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The present study evaluates the effectiveness of active sound transmission control inside an
enclosure using a purely acoustic source under the potential energy, squared pressure, and energy
density control algorithms. Full coupling between a flexible boundary wall and the interior acoustic
cavity is considered. Formulas based on the impedance-mobility approach are developed for the
active control of sound transmission with the energy density control algorithm. The resultant total
acoustic potential energy attenuation and sound fields under the three control algorithms are
compared. Global amplification of the sound level with localized quiet zones under the squared
pressure control is observed. This adverse effect can be removed by using the energy density
control. It is also shown that the energy density control provides a more uniform control of sound
field. Better performance of global and local control of sound field using the squared pressure and
energy density controls can be achieved by locating the error sensors at the peak quiet zones and the
areas of peak energy density attenuation, respectively, obtained under potential energy control.
© 2001 Acoustical Society of AmericdDOI: 10.1121/1.1387095

PACS numbers: 43.50.Ki, 43.55.R§IRS]

I. INTRODUCTION to control the panel-controlled modes. However, most of ac-
tuators and sensors for vibration control tend to obstruct the
Sound transmission through building fabrics has longiine of sight through windows. This is not desirable for either
been a problem in building noise control. This transmissionresidential buildings or building services plantrooms. Also,
of noise is mainly due to the interaction between sound fieldp\SAC is effective for suppressing panel modes only, and
and the flexible structure boundaries that make up the fabricsimply helps to reconstruct the panel velocity distribution in
or simply a composite wall. However, such flexible struc-the case of cavity-controlled mod&@&ome disadvantages of
tures can hardly be eliminated in reality. For example, iNASAC are discussed by Qe al.,’ such as the fact that the
residential buildings, a certain level of window area is nec-system requires higher accuracy to produce stable effective
essary for humans both from the physiological and psychoglobal sound attenuation and is not effective if the acoustic
logical points of view} as well as for providing natural light- energy is transmitted from one structural mode to only one
ing. Inside industrial buildings, windows provide acoustic mode.
transparency for monitoring purposes. Traditional passive In the authors’ opinion, the use of acoustic control
control methods using a double-glazing setup or thicker glassources in the active control of sound transmission is worth
are not usually cost effective, especially for low frequencyexploring in order to limit the numbers of vibration actuators
applications. and sensors required on critical structures. Snyder and
Fuller and Jonésproposed the active structural acoustic Hanseft® have considered the use of a hybrid control system
control method ASAC) to tackle sound transmission into the with both acoustic and vibration control sources. Kim and
fuselage, and showed that it is highly effective to low fre- Brennan® have tested the performance of such a concept in a
quency noise. Paet al>~°extended the analysis of ASAC to long enclosure with the impedance and mobility approach.
the rectangular panel-cavity system using total acoustic pofhe acoustic control source has been shown to be very ef-
tential energy as the performance function. They discoveregkctive in controlling cavity-controlled modes inside an en-
two modes of ASAC, namely the panel-controlled andclosed spacel®Therefore, the effectiveness of acoustic con-
cavity-controlled modes. The application of these controlirol sources in the active control of sound transmission
modes depends on the relative dominance of the panel strughould not be overlooked.
tural and cavity modes. Since then, there have been rigorous For the error sensing criteria, the minimization of total
studies into the use of a point force in ASA@r instance, acoustic potential energpotential energy contrplis diffi-
Qiu et al®). Recently, Cazzolato and Handeproposed an cult to implement in practice due to the lack of modal sen-
error sensing criterion with surface mounted structural vibrasors. While the traditional error criterion of minimizing the
tion sensors for ASAC. It appears that most of the previougum of squared sound pressures at discrete locafsopsred
studies were focused on using forces applied to the structugressure contrplcan only provide local control of sound
within confined zones of quittdue to the limitation of the
dAuthor to whom correspondence should be addressed; electronic mai|pca| information fed to the controller, Josephal.ll found
besktang@polyu.edu.hk that the increase in the sound pressure level far from the 10
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dB quiet zone is negligible if the point of cancellation is very  Rigid Enclosure
close to the secondary source. However, this may not be the Boundary
case for a nondiffused sound fiéftlin order to cope with a
more global control of the enclosed sound field, Sommerfeldt
and Nashif? and Park and Sommerfeldtsuggested the
minimization of the sum of energy densities at discrete loca-
tions (energy density contrplas the error criterion. Lau and
Tang* investigated the performance of various error criteria
in the active control of indoor noise using acoustic secondary
sources. Their results show that better sound fields and zones
of quiet inside the enclosure could be achieved with energy
density sensing. Sampath and Balachantdralso examined Origin
the effectiveness of various error functions for ASAC, while
Cazzolatd® and Kim'” analyzed the resultant total acoustic
potential energy of active sound transmission control using
vibration and/or acoustic control sources under energy derwherep, andc are the air density and the speed of sound,
sity and squared pressure controls, respectively. andp denotes the complex sound pressure at a point inside

Though the control of sound transmission into a rectanthe enclosed space. Considering an arbitrary shaped enclo-
gular enclosure is not a new topic, many previous wgfss ~ sure with a flexible boundary as shown in Fig.Xlandy
instance, Paret al,® Park and Sommerfeldf Cazzolatd®  represent position vectors in the acoustic field inside the en-
and Kim'’) evaluate the effectiveness of global noise controlclosure and on the flexible structure, respectively. The pri-
by using a single parameter of total acoustic potential energynary enclosed sound fieldoise field is due to the external
However, it is possible that the active control may producemodal force matrxg,, on the flexible boundary. A matrit
an overall reduction of the total potential energy with local- = [fid¢]T can be established, whefigandg, are the column
ized areas of sound amplification. Direct comparison bevectors comprised of the strengths of the vibration control
tween the performance of different error sensing schemeforces [fqqfc,--]7 and acoustic control sources
and forcing methods in three-dimensional enclosed spaces [iflc1 dc2 *++]" at discrete locations on the flexible boundary
existing literature is therefore, in the opinion of the authorsand inside the enclosure, respectively. Supersdrigenotes
incomplete. Also, the performance of error sensing in highthe matrix transpose. The optimized secondary source
energy density attenuation regions obtained under the potestrengths of the potential energy control for sound transmis-
tial energy control scheme is unknown. sion are given by Kirlt as

