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Abstract

The mechanism of active control on sound transmission through a mechanically linked double-wall structure into an acoustic cavity is
investigated in this paper. Two control methods, i.e., structural control and acoustic control under two linkage cases (soft and hard) are
investigated to analyze the effect of the links on the selection of control strategies and the corresponding control mechanisms. Simula-
tions are performed to examine the dominant control mechanism (modal suppression or modal rearrangement) in different frequency
ranges for each control case. The alteration in the structural-acoustic coupling is also analyzed so as to explain the mechanisms of sound
attenuation. In addition, the dominance of the acoustic mode (0,0,0) in the energy transmission process as well as its use in designing a
more effective sensor/actuator arrangement is discussed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Noise control inside a cavity is a typical problem with
great application potential in both industry and civil engi-
neering. To control the interior noise, double-wall struc-
tures are widely used in mobile vehicles, partition walls in
building and aircraft fuselage shells thanks to their superior
noise insulation performance over single-leaf structures.
This performance, however, deteriorates at low-frequencies
due to the resonances of the air gap between the two walls.
As an alternative to passive control, active control tech-
niques have been explored to increase the noise transmis-
sion loss of double-wall structures in the low-frequency
range [1–12]. Typical control strategies include acoustic
control using acoustic sources, vibration control using
structural actuators and isolation control.

Among double-wall systems, one configuration being
extensively used is a double-wall structure radiating sound
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into a rectangular acoustic enclosure [13–15]. Pan et al. pre-
sented a theoretical model for active control of sound
transmission through double-panels, in which three differ-
ent control arrangements were investigated [13]. Using con-
trol loudspeakers inside the air gap, De Fonseca et al.
experimentally demonstrated that an active sound trans-
mission reduction could be achieved by reducing energy
transmission through the gap [14].

In many practical situations, however, double-wall struc-
tures contain mechanical links to connect the two walls,
which alter the energy transmission path. Apart from the
acoustic transmitting path through the air gap between
the two walls, energy can also be transmitted from the links,
such forming a structural transmitting path. As a result, the
inherent coupling between the panels and the cavities (the
air gap and the enclosure) significantly increases the degree
of complexity in terms of control. An example was from the
experimental work of Bao et al. [16], which showed that the
existence of the structural transmitting path could result in a
change in both sensing arrangement and actuation mecha-
nism or even jeopardize the success of the existing control
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Nomenclature

c0 sound speed of the air
Cm rotational stiffness of the mechanical link
e‘ blocked force per unit voltage of the actuator
Fcon control force applied between the two panels
F11,F3 generalized exciting pressure of eP and general-

ized control pressure of Pcon

F12, F2 generalized control forces
fm force produced by the mechanical link
Km translational stiffness of the mechanical link
Kg aerostatic stiffness of the air gap
K,m‘ stiffness and mass of the actuator
lx, ly,ha size lengths of panel a
Lp,Lpg total acoustic potential energy inside the enclo-

sure and the gap cavity
Lw total-averaged kinetic energy received by the pa-

nel b
M,N orders of mode to be truncated
Mx,My rotational moments of the mechanical link
ma,kl,fa,kl generalized mass and modal damping of the

klth mode of panel a
n the positive outward normal componenteP acoustic excitation

Pg,Pcon sound pressure and control pressure inside the
air gap

Pe,Pg modal amplitudes of the enclosure and the air
gapeP ‘ strength of control source inside the air gap

V control voltage
Vg,Ve volumes of the air gap cavity and the acoustic

enclosure
wa,Da transverse displacement and flexible rigidity of

panel a
wb,Wb transverse displacement and modal amplitudes

of panel b
d d function
hx,hy angular rotations of mechanical links
ukl,qa,kl mode shape functions and the corresponding

modal coordinates of panel a
wg,j acoustic mode shapes of gap cavity
qa,q density of panel a and the air
!g;j; L

g
j;kl the jth angular frequency and modal

coupling coefficient of gap cavity
mg,jj,fg,j the jth generalized mass and modal loss of gap

cavity
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strategies. Respective effects of the air gap and mechanical
links on the energy transmission and noise insulation prop-
erties have been recently investigated in our previous work
[17]. It was observed that the stiffness of the mechanical link
and the aerostatic stiffness of the air gap are the two govern-
ing parameters controlling the energy transmission process.
A criterion was then proposed to predict the dominant
transmitting path and three different zones were identified.
However, possible correlations between the dominant trans-
mitting path and the most suitable control strategy for
achieving an effective control remain unknown. An intuitive
observation is that when the acoustic transmitting path is
dominant, acoustic treatment may be a natural choice;
whereas when the structural transmitting path is dominant,
effort might be put on reducing structural energy transmis-
sion. So far, however, there exists no systematic analysis
(theoretical or numerical) on this issue and subsequently
on the corresponding control mechanism.

