
system with a stiff radiating plate exhibits a decreased coupling of the incident and radiating
plates and a lower modal density, which results in increased controlled transmission loss. The
increased stiffness also leads to a lower double panel system response and increased uncontrolled
transmission loss. A stiffer radiating plate was also seen to decrease the control effort required due
to better impedance matching between the PZT and the radiating plate. Taking the control effort
into account, piezoelectric (PZT) control actuators should be mounted on the radiating plate of a
double panel system, which can couple into the radiating acoustic field better than actuators
mounted on the incident plate. Doubling the air cavity mass has little effect on control
performance, however uncontrolled TL is slightly reduced at higher frequencies (>400Hz).
Doubling the air cavity stiffness increases the coupling between the incident and radiating plates
resulting in decreased uncontrolled TL and slightly better control performance for PZT actuators
mounted on the incident plate.

This investigation has shown the potential for applying Active Structural Acoustic Control to
reduce the interior noise of an aircraft by taking advantage of control actuator location and
double panel system stiffness. Future investigations will investigate the amount of local versus
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Fig. 12. Uncontrolled and controlled transmission loss for double panel system with cavity stiffness equal to air

(Ks=air) and double air stiffness (Ks=2air) (other parameters: normal incident wave; PZTs located on aluminum

radiating plate): - - -, uncontrolled baseline; -  -, uncontrolled 2 times stiffness; ——, controlled baseline;     ,
controlled 2 times stiffness.
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global control that is achieved by applying the piezoelectric actuators to the interior trim and the
incorporation of novel control algorithms.
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Appendix A. Nomenclature

ax; ay mp/lx and np/y, respectively
epe PZT constant
omn mnth natural frequency
r density
n the Poisson ratio
o frequency (rad/s)
Y transfer function
y polar co-ordinate
f polar co-ordinate
P acoustic power
C piezoelectric modal coupling coefficient
t transmission coefficient
Z damping coefficient
r gradient
C damping coefficient
Co PZT constant
c speed of sound in medium
D Stiffness of structure
d31 piezoelectric strain constant
E modulus of elasticity
h thickness of structure
I acoustic intensity
j square root of (�1)
K air spring coefficient
k acoustic wavenumber
ks structural wavenumber
lx; ly length of structure in x and y directions, respectively
m mass density per unit area of the structure
N number of frequency bins
P acoustic pressure amplitude
p acoustic pressure
pmn modally decomposed pressure
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r radius (polar co-ordinate)
TL transmission loss
t time
V voltage
W modal response of structure
w flexural response of structure
x; y Cartesian co-ordinates
Y integration of far field radiation terms

Subscripts

b blocked
i incident
m; n modal indices
r radiating
s air cavity
x; y x and y direction, respectively

Superscripts
c control
d disturbance
i incident
r radiating
t total
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