The present study analyzes the sound field and the ef- _ _ fpH7HAH —1pH7HpH
fectiveness of active sound transmission control with a P& {RTZ{ATAZR) RIZIATAZLCY G, ()
purely internal acoustic control source under various errowhere
sensing schemes. Full couplings between the panel vibration R=[CYD, D] 3
and the room acoustic modes are considered. The existence sf ~a
of amplification and quiet zones and their distributions insideand
the enclosure are also discussed. Poor performance of active A=(14+2Z,Y "L @
control is expected when the error sensor is located at the arcesh -
nodal plane of the sound field and energy density field for theSuperscriptH denotes the Hermitian transposg, and Y
squared pressure and the energy density controhre the uncoupled acoustic modal impedance matrix iith
respectively® The performance of active sound transmissionnumber of acoustic modes and the uncoupled structural
control with various error sensor locations not on the nodamodal mobility matrix withM number of structural modes,
planes is analyzed. It is hoped that a more complete pictureespectively.C is a NxX M matrix of the structural-acoustic
of the use of active control in building acoustics can be remode shape coupling coefficient with the elemeBfs, as
vealed.

Flexible
Structure

)

[T

FIG. 1. Structural-acoustic coupled system.

Cn,m: fs l/fn(X)¢m(y)dS,
f
II. OPTIMIZED ACOUSTIC AND VIBRATION CONTROL

SOURCE STRENGTHS where S; denotes the area of the flexible boundary, and
) ¥n(X) and ¢(y) represent theth and themth eigenfunc-
A. Potential energy control tions of the acoustic and the structural mode distributions,

Total acoustic potential energy in an enclosed space igespectivelyY .;denotes the coupled structural modal mobil-
widely used as the parameter in assessing the global contr¥ matrix (CY,CT) and! unit matrix. Dq is aNX Q matrix
effectiveness of an error sensing scheri&This total acous- ~ denoting the couplings betwe&hnumber of acoustic modes
tic potentia| energy inside an enclosed space of voliyme andQ number of acoustic control source IOcatiom.iS an

can be written as M X F matrix describing the couplings betwekhnumber of
structural modes anB number of force control actuator lo-
PE= 1 2f Ip|2dV, 1) cations. The(n,g and (m,f) elements ofD, and D; are
4paC” Jv given by
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a measuring point inside an enclosure is the sum of the
Dqy(n,q)= fv'ﬁn(X)Xa(Xq)dV acoustic potential and the kinetic energy densities:
2 2
and _ el palul®
ED=5 2t g (10)
D(m,f)= fs dm(Y) x1(y)dS, whereu is the particle velocity at the measuring point. ED
f

provides more global information to the controller, as sug-
respectively, where,(x,) and x;(ys) are the acoustic and gested by Eq(10). It consists of the local sound pressure and
vibration source strength distribution functionsxgtandy,  particle velocity, and is less likely to vanish than the sound
respectively, and are normalized in the rest of this paper byressure. Though nodes in the three-dimensional energy den-
their corresponding). 4 and f. ¢, respectively. A detailed sity field exist, the nodal volumes for the total energy density

derivation of Eq.(2) can be found in Kim'” field are much small than those of the squared pressure
field.*® Using Eq. (5), Eq. (10), and Euler’s equatior¥W p
B. Squared pressure control ~ —jkp,cu, the sum of the energy density at discrete points

A control scheme that minimizes the sum of the mea-C2n b€ expressed in a matrix form as

sured squared sound pressures at discrete locations is the
most practical and marketable of all those considered in the  EDsym= 2,02
present study. In this section, the solution of optimal control Pa
source strengths for such a control algorithm will be obtainedvherek is the wave number. The sensing of energy density
using the impedance and mobility approé(’:hCompIex signals can be practically achieved by careful arrangement of
sound pressures dtnumber of measuring points inside an microphones to measure the acoustic pressures and the three
enclosure can be expressed as orthogonal components of pressure gradients shown in Eg.
oh (11). The number of pressure microphones required to mea-
p=¥"a, (5) sure a local energy density can be reduced to four in the
where p is a column vector of tetrahedral configuratiotf. Substituting Eqs(5) and(7) into
[P(X1,w)p(Xp,w)P(X3,®) - pP(Xg,)]", and ¥ anda are  Eq. (11), one can find that ER., for E number of local
theNx d acoustic mode shape matrix and th& 1 complex energy density signals can be expressed as
amplitude matrix, respectively. Also, it can be shown that

H 1 H
pTp+ Esz -Vpi, (12)

1
W0 i) e dalxg) EDsun= 5,562 &0
_ ‘1’2(')(1) 6) whereJgp, the cost function of energy density control, is the
: ’ Hermitian quadratic expression
Un(xe) Un(%a) Jeo=tHFite+ P+ R, + s
and with
a=AZ (Rt +CYg,). (7)

AZR,

1
_pH7HAH H, — . H
The sum of the squared sound pressures for the measuring Fi=RZA [‘Pe‘l’e + k? VWe VWe

points is given as 1
pHp=a"wwha, (8) Fo= RHZQAH[W;I'g'Jr 2 VWe vwH

A Hermitian quadratic equation is obtained by substitutingan d
Egs. (6) and (7) into Eqg. (8), and the optimal secondary
source strength matrix that minimizés number of sound

AZ .CY Gy,

1
_ HyH H H H
pressure signals can be written as Fa=0, Y5 CMZiA" Wl + 2 VWe VW |AZ,CY .
_ H H - . .
tesp= —{RTZIATW WIAZ R} The optimal secondary source strengths of energy density
XRHZQAH\PE\P;’AZaCYSgp, 9) control are derived herein by minimizing the resultant Her-

mitian quadratic expression fdgy. One obtains
whereW, is the acoustic mode shape matrix at the locations
of the E number of sound pressure sensors that provide the teep=— { RHngH
error signals. Compared with E¢R) for the case of the po- '
tential energy control, Eq9) includes an extra term of error
sensing mode shape matni,. -R"ZHAH

1 -1
v+ @ VWe vwH Az aR}

AZ.CYg,.

h, L H
W+ 7 VW VW

C. Energy density control (12

As discussed by Lau and Tafigthe energy density con- Equation (12) consists of an additional matrix ofd(;w!
trol is a promising algorithm for both global and local noise + V¥, VW¥/k?), which consists of the normalized total en-
control inside an enclosed space. The energy density, ED, argy density fields at the locations of tRenumber of energy
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TABLE I. Possible values ofy, and ¢.2

Flexible structure Lys (M) e @
6 mm glasg(Ref. 2] 1 0.01 1.04
6 mm glasgRef. 2] 5 0.26 5.21
12 mm glasqgRef. 2] 5 0.06 2.60
S, 6 mm alumina (AJO;) (Ref. 2] 5 0.10 3.05
Kim and Brennan 15 0.04 0.81
Normal to S, (Refs. 10 and 22
Normal to
~4._ Flexible Panel an: . o .