In this paper, we attempt to bring some answers to the
above problems. It is pertinent to point out that this study
does not intend to develop any novel modeling method or
control algorithms. Instead, it rather puts emphasis on the
physical phenomena related to the double-wall structures
with mechanical links which will impact on the choice of
control strategies. The paper is organized as follows.
Firstly, a brief description on the modeling of the coupled
vibro-acoustic system is given. Two different control strat-
egies based on optimal control theory are examined: (a)
acoustic control using loudspeakers inside the air gap and
(b) structural control using structural actuators between
the two panels. Numerical analyses are carried out to
describe the effect of the sound transmitting paths on the
selection of control strategies. Dominant control mecha-
nisms in the low- and high-frequency ranges are examined
so as to gain insight into the underlying physics. Finally,
some conclusions are drawn.

2. Formulation

2.1. Vibro-acoustic model

The system under study is a double-wall structure cou-
pled to an acoustic enclosure Ve shown in Fig. 1. The
two panels, i.e., the incident panel a and the radiating panel
b, are connected by a mechanical link at (xm,ym) and sep-
arated by an air gap cavity Vg. Apart from the surfaces
occupied by these two panels, all other walls of both the
air gap and the enclosure are acoustically rigid.

The modeling of the system using modal approach has
been well documented in [7,17,18] and only a brief descrip-
tion is presented hereafter. For the panel a subjected to an
acoustic excitation eP , the equation of motion is described as

Dar4wa þ qaha

o2wa

ot2
¼eP � fm � dðx� xm; y � ymÞ � P gðz ¼ hgÞ

� F con �Mx � dðx� xmÞd0ðy � ymÞ
�My � d0ðx� xmÞdðy � ymÞ ð1Þ

where wa, Da, qa and ha are the transverse displacement
(positive downwards), the flexible rigidity, the density and
the thickness of panel a; Pg the sound pressures inside
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Fig. 1. An acoustic cavity covered with a linked double-wall structure.
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the air gap; Fcon the control force applied between the two
panels; fm and (Mx,My) the force and the rotational mo-
ments about the x- and y-axis produced by the mechanical
link, which is simulated by a spring with a translational
stiffness Km and a rotational stiffness Cm as

fm ¼ Km½waðxm; ymÞ � wbðxm; ymÞ�; Mx ¼ Cmhx;

My ¼ Cmhy ; ð2Þ

where wb is the transverse displacement of panel b, and
(hx,hy) the angular rotations.

In general, wa can be decomposed by the mode shape
functions ukl(x,y) and the corresponding modal coordi-
nates qa,kl (t) as wa ¼

P
k

P
luklðx; yÞqa;klðtÞ. Substituting

wa into Eq. (1) and taking into account the viscous damp-
ing terms, one has

€qa;klðtÞ þ 2fa;klxa;kl _qa;klðtÞ þx2
a;klqa;klðtÞ

¼ 1

ma;kl

Z Z
ðeP � P gÞukl ds� fmuklðxm; ymÞ

�
�
Z Z

F conukl ds�
Z Z

Mx � dðx� xmÞd0ðy � ymÞukl ds

�
Z Z

My � d0ðx� xmÞdðy � ymÞukl ds
�
;ds ¼ dxdy;

k ¼ 1; . . . ;M; l ¼ 1; . . . ;N ð3Þ

in which ma,kl and fa,kl are the generalized mass and the
modal damping of the klth mode, respectively, (M,N) the
orders of mode to be truncated. Similarly, for the panel b,

€qb;klðtÞþ2fb;klxb;kl _qb;klðtÞþx2
b;klqb;klðtÞ

¼ 1

mb;kl
fmuklðxm;ymÞþ

Z Z
F conukl dsþ

Z Z
ðP g�P eÞukl ds

�
þ
Z Z

Mx �dðx�xmÞd0ðy� ymÞukl ds

þ
Z Z

My �d0ðx�xmÞdðy� ymÞukl ds
�
:

ð4Þ
For the air gap, the pressure inside the gap cavity is gov-
erned by the acoustic wave equation

r2P gðr; tÞ �
1

c2
0

o2P gðr; tÞ
ot2

¼ P con; ð5aÞ

with boundary conditions

oP gðr; tÞ
on

¼
q€wa on panel a

�q€wb on panel b

0 on the rigid wall

8><>: ð5bÞ

where q and c0 are the density and sound speed of the air,
respectively. Pcon is the control pressure generated by
sound sources inside the air gap. n is the positive outward
normal component. Decomposing Pg(r, t) on the basis of
acoustic mode shapes wg,j(r) as P gðr; tÞ ¼

Pn
j¼1wg;j

ðrÞpg;jðtÞ, and using the Green’s theorem, Eq. (5a) with
the consideration of the viscous damping can be rewritten
in a set of modal acoustic equations as follows:

€pg;jðtÞ þ 2fg;jxg;j _pg;jðtÞ þ x2
g;jpg;jðtÞ

¼ c2
0

mg;jjV g

�
Z

P conwg;jðrÞdr
�

þqS
X

k

X
l

Lg
j;klð€qa;klðtÞ � €qb;klðtÞÞ

#
;

S ¼ lx � ly ; j ¼ 1; . . . ; n ð6Þ

where xg,j, mg,jj, fg,j and Lg
j;kl are the jth angular frequency,

the generalized mass, the modal loss factor and the modal
coupling coefficient, respectively. Similarly, for the
enclosure,

€pe;jðtÞ þ 2fe;jxe;j _pe;jðtÞ þ x2
e;jpe;jðtÞ

¼ qc2
0S

me;jjV e

X
k

X
l

Le
j;kl€qb;klðtÞ; j ¼ 1; . . . ; ne: ð7Þ

In Eq. (7), all quantities with a subscript ‘‘e’’ are with
the same meanings as defined for the gap cavity but ap-
ply to the enclosure. In the case of harmonic excitation,
Eqs. (3), (4), (6) and (7) are reconstructed into a matrix
form as

½H�

A

B

C

D

8>>><>>>:
9>>>=>>>; ¼

F11 � F12

F2

F3

0

8>>><>>>:
9>>>=>>>;; ð8Þ

in which H describes the dynamic behaviors of the panels,
the cavities and their interaction, while F11 the generalized
exciting pressure (see Appendix). (F12,F2) and F3 relate to
the control voltage V or control pressure Pcon to be opti-
mized. Clearly, Eq. (8) describes the vibro-acoustic behav-
ior of the coupled system with control actions, which will
be solved to calculate coefficients (A, . . . ,D) for construct-
ing the displacement of each panel and the acoustic pres-
sure inside the cavity as
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A

B

C

D

8>>><>>>:
9>>>=>>>; ¼ ½H�

�1

F11 � F12

F2

F3

0

8>>><>>>:
9>>>=>>>;

¼
. . . . . . . . . . . .

G41 G42 G43 G44

� � F11 � F12

F2

F3

0

8>>><>>>:
9>>>=>>>;: ð8aÞ
Table 1
The geometric size and boundary condition of the specimen

Incident
panel

Radiating
panel

Air
gap

Enclosure

Material Aluminum –
lx · ly (m2) 2.15 · 0.78
Height (m) 0.004 0.006 0.55 0.11
Boundary

condition
Simply-supported Rigid

Loss factor 0.005 0.001
2.2. Active noise control

In light of our previous results [17,18], the stiffness of the
mechanical link, Km (or Cm), and the aerostatic stiffness of
the air gap, Kg, are critical parameters for energy transmis-
sion. Depending on the ratio between Km (or Cm) and Kg,
three zones are identified to predict the dominant energy
transmission path, i.e., from the air gap, the link or both
blended. Since the translational effect on energy transmis-
sion is greater at low-frequencies compared with the rota-
tional effect [18], only the translational effect on the
selection of active control strategies will be considered.
The optimal control is implemented to optimize the control
input by defining the objective function as the total acous-
tic potential energy inside the enclosure [19]

Lp ¼
1

4qc2
0

Z Z Z
V e

P�eðrÞPeðrÞdt; ð9Þ

where

PeðrÞ ¼ WeðrÞD; WeðrÞ ¼ ½we;1; . . . ;we;ne
�; ð9a; bÞ

D ¼ G41ðF11 � F12Þ þ G42F2 þ G43F3: ð8a0Þ
Case 1. Acoustic control using loudspeakers

In this case, F12 = F2 = 0. Using a loudspeaker inside
the air gap as the control source, Pcon can be expressed as

P con ¼ �jxeP ‘e
~jxtdðr� r‘Þ; ð10Þ

where eP ‘ is the strength of control source inside the air gap.
The objective function Lp is therefore minimized as

Lp ¼
V e

32qc2
0

FH
exFex �

ðFH
exFacÞ2

FH
acFac

( )
ð11aÞ

with the optimal control pressure

eP‘ ¼ �
V g

jxc2
0

� F
H
exFac

FH
acFac

; ð11bÞ

where

Fex ¼ G41F11; Fac ¼ G43W
T
g ðr‘Þ;

Wgðr‘Þ ¼ ½wg;1ðr‘Þ; . . . ;wg;nðr‘Þ�:

Case 2. Structural control using structural actuators

The selection of structural actuators plays a crucial role
in active control. In this paper, a structural actuator, which
produces comparatively higher force and larger displace-
ment compared to traditional actuators, is used to connect
the two panels [20] at (x‘,y‘). The control force can be
divided into two parts: an active force f‘ and an inertial
force f g

‘ induced by the mass of the actuator, i.e.,

F con ¼ ðf‘ � f g
‘ Þdðx� x‘; y � y‘Þ; ð12aÞ

where

f‘ ¼ K½waðx‘; y‘Þ � wbðx‘; y‘Þ� þ e‘V ;

f g
‘ ¼ �m‘½€waðx‘; y‘Þ � €wbðx‘; y‘Þ�; ð12b; cÞ

in which K, m‘ and e‘ are the dynamic stiffness and the
mass of the actuator and the blocked force per unit voltage
of the actuator, respectively.

For structural control, F3 = 0 and a minimized Lp can
therefore be achieved as

Lp ¼
V e

32qc2
0

FH
exFex �

ðFH
strFexÞ2

FH
strFstr

( )
; ð13aÞ

under the optimal control voltage

V ¼ � 1

e‘
� F

H
exFstr

FH
strFstr

: ð13bÞ

where

Fstr ¼ ½G42 � G41�UTðx‘; y‘Þ;
Uðx‘; y‘Þ ¼ ½u11ðx‘; y‘Þ; . . . ;uMN ðx‘; y‘Þ�:
3. Numerical simulations

Simulations are conducted using a structure (Fig. 1)
with dimensions shown in Table 1. In this configuration,
the aerostatic stiffness of the air gap is Kg � 3.5 · 105 N/
m. The acoustic excitation is an oblique plane wave with
sound pressure amplitude of 1Pa, an azimuth angle 60�
and an elevation angle 30�. Unless otherwise stated, a
mechanical link is located at (0.4lx, 0.4ly) to connect two
panels, and the actuator at (0.3lx, 0.4ly) for structural con-
trol while the loudspeaker at (0.3lx, 0.4ly, 0.3hg) for acoustic
control.

3.1. General analysis

In order to reveal the effect of the transmitting paths on
the selection of the control strategies, the two aforemen-
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tioned control strategies with a soft and a hard link are first
investigated. For analysis purpose, the vibration of the
radiating panel and the pressure inside the air gap are also
examined by defining the total-averaged kinetic energy
received by the panel b as

Lw ¼
x2qbhb

S

Z Z
S

W �
bðx; yÞW bðx; yÞds; ð14Þ

and the total acoustic potential energy inside the gap cavity
as

Lpg ¼
1

4qc2
0

Z Z Z
Vg

P�gðrÞPgðrÞdt; ð15Þ

in which Wb(x,y) and Pg(r) are the modal amplitudes of the
panel b and the air gap.