Flexible Panel Air den§|ty and speed of sound in air 20 °C are 1.21 Kgamd 340 m/s,

respectively.

FIG. 2. Rectangular enclosed space and coordinate system.

ossible values ofy; and ¢. Then, Eqs(3), (4), and(7) can
e rearranged as follows:

density sensors that provide the error signals, compared wng
Eq. (2) for the potential energy control.

a= 7n.AZ (Rt +CY0p), (15
IIl. NUMERICAL MODEL AND COMPUTATIONAL A=+ 72 4, (16)
CONVERGENCE
and
A numerical experiment was performed to evaluate the
performance of various error sensing criteria for the active ~ R=[CYD; D], 17

control of sound transmission. Figure 2 illustrates the rectan- _ A N -

gular enclosure and the coordinate system adopted in tr{gs:pAecAtNely, where C:C/.Sf’ gp:gp_/sf’ _and Yes
present study. The dimensions of the enclosure lagg =CY5€:T. All the above vanablgs are glmensmnless except
(length, Ly, (width), and L,5 (heighy which were chosen g, andt;, whose units are Nff. Z, andY are (Nx N) and
such thal,;:L,,:L,s=1:e/7: 1/ so as to avoid the degen- (M XM) diagonal matrices which equdby,V/(pac?)}Z,
erate acoustic modeés The enclosure consists of five acous- and (wspshS)Ys, respectively. Thén,n) and(m,m diago-
tically rigid walls and a simple supported flexible panel atnal elements o, and Y consist, respectively, cﬁ!a,n and
x2=0. The primary enclosed sound fields are due to they_ \where

interaction between the interior acoustic space and the struc-’
tural vibration on the flexible panel excited by an external
plane waveS, of frequencyw. The propagation direction of

S, is defined by the incidence angkand azimutha as .
shown in Fig. 2. The incidence angies defined as the angle V. = |oe (19)
between the lines normal to the external plane wave and the  >™ &3~ @20+ 2] {ndomb¢

erijIe panel, while ”“? azimuth is the angle between the and @ is the normalized angular frequenéyormalized by
projected plane of the line normal to the external plane wave

th | and thel axis. In th iy tigation. th w,e). @, and @, are the acoustic and structural mode fre-
on the panet and the. axis. In the present investgation, the guencies normalized by their first eigenfrequencies, respec-
secondary acoustic control sour&, is located at the cor-

. . . tivel and , respectively. &, and ,, are the modal
ner (Ly;,L4,Ly3) in order to avoid the nodal lines of any Y (©ac @sc b Y. &n &m

i de in th ¢ | oS T di damping coefficients of the acoustic and structural modes,
acoustic mode In the rectanguitar enclo -1WO new di- respectively. The secondary source strength matrix can be
mensionless parameters, and ¢, are introduced herein as

rewritten as

j@

A — 0P+ 2) Enind

NP>

(18

a,n

__Ka (13) f
e Mswacos’ te= qc ) (20)
C
and N
. wheref.=f./S; and§.=q.(wspsh/S;). Comparing the ex-
_Wac_ _[ph[ 1 N 1 c (14) pression ford; andg,, it can be noted that a weaker second-
e wsc YV D Lf,l Lf,z 7Ly max ary acoustic control source is required to control a fixed ex-

ternal primary sound source under highey, and/or panel
surface densityph.

Equations(2), (9), and (12) for the optimal secondary
source strength matrices can now be rewritten using the non-
8imensional parameters:

respectively, wher&, andMg are the acoustic bulk stiffness
(paCZS$/V) and mass of the structureh ), respectively,
and w,. and wg. are the first eigenfrequencies of acoustic
(cavity) and structural(pane) modes, respectiveiD, ps,

S¢, andh are the bending stiffness, density, surface area an

thickness of the flexible panel, respectively, ax is the fc,pE=—{QHZEAHAZ;JE?}_1§H2:AHA2aé\?s§]p, (21)
maximum perpendicular separation between two parallel L o

walls inside the rectangular enclosure, dngx L, are the tes= —{RPZEAN W wlAZ RI2

dimensions of the flexible panel. In the present numerical S HSH A H Hos e .
model, L max=Ly1=Lyxs andL,,=L,s. Table | shows some XRUZZATW W AZ,CY 5T, (22)
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R o 1 )1 @ ®
teep= —[RHZQAH W+ VW VU AzaR] i o ’
J g |
A 1 A A e =
X RHZHAH w ot + 2 VWe vqrg}Azacvsgp. s, ¢, o
3 e £
23 £
e IS
In the foregoing discussions, suffices PE, SP, and ED denot'f°-”_1 - 10 T
guantities associated with the potential energy, squared pres 1o’ M1°2 25 " ”
sure, and energy density control algorithms, respectively. NuimbeF of acousticmades, .