Case 1: A soft link with Km = 102 N/m
In this case, Km/Kg = 0.003 < 0.1, the energy is mostly

transmitted acoustically [17]. Fig. 2(a) shows the total
acoustic potential energy Lp inside the enclosure without
and with control. The attenuation of Lp is significant after
the deployment of either structural or acoustic control.
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Fig. 2. System with a soft link; Km = 102 N/m. (a) Lp inside the enclosure,
(b) Lw of the radiating panel b, and (c) Lpg inside the air gap. � � �
Uncontrolled; ––– Structural control; 3 Acoustic control.
Comparison between the acoustic control (solid line) and
the structural control (dashed) shows a more efficient con-
trol effect using the acoustic control scheme, especially in
the low-frequency range. This phenomenon can be
explained by examining the vibration of the radiating panel
(Lw in Fig. 2(b)) and the pressure inside the air gap (Lpg in
Fig. 2(c)). Due the dominance of the air gap in energy
transmission, acoustic control weakens noise transmission
through the air gap (Fig. 2(c)). As a result, the vibration
of the radiating panel is suppressed (Fig. 2(b)) and the
strength of pressure inside the enclosure is attenuated
accordingly. This is true at low-frequencies, such as at
f = 66 Hz (point p1). With the increase of frequency, this
tendency is, however, not maintained. Although Lp is still
attenuated, this change does not fully come from the reduc-
tion of Lw. A typical example is the frequency region in the
vicinity of f = 269 Hz (point p2), in which Lw increases after
control. Therefore, the reduction in Lp is not due to the
suppression of the vibration level of the radiating panel.
This observation suggests a possible change in modal cou-
pling or modal rearrangement at these frequencies.

As far as structural control is concerned, the force gen-
erated by the actuator is not only applied to suppress the
vibration of the radiating panel, but also exerted on the
incident panel through the connection, resulting in a weak-
ened sound transmission in the air gap (dotted line,
Fig. 2(c)). Correspondingly, the energy in the enclosure is
attenuated (dotted line, Fig. 2(a)). Based on the fact that
the use of structural actuator cannot efficiently truncate
the energy transmission path via the air gap, the control
effect is limit compared with that obtained using a
loudspeaker.

It is pertinent to mention that the phenomena observed
in the low- and high-frequency ranges for acoustic control
also apply to structural control, suggesting that there exist
two control mechanisms at different frequency ranges, irre-
spective of the type of control strategies.

Case 2: A hard link with Km = 5 · 106 N/m
In this case, Km/Kg = 14.4 > 10, the energy is mainly

transmitted from the mechanical link [17]. Fig. 3(a)–(c)
illustrate variations of Lp inside the enclosure, Lw received
by the radiating panel and Lpg inside the air gap, respec-
tively. Compared with the soft link case, a strong coupling
between the two panels occurs with the increase of Km,
leading to a significant energy transmission through the
link. Although both control strategies are effective for noise
attenuation, acoustic control seems to be slightly better
than structural control in the low-frequency range but
worse in the high-frequency one. Once again, the phenom-
ena observed at locations p1 and p2 in Fig. 2 with a soft link
reoccur at the present case. That is, at p1, acoustic control
weakens noise transmission through the air gap, resulting
in a vibration suppression of the radiating panel (Lw) and
consequently an attenuation of the strength, Lp, of the
pressure inside the enclosure; whereas at p2, the reduction
in Lp is not due to the suppression of Lw. It shows that
the existence of two control mechanisms during the imple-
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mentation of optimal noise control, which is seemingly in
agreement with that presented for a simple configuration
[13,21–23]. In the following discussion, focus is put on ana-
lyzing the effect of control mechanisms on the design of
control systems, e.g., the selection of actuators, and on
structural-acoustic coupling.

3.2. Control strategies vs. energy transmission

The relationship between the selection of control strate-
gies and energy transmission paths is investigated. An indi-
cator c describing this effect under different Km/Kg is
defined as

cðKm=KgÞ

¼ AreaðLp � LpðeP ‘;Km=KgÞÞ
AreaðLp � LpðeP ‘;Km=KgÞÞ þ AreaðLp � LpðV ;Km=KgÞÞ
� 100%; ð16Þ

for acoustic control. Area( Æ ) is the area under the spectrum
concerned. A similar expression can be extended for struc-
tural control.
Fig. 4(a) shows the tendency of c with an increasing Km/
Kg at the frequency band [0 400] Hz. It can be seen that in
zone I, acoustic control is dominant because energy is thor-
oughly transmitted from the gap cavity; within zone II,
structural control becomes effective with the increase of
stiffness Km due to the partial energy transmission through
the link. Both strategies can be used for suppressing energy
transmission when Km/Kg falls into zone III corresponding
to a very hard link. Fig. 4(b) depicts the variation of c in
the lower ([0 200] Hz) and higher ([201 400] Hz) frequency
bands. It can be seen that structural control is superior to
acoustic control at higher frequencies, while worse at lower
one.

3.3. Control mechanisms

In order to deepen the understanding on the control
mechanisms, analyses using Case 1, i.e., a soft link with

Km = 102 N/m at different frequencies are carried out.
The vibration amplitude of the radiating panel at two rep-
resentative frequencies, 56 Hz and 266 Hz, which are in the
vicinity of P1 and P2, are plotted in Fig. 5(a) and (b),
respectively. Focusing on the vibration patterns before
and after control, it can be seen that at f = 56 Hz, both
control strategies mainly reduce the vibration level of the
panel without significantly changing the vibration pattern,
in contrast with what happens at f = 266 Hz, for which the
vibration pattern of the panel is modified remarkably
under control actions. One possible reason is that at
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f = 266 Hz, the vibration amplitude of the radiating panel
is not only from a certain mode. Instead, it is a combina-
tion of several modes with different weightings. The
deployment of the control changes these weightings, lead-
ing to a reconstruction of vibration pattern of the panel
at this frequency. This alteration in the shape of the vibra-
tion certainly affects the coupling between the panel and
the enclosure. The former mechanism can be regarded as
modal suppression, whereas the latter is classified as modal
rearrangement.

Revisiting Figs. 2 and 3 show that for both control strat-
egies, modal suppression is the dominant control mecha-
nism in the low-frequency range. In such case, sound
reduction is a by-product of the vibration suppression in
the radiating panel. Based on the fact that active control
mainly targets low-frequencies, it is possible to attenuate
the sound inside the enclosure by only using vibration sen-
sors instead of acoustic sensors. This can significantly sim-
plify the design and implementation of control systems,
because in most cases, vibration sensors and actuators
can be more easily embedded into the structures. An exam-
ple is given in Fig. 6, which uses Lw as objective function
instead of Lp. Obviously, Lp is attenuated together with a
decrease in Lw in the low-frequency range. At high-fre-
quencies, however, a reduction in Lw cannot result in a sys-
tematic reduction in Lp because of the dominance of modal
rearrangement.

An understanding of the alteration in structural-acoustic
coupling is realized by analyzing the effect of cavity modes
inside the air gap on Lp and that of vibration modes on Lw.
Fig. 7 illustrates the effect of acoustic modes on Lp for the
structure with acoustic control. Before control (Fig. 7(a)),
Lp at f = 269 Hz is contributed by the cavity mode
(2,1,0) (f210 = 269 Hz) and (1, 1,0) (f110 = 232 Hz) to a less
extent. The influence of other modes is trivial. However,
Fig. 5. Vibration pattern of the radiating pan
this situation is changed after control (Fig. 7(b)). That is,
the dominance of mode (2,1,0) on Lp is significantly weak-
ened. Instead, the mode (3, 0,0) (f300 = 237Hz) becomes the
most dominant, followed by the mode (1,1,0). This change
in the air gap subsequently affects the modal responses of
the radiating panel, for which two modes (1,1) and (3,4)
on Lw are plotted in Fig. 8. At f = 269 Hz, the mode
(3,4) is weakly excited before the control. After the control,
el b at (a) f = 56 Hz and (b) f = 266 Hz.
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the response from this mode significantly increases, accom-
panied by a possible change in phase as well (not shown).
This change in the modal response of the radiating panel
will certainly affect its coupling with the enclosure. The
above analysis does not apply to low-frequencies. At
f = 66 Hz, for example, the dominant peak (mode (1, 1))
reduces after the control, showing the suppression mecha-
nism at this frequency.