[‘I’ellfs] and[\lfellf2+V\Ife~ V\I’S/kz] in Egs.(22) and(23) FIG. 3. Convergence of modal summation with point acoustic source at
govern the performance of the squared pressure and energy,, ,L,,,L,,) and forcing frequency &.., 7.=0.0092 andp=9.2.(a) At
density controls. They depend directly on the error sensolocation (0.2,;,0.9L,,,0.9L,3) with N<1173 andM<522; (b) effect
locations. Parkin®t all® have investigated these two terms Of locaton =~ M=522). —  (0.9,,,09.,,09,3); —@—
using node structures. As mentioned previously, the energg})'&“‘o's"x?‘o's"“); —A— (0.8,0,0.50,2,0.5L,3).

density control has the advantage of the lower probability of

a randomly placed sensor being laid in a nodal volume fottem,AwI as ﬂcza\?cfo- This is consistent with the discus-

acoustic modes, and requiring much fewer sensors than ”E‘?ons of Kim and Brennaf?. who stated the problem in a

squared pressure control. different wa . .
. y. Expressioni24) becomes independent of.
It can be seen from Eq(15) that the effectiveness of ‘;;fr weakly coupled systems. In this paper, fully structural-

passn/t(_a soundl_trar:smlsfsm? co?;r:)jl depﬁngsbon)thejttrﬁctur coustic coupled systems are discussed with consideration of
acoustic coupling transfer functiadescribed byA) and the 1. and ¢ under three control algorithms, namely the poten-

effectiveness of the vibration force to acoustic pressure trangr, energy, squared pressure, and energy density controls
fer furlctiAoAn at weak structural-acoustic couplimgpresented Thoug,h an exact repres’entation of the sound field i.s
by 7cZ4CY ). The two parameters;. ande, are critical for - given by Eq.(5) with the summation of the contributions
passive sound transmission control. The speed of sound aRghy, infinite numbers of acoustic and structural modhis

the air density are practically constant. Thus, the traditional , ., andM —, respectively, truncating these summations
measure for controlling sound transmission is to reducth a finite number of modes in the calculations is reason-
Ka/Msin 7., so that both the magnitudes of the structural-ap1y accurate in the estimation of the sound field at low
acoustic coupling transfer function and the vibration force tomqqal densities in practice. Therefore, a convergence test has
acoustic pressure transfer function at weak structurali, pe done in the first place to determine the acceptable val-
acoustic coupling are reduced. Also, some reduction ofies forN andM. Equation(5) has an inherent convergence
sound transmission can be achieved by reducing boih itficulty at locations close to a point acoustic souf&byit it
andws. [Eq. (15)]. Modification of the passive sound trans- is not worth studying the sound pressure at these points. The
mission control is possible by adjusting However, the acoustic modal impedance and the structural modal mobility
eigenfrequency of the flexible panel should not be near to thg, Egs. (18) and (19) were obtained with both the acoustic
eigenfrequencies of the enclosure and/or the forcing frezng structural modal damping coefficients of 0.01 in the

quencyw. ) present study. All the simulations were computed by using
Using Egs(5), (15), (21), (22), and(23), the attenuation \ATLAB on a DEC workstation 600 a.u.

of sound pressure at a point inside the enclosure under the Figure 3a) illustrates the convergence of the near field
three sound transmission control algorithms can be expresseg ;g pressure calculated by E¢5) at the location

as (0.9L,4,0.9L,,,0.9L,5) inside the enclosure shown in Fig. 2
ASP=wH!, A7 RIRHZHAHEAZ Rl -1 with 7.=0.0092,0=9.2 and_an acoustic corner source lo-
{cAZRIR"Z Rl cated at [,;,L,,L3) Operating at &,.. Defining trunca-
% QHZQAHEAZaC?Sgp}, tion error as the difference between calculated result and that

obtained withN=1173 andV =522, it is observed that there
whereE is |, WW', and W W +k VW, VW' for the s a gradual reduction of such error fdi>37. The maxi-
potential energy, the squared pressure, and the energy densify,m deviation from the result obtained wit=1173 and
controls, respectively. Besides the terms for passive controly =522 s |ess than 0.86 dB fdd> 600, regardless of the
it can be shown that the effectiveness of the active soungumper of structural modes involved. Faster convergence
transmission control relies on the matrix can be found at increased distance away from the corner

2 CAHSHAHEAS B1—18HSHAHE A S sound source foN>37 in Fig. 3b).

RIRTZATBAZAR) TRTZLATEAZ,, (24 Figure 4a) shows the convergence of sound pressure at
which is governed by the source frequeneythe degree of the center of the enclosure due to an excitation from a point
structural-acoustic coupling, the modal characteristics of théorce acting at the center of the flexible panel. A sharp fall of
enclosure and the flexible panel, and the error sensing maruncation error is revealed fok>37 and M>110. The
trix. Kim’ has investigated the performance of active soundnaximum deviation from the result obtained with=1173
transmission control in a weakly coupled ductlike rectangu-and M =522 is less than 0.97 dB fa¥>600 andM >110.
lar enclosure with potential energy control. For such a sysSimilar and even better convergence can be found at other
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FIG. 4. Convergence of modal summation with point force actuator at & 10

(0.8.y4,0.5Ly,) and forcing frequency &,., 7.=0.0092 andp=9.2. (a)
At center of enclosure (0L54,0.5L,,,0.5L,3); (b) effect of location (N

=1173). — (0.5,,,0.5L,5,0.5,3); —@— (0.9,;,0.9L,5,0.9L,3); FIG. 5. _Variation of _total acoustic potential energy wigh and ¢ at Qiﬂer-

—A— (0.5.,4,0,0.8 ). ent forcing frequenciesa) 0.2w,.; (b) w,c; (€) 2.4w,c; (d) 3w, . Primary
external plane source #= 7/6 anda= m/4. All data presented are in dB
ref 107 2Nm.

points inside the enclosure, as shown in Fign)4The same
phenomenon is observed when the excitation is due to

fbr a strongly coupled systeftwhere 7. is large. The shift
plane acoustic external sour@get shown here The conver- 9y P ystermw e 99

of the PE is due to the effect of the coupling ma#iin Eq.
%fS). Such peak PE can be attenuated effectively by active

%”CTO'QZ and 0.092 =<9.2. g'm'ljr or fast,)ter (t:)omputa— means under the potential energy control using an acoustic
tional convergence as in Figs. 3 and 4 can be obsefved control source atl(,;,L,,,Ly3) and a force control actuator

shown herg Thus 1173 and 522 numbers of acoustic and, e center of the flexible panel, as shown in Fig. 6. Peak

structurgl mod'es, respectiyely, were adopted in the presquE attenuations usually occur around theand e combina-
calculations with the consideration of computer power and; < that produce high PE at= e (cf. Fig. 5. Relatively

accuracy. C(_)mpar_ed \.N'th the _deta|ls of Kim and Bren}?an, sharp reduction of the PE attenuation is observed at forcing
the present investigation has included far more acoustic a

: . equencyw> w. for a weakly coupled systergsmall 7,),
structural modes in the calculations. Also, faster convergenc&nplyingl that this hybrid active sound transmission control
can be achieved f10p<5w,c. of the global sound field is ineffective at frequencies higher
than wg. When 7. is small. However, a certain degree of the
IV. TOTAL ACOUSTIC POTENTIAL ENERGY PE attenuation can still be observed at frequeacywg, if
w<w, [Figs. 6a) and (b)] at the eigenfrequencies of the
flexible panel. Also, the frequency at which this sharp fall of
The effectiveness of passive sound transmission contrdPE attenuation occurs is lower thang. for a strongly
depends mainly on the acoustic bulk stiffness and the masupled systentlarge 7.). A plateau of high PE attenuation
of the structureK ,/Mg, %2 which is related top,. However, can also be observed for smallat w< w..
for passive control of sound transmission, the principles of  Figures 7 and 8 illustrate the attenuation of PE under the
using lighter structures and smallgg are contradictory. The potential energy control with a pure active force actuator at
application of active sound transmission control will allow the center of the flexible panel and a pure acoustic control
the use of lighter structures and/or even further reduce soungburce at (,;,Ly,,Ly3), respectively, at frequency Qu2.,
pressures inside the enclosure. As mentioned previously, @,¢, 2.4w,:, and 3w,.. Active vibration control produces
common metric for assessing the global control effectiveness
inside an enclosure is the reduction of the total acoustic po-_
tential energy, PE. For orthogonal modal characteristic func-2

A. Effects of #. and ¢ under potential energy control

o

tions, the integration of potential energiq. (1)] gives § g

PE= —a'a (25 = T g
4pc 0 107 107 1077(

Figure 5 shows the potential energy at frequencywQ.2

Wae, 2.4w,:, and 3w, under different combinations af,. @sé g
and ¢, which are logarithmically distributed into 2426 di- -gzo g
visions between 0.0092 and 0.92 and between 0.092 and 9.:§ 10 §
respectively. The external modal force matrgy, results ; o ;

from an external plane wave of unity strengthvat /6 and
a=ml4. There is, in general, a gradual decline of PEjs
decreases for all frequencies. This is consistent with the de1E bt B e hybre contol syetem at diferent
duction from the passive sound transmission control. Pea}%rcing frgquencies(a) g-émac; (b) wac?(C;l 240 () 3{)&_ Primary
PE occurs atw= w. for a weakly coupled system. Ag. external plane source at=7/6 and o= w/4; acoustic control source at
increases, the peak PE occurs at lower frequency, especially,,,L,,Lys); force actuator at (015,,0.5L,3).
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structures of building fabrics. Therefore, only this control is
investigated in the rest of the paper.

iy
e
QNS

B. Total potential energy under different control
10" algorithms

PE Attenuation (dB)

=
(=]

PE Attenuation (dB)

e

Using the same external plane wave and the acoustic
control source configuration as shown in Fig. 2, a single
sensor was placed in five discrete locations within the enclo-
sure for five control simulations. These five locations were
equally spaced along a diagonal line between the points
(0.9.,4,0.9L,,,0.9L,3) and (0.1,,,0.1L,,,0.9L,5) close to
the ceiling. At least four control channels are required for
FIG. 7. Variation of total acoustic potential energy attenuation wigend ~ Measuring the three orthogonal particle velocities and one
¢ under potential energy control using purely vibration control at sound pressure during each energy density sensing. Detailed
(0.5.41,0.5L,5) at different forcing frequenciesa) 0.2w,.; (b) wae; (€0 comparisons between energy density error sensor and four
2.4w,.; (d) 3w, . Primary external plane source @t /6 anda= 7/4. microphones sensing can be found in Cazzot&t&lobal

o _ control is then expected to be poorer for single squared pres-
similar results as those under the hybrid contfiig. 6).  syre sensing than for energy density sensing. However, for a
However, the high PE attenuation observedwat 0.2wac  compact configuration of error sensing devices required in
falls rapidly asw increases towarde,c. The control only  practice, the four microphone squared pressure signals are
becomes effective at the eigenfrequencies of the flexiblgjmilar, especially in the practical frequency range of build-
panel in the cavity-controlled modes when=w,c, @ ing noise control. Thus, the single microphone for squared
shown in Fig. Tb). For pure acoustic contr@Fig. 8), high  pressure control is studied here for simplicity. Figures 9 and
attenuation of PE can also be found at frequeacy wsc 10 show the attenuation of PE up taw5, for each sensor
besides the plateau of PE attenuation at smajieand ¢  |gcation with 7e=0.01,p=1.04 andzy.=0.26,p=5.21, re-
pairs foro=<w,.. The acoustic control source is less eﬁec'spectively. These combinations af. and ¢ correspond to
tive to control the panel-controlled modes @i near t0¢  gata shown in the first and second rows of Table | for a small
=5 ande=1 as shown in Figs.(@ and (b), respectively. oy and a room, respectively, it 6 mmglass panel as the
Only slight attenuation of PE can be found at higher freque”transmitting wall. The calculations were done at @Qgin-
cies[Figs. 8c) and(d)]. Therefore, the pure acoustic control (gryals. Also, attenuation greater than 40 dB and amplifica-
source is effective at frequencies less thap except atwg.. tion higher than 30 dB were truncated.

Comparing the results shown in Figs. 68, it is found that |t can be observed from Fig. 9 that the attenuation of
the pure acoustic control can provide reasonable acoustic pgstg) potential energy under the potential energy control
tential energy attenuation in the practical rangep@nd 7. scheme is high when the frequency of the external sound
(Table |), especially at low forcing frequency, despite its sim-\yave is less thaw,.. Peak attenuation of PE also occurs at
plicity of construction. This better performance of the pureggme eigenfrequencies, such as b3§ 1.53v,., and
acoustic control is anticipated, as the higher structural mode§.52wac, which correspond to th@®,1,0, (1,1,0, and(1,2,0

of a weak panel structure are poorly excited by a plane wavgcoustic modes, respectively. As the frequency increases be-
as a result of modal filtering. However, this plane wave eXyond 3w,,, the attenuation of PE is poor.

citation is common in practical building noise transmission The squared pressure control at the above error sensor
problems. A typical example of it is the noise emitted by a|gcations gives a basically similar PE attenuation trend as the
distant source transmitted into a room through the wealgotential energy control, but significant amplifications are
observed at some frequencies. The ineffective PE attenuation
at 1.53v, [the (1,1,0 acoustic modeshown in Fig. 9c) is

due to the location of the error sensor being on two nodal
planes(the middle point of the ceiling Besides the spill-
overs at some eigenfrequencies, the detrimental effects of the
squared pressure control at frequencies between the room
modes occur when the error sensor is located near to the
region where the acoustic modes due to the secondary source
are destructively interfering with each other. These effects
are commonly found and are more significant for near field
error sensing strategies at frequencies betoy. Typical
examples are the large PE amplifications at the frequencies
0.3w4¢, 0.6w,., and w,. shown in Figs. &), (b), and(c),

FIG. 8. Variation of total acoustic potential energy attenuation wjitrand respectively. The first detrimental effect occurs at lower fre-
¢ under potential energy control pusing purely g"'alsi:oustic control source aHY€"CY When4the error,sensor gets closer to the Se(_:on,d,ary
(Ly,Lya,Lys) at different forcing frequenciesa) 0.2w,c; (b) w,e; (¢ COMMEr sourcé? The detrimental effects become less signifi-
2.4w,e; (d) Bw,e. Primary external plane source @& /6 anda = /4. cant or can be eliminated when the error sensor is located

PE Attenuation (dB)

PE Attenuation (dB)

PE Attenuation (dB)
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FIG. 9. Variation of total acoustic potential energy attenuation with fre- FIG. 10. Variation of total acoustic potential energy attenuation with fre-
quency for primary acoustic source @&t /6, «= /4 under various error  quency for primary acoustic source @t /6, a= /4 under various error
sensor locations(a) (0.9L,,,0.9L,,,0.9L,3); (b) (0.7L,;,0.7L4,,0.9L,3); sensor locations(a) (0.9L,,,0.9L,,,0.9L,5); (b) (0.7_,4,0.7L,,,0.9L,3);

(€ (0.5,4,05L,09 ,4); (d  (0.3,5,0.3L,,,09,3); (9 (©  (0.5L,4,05L,,,09,3); (d  (0.38,1,0.3L,,,0.9L,3); (&
(0.1,,,0.1L,,,0.9L,3). —— Potential energy control;, —— squared (0.1L,,,0.1L,,,0.9L,5). Secondary source ak {; ,L,,,L3); 7.=0.26 and
pressure control, ———— energy density control. Secondary source ap=5.21. Legends are the same as those in Fig. 9.

(Ly1,Ly2,Ly3); 7.=0.01 andp=1.04.

Basically similar results can be found for largex
near to the corner opposite the secondary source due to tije-0.26) ande (=5.21) (that is, stronger acoustic-panel cou-
absence of destructively modal interference, as shown ipling), as shown in Fig. 10. However, the PE at frequencies
Figs. 9d) and (e), especially for frequency below,..** near to 0.19,.(= ws.) is not effectively attenuated by all

The use of energy density as the cost function has théhe three control algorithms even though they are far below
advantage of avoiding both detrimental effects and spillovers . and the associated secondary acoustic source strength is
as suggested in Fig. 9, especially at frequencies belgw high [Fig. 11(@)]. This is because of the ineffective genera-
for all error sensor locations investigated. This is expectediion of PE by the secondary acoustic sourceat, as shown
as the energy density control system is more heavily conin Fig. 11(b), especially foros.<w,.. Additional detrimen-
strained. The particle velocities normal to the acousticallytal effects at frequency 0.146,. are observed for the squared
rigid walls of the enclosure vanish, and thus the particle vepressure control as shown in Fig.(a0[cf. Fig. 9a)], sug-
locities in the three orthogonal directions are zero at a cornegesting that near field error sensing is not suitable for the
of the rectangular enclosure. It can also be observed that thegjuared pressure control under strong acoustic-panel cou-
performance of the energy density control algorithm be-ling.
comes closer to that of the squared pressure one as the error It can be seen from Figs. 9 and 10 that the attenuation of
sensor is located towards the corner opposite to the seconBE becomes insignificant at frequencies higher thag.3or
ary sourcdFigs. 9d) and (e)], which is consistent with ex- all the three control algorithms discussed, while that under
isting literature, for example, CazzolafbHowever, the en- the squared pressure control shows the tendency of amplifi-
ergy density control becomes ineffective when the errorcation. However, the coexistence of “quiet zones” and “am-
sensor is placed closer to the secondary acoustic contrglification zones” is possible within an enclosure under the
source, due to the nonuniform energy density field producedctive control. Sometimes, a large global increase of the
solely by the secondary source, resulting in a small secondsound pressure level may occur when the quiet zones are
ary source strength as shown by Lau and tafBigs. 9a)  improperly forced by the control scheme. Also, the sound
and (b)]. field inside an enclosure is expected to be nonuniform. Be-
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FIG. 11. (a) Secondary source strength of potential energy control for pri-
mary acoustic source at=mw/6, a=m/4 and secondary source at
(Ly1,Lyo,Ly3). (b) Total potential energy of acoustic source strength of
unity at (Ly;,Lyo,Lys). All data presented are in dB ref 18 Nm.

sides, the attenuation of sound pressure at all points inside an X3/Lx31
enclosed space is not necessary from the building services g5
engineer’s point of view, as only some portions of an en-

closed space will be occupied by people. The creation of 0
appropriate quiet zones is therefore more important. For ex- 1
ample, it is desirable to produce quiet zones at noise- ,,; 05
sensitive areas inside an enclosure, to reduce the impact of 2 ) 0 0.5 1 5
noise on workers in a plantroom. Also, the quiet zone in front
of the walls will help to reduce the direct sound transmission.
An understanding of the actual sound field under active con-
trol of sound transmission, especially at the low frequency
range, is required for a detailed description of the effective-
ness of the control algorithms.

JRRRRRRAN]
{HHHH

Attenuation (dB)

(d)

=
Attenuation (dB)

V. VISUALIZATION OF SOUND ATTENUATION

As mentioned previously, the evaluation of a sound field , i
under active control is of practical importance due to the "1
limitation of the potential energy analysis. The visualizationgig, 12. Attenuation of SPL under potential energy control for primary
of a sound field inside the enclosure is decisive in the evalusource at9= /6, a= /4 at different forcing frequencie$a) 0.3w,.; (b)
ation of the performance of the active control of sound, as if-7@ac; (©) 1.7wac; (d) 2.5w,:. Secondary source at{,Ly,L;); 7.
gives an idea of the distributions of the quiet and amplifica-~ 0% ande=1.04
tion zones, as well as the degree of their effects in the enclo-
sure. In the present investigation, the numerical model isponding major quiet zone is found at the corner opposite to
divided into 21x 21X 21 uniform grid points throughout the the acoustic control source. As the frequency increases be-
enclosure, and the attenuation of the sound pressure levgbnd 0.%,., the quiet zones and the amplification zones are
(SPL is found from the difference between the calculateddiscretely distributed throughout the enclosure. At higher fre-
SPL before and after activating the acoustic secondarguencies, the coexistence of quiet and amplification zones is
source by using Eq5). observed, while the total potential energy attenuation is in-

Figure 12a) shows the SPL attenuation at=0.3w,.  significant. An example is shown in Fig. 2, where o
inside the enclosure withy;=0.01 ande=1.04 under the =1.7w,. (cf. Fig. 9. High global control of SPL can also be
potential energy control. It can be observed that a high globalound at some eigenfrequencider instance, atw=2.5w,,
reduction of SPL can be achieved at all points inside theas shown in Fig. 1@l)], but the quiet zones are observed at
enclosure. The peak quiet zone is located between the centdiscretely confined areas inside the enclosure. Thus, the pre-
of the enclosure and the flexible pane2(L,,=0). Such vious analysis of total potential energy can only effectively
high global reductions of SPL are also found at even loweindicate the dominance of the quiet zones or the amplifica-
frequencies. Atw=0.7w,., amplification zones appear near tion zones. Figures 18) and(b) illustrate the sound pressure
to the secondary source and on ttfie—x3 wall on the side distributions atw=1.7w,. and 2.%,. without the active
of the secondary source as shown in Figthl2though there  control, respectively. It can be observed that the amplifica-
is an attenuation of PE at this frequen@yig. 9. The corre- tion and the quiet zones under the active control do not col-
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FIG. 13. SPL for primary source at=w/6, a=w/4 at different forcing 1
frequencies(a) 1.7w,.; (b) 2.5w,.. 7.=0.01 ande=1.04. All data pre- x3/L
sented are in dB ref:210" 5 N/m?. x3

lapse with the nodal planes. No nodal plane is observed
within the enclosure foro<w,.. The magnitude of the
sound field decreases at increased distance from the flexible
panel wall.

Detrimental effects appear at some frequencies under the
squared pressure control scheme as discussed before. This is , 3, !
due to the destructive interference of acoustic modes at the N
location of the error sensdt. A large increase of SPL
throughout the enclosure can also be observed except at the
location of the error sensor (Q.9,0.9L.,,,0.9L,5), as
shown in Fig. 14a) at w=0.3w,. [one of the detrimental
effects shown in Fig. @]. Quiet zones reappear ai
=0.7w,., as shown in Fig. 14). For increasing frequency
beyond w,., the quiet zones at the position of the error 2
sensor q_UICkly Shrml,( In Size, ?Xcept at some acoustic mOdEIG. 14. Attenuation of SPL under squared pressure control for primary
frequencies as mentioned earlier. Detrimental effects are alsQrce at9= /6, o= /4 at different forcing frequenciea) 0.3w,.; (b)
observed at higher frequencies, resulting in a nearly globa.7w,.; (c) 1.70,; (d) 2.9w,.. Secondary source at{,L,,L,); error
amplification[Fig. 14(c)]. In addition, discrete quiet zones sensorr, at (0.9.,,0.9L,,0.9L,); 7,=0.01 andp=1.04.
and amplification zones occur as frequency increases beyond
2w,c. A typical example is shown in Fig. 1d), with o (0.9.,4,0.9L,,,0.9L,3). It can be observed from Fig. (&
=2.9,¢. that the energy density control can provide SPL attenuation

The resultant SPL attenuation maps under the energglobally at 0.%,., while both the potential energy and the
density control are similar to those under the squared presquared pressure controls produce amplification zones inside
sure control, especially under remote error sensing. Howthe enclosurdFigs. 12Zb) and 14b)]. The energy density
ever, it is observed that the energy density control has theontrol produce much less amplification of PE and SPL in-
benefit of providing a more uniform SPL attenuation at mostside the enclosure at the frequencies of detrimental effects
frequencies, and avoiding the occurrence of large localizethan the squared pressure control as shown in Figb)15
attenuation in the expense of large sound amplifications atw=1.7w,.). Again the amplification and the quiet zones do
other locations. Since there is no significant attenuation pronot collapse with the SPL nodal planes shown in Fig. 13.
duced by the energy density control due to small optimal  For a stronger cavity-panel coupling systém,=0.26
secondary source strength for the error sensor near to ttend ¢=5.21), though the attenuation of PE is small at
secondary source at frequency below &4, the corre- =0.2w,. (Fig. 10, global control of sound field and a quiet
sponding sound attenuation patterns are not discussed.  zone near to the secondary source under the potential energy

Figure 15 illustrates some examples of the SPL attenuacontrol are still achievable as shown in Fig.(d6 For fre-
tion maps obtained under the energy density control witlquencies beloww,., except for those near to 0.9,
7.=0.01 and ¢=1.04. The error sensor is located atwider quiet zone compared to that in Fig.(d42can be ob-
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FIG. 15. Attenuation of SPL under energy density control for primary
source at9= /6, a= /4 at different forcing frequencie$a) 0.7w,; (b)
1.7w,.. Secondary source atl(,L,,L,); error sensor, ¥, at
(0.9.,,0.9L,,0.9L,); 7,=0.01 andp=1.04.

Attenuation (dB)

served with a stronger structural-acoustic coupled system as
shown in Fig. 16b) (w=0.3w,.). The sound field pattern is
similar to the previous system with,=0.01 andy=1.04 as
frequency increases, especially far>2w,. (not shown
here.

Figure 17a) shows the SPL attenuation under the
squared pressure control with near field error sensing at 0.5¢
(0.9L,4,0.9L,,5,0.9L,3), with 7.=0.26, ¢=5.21 and w
=0.3w,. [one of the detrimental effects shown in Fig.
10(a)]. Amplification of SPL can be observed throughout the
enclosure, except at the error sensor location, but it is much x2/Lx20'5
alleviated[cf. Fig. 14a)] for the present stronger coupled 0% 0.5
system. For the remote error sensor at xI/L,

1
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FIG. 17. Attenuation of SPL under squared pressure and energy density

1 15 control algorithms for primary source @#=m/6, a=m/4 at 0.3v,.. (d)
L, @)
%3 o Squared pressure control, error sensor atl(Q®9L,0.9L,); (b) squared
0.5, 10 ho) pressure control, error sensor at (0,D.1L,,0.9L,); (c) energy density
.S control, error sensor at (0.9,0.9L.,,0.9L,); (d) energy density control, er-
® ror sensor at (014,,0.1L,,0.9L,); secondary source at (,L,,L,); 7
104‘ g =0.26 andp="5.21.: error sensor location.
=
05 =
2L, (0.1L,4,0.1L,,,0.9L,3), higher SPL attenuation can be ob-

tained at 0.3, [as shown in Fig. 1(b)] under the squared
pressure control compared with Fig. (& Energy density
control eliminates large amplification of sound pressures for
near field error sensing at the frequencies of the detrimental
effects, as shown in Fig. 1@). In most cases studied, there is
an inherent tendency for the squared pressure control to pro-
vide a high level of SPL attenuation at the error sensor loca-
tions, at the expense of SPL amplification at other areas,
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T 0 1 0 resulting in highly nonuniform noise attenuation, while the
0 0'/5 energy density control tends to minimize both potential
L, (acoustic pressuyeand kinetic(acoustic pressure gradient to

FIG. 16. Attenuation of SPL under potential energy control for primary a certa_un EXtemenergY denSIty at error senso_r locations _and
source atg= /6, o= /4 at different forcing frequenciesa) 0.20,.; ()  thus gives a more Umfo_rm control of Soun_d field, espemglly
0.3w,. Secondary source at{,Ly,L,); 7.=0.26 andp=5.21. at the frequency of detrimental effects as illustrated in Figs.
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17(a) and (c). The resultant sound field under the energy
density control with a remote error sensor is similar to that
under the squared pressure control. Figur@ilgives a typi-

cal example of this phenomenon.

Snyder and Hanséhsuggested that the optimum error
microphone locations are the points of minimum sound pres-
sure in the optimally controlled residual sound field created
by a vibrating panel, while Ruckman and Fuffeproposed
the locations to be at the antinodes of a vibrating cylindrical
shell. Their studies evaluated the performance of active con-
trol in a free field. However, the problem becomes more x3/L
complicated when the active sound transmission control in-
side an enclosure is concerned. Confusion exists between the
nodal points and the points of minimum sound pressure un-
der optimum control. In addition, different system perfor-
mance may be found when the error sensing is done at the ,; 0.5
antinodes of sound pressure inside an enclogtoe ex- 2 0 0 05
ample, see Figs. 9 and J1AAlso, both the nodes and antin- xU/L
odes inside the enclosure cannot be easily predicted for fre-
guencies other that the eigenfrequencies. For all the casess. 18. Attenuation of energy density under potential energy control for
investigated in the present study, it is observed that forcin%fimafy source atf= /6, a=m/4 at different forcing frequencieda)
the quiet zone by the squared pressure control with errol“’oaz; (b) 1.7wqc. Secondary source at,Ly,L;); 7=0.01 andg
sensor located at the amplification zones or areas of low SPL™
attenuation under the potential energy control will increase
SPL at other areas adversely. A typical example is shown ifY!.- CONCLUSIONS
Fig. 17a), where the error sensor is located near to the point
of minimum SPL attenuation under the potential energy con

Attenuation (dB)

Attenuation (dB)

This study investigates the effectiveness of active con-
trol of sound transmission into a slightly damped rectangular
enclosed space. The performance of three different control

réll orithms, namely the potential energy control, the squared
better performance of global control effectivendddg. g y P 9y d

N ) . pressure control, and the energy density control, are investi-
17(b)]. Though the present finding is obtained in an enCIo'gated and compared in terms of the overall potential energy

sure, it appears in line with those of free field conffbl. ;o ation and the resultant sound pressure level attenuation
Similar results can be obtained for other combination® of patterns. A compact matrix formulation of the analytical
anda. _steady-state solution under the energy density control is de-

In general, the acoustic energy density field is more uniyiyeq hased on the application of the impedance-mobility
form than the sound field inside the enclosure. Thus, the

performance of the energy density control is less dependent
on the error sensor locations than the squared pressure con-
trol. This has been proved by Parkies al® through an
investigation of node structures. However, unsatisfactory en-
ergy density control and squared pressure control may still
be found in some areas of nonuniform energy density field
inside the enclosure, besides the nodal volutfiéigure 18
shows the attenuation of the energy density inside the enclo- x2/Lx20'5
sure under the potential energy control atd},7and 1.% . 0% 0.5
with 7,=0.01 ande=1.04. Large amplification of energy
densities at the positions near to the secondary acoustic
source can be observed for all cases in the present study, due *
to the secondary acoustic souféaNhile the energy density

fields inside most areas in the enclosure are uniféig.

19), the high energy density at (@.9;,,0.9L,,,0.9L,3) low-

ers the performance of the energy density control as shown
previously in Figs. €a