In light of Fig. 7(a), the cavity mode (0,0,0) seems to
play a dominant role on Lp in the low-frequency range
for a soft link, in which the energy is mainly transmitted
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Fig. 8. Contribution of vibration modes on Lw. Mode (1,1): – Æ– Æ– Æ.
Uncontrolled, Controlled; Mode (3,4): —- Uncontrolled, 3

Controlled.
from the acoustic path. Even for a hard link, the domi-
nance of (0, 0,0) mode is still apparent, as shown in
Fig. 9 for Km = 5 · 106 N/m.This observation suggests
the use of any actuator arrangement would promote the
response from (0, 0,0) mode inside the air gap during active
control. In order to control low-frequency modes, a uni-
form control pressure field should be adopted rather than
a point source, and synchronized multi-source actuation
can provide a more homogeneous sound field without
increasing the number of the control channels. As an exam-
ple, Fig. 10 illustrates the effect of using (a) one control
loudspeaker and (b) three synchronized control loudspeak-
ers triangular-symmetrically located within the air gap. It
can be seen that at low-frequencies, the synchronized
multi-source actuation obviously outperforms the single-
source control scheme, and the symmetric arrangement of
sources can achieve a better control effect than the asym-
metric cases. It is noticed that at a region controlled by
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Fig. 10. Acoustic control: . . . . . . . . . a loudspeaker at (0.3lx, 0.3ly, 0.3hg);3

three synchronized loudspeakers triangular-symmetrically located at
(0.3lx,0.3ly, 0.3hg), (0.5lx, 0.7ly,0.3hg) and (0.7lx,0.3ly, 0.3hg); with-
out loudspeaker.
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the frequencies 81 Hz and 101 Hz (marked with circles), no
change in Lp can be observed using symmetrical arrange-
ment of sources. The reason is that both two frequencies
correspond to the acoustic mode (1, 0,0) of the enclosure
and the structural mode (1, 2) of the radiating panel, sym-
metrical arrangement of the control sources has therefore
no effect on modes.

4. Conclusions

Based on a fully coupled vibro-acoustic model, this
paper investigates two control strategies for active control
of noise transmission through a double-wall partition into
an acoustic enclosure. Numerical simulations are per-
formed to find the relationship between the control strat-
egy, the transmission path and the control mechanism
governing different frequency ranges. Results lead to the
following conclusions:

(1) Dominant energy transmission path governs the
selection of the control strategies. When the acoustic
transmitting path is dominant, acoustic control can
be adopted to attenuate the sound transmis-
sion.When the structural transmitting path is domi-
nant, both structural and acoustic controls are
effective for noise reduction. However, structural con-
trol seems to outperform acoustic control at higher
frequencies while producing opposite effect at lower
ones. In addition, two control mechanisms simulta-
neously exist for different control strategies. The
dominance of the suppression mechanism can sim-
plify the design of the control systems by only using
vibration sensors instead of acoustic sensors.

(2) Acoustic mode (0, 0,0) inside the air gap dominates
the energy transmission process at low-frequencies,
such suggesting the use of those actuator arrange-
ments which promote the response from (0,0,0) mode
for a better control. It is verified that the synchro-
nized single-channel control with multi-control
sources yields a better control result than a single-
point source does, and the symmetric arrangement
of control sources is more effective than the asymmet-
ric ones.
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Appendix

In Eq. 8,
H ¼

H11 H12 H13 0

HT
12 H22 H23 H24

H31 H32 H33 0

0 H42 0 H44

26664
37775;

where

H11 ¼MaþKmUTðxm;ymÞUðxm;ymÞþ ðK‘

�m‘
0x

2ÞUTðx‘;y‘ÞUðx‘;y‘Þ

þCm HT
x ðxm;ymÞHxðxm;ymÞ�HT

y ðxm;ymÞHyðxm;ymÞ
h i

;

H22 ¼MbþKmUTðxm;ymÞUðxm;ymÞþ ðK‘

�m‘
0x

2ÞUTðx‘;y‘ÞUðx‘;y‘Þ

þCm HT
x ðxm;ymÞHxðxm;ymÞ�HT

y ðxm;ymÞHyðxm;ymÞ
h i

;

F11 ¼
Z

S

eP ðx; yÞUTðx; yÞds;

Uðx; yÞ ¼ ½u11ðx; yÞ; . . . ;uMNðx; yÞ�;

Hxðx; yÞ ¼
oUðx; yÞ

ox
; Hyðx; yÞ ¼

oUðx; yÞ
oy

:

The expressions of Ma, Mb, H12, H13, and H44 are the same
as those presented in [17,18].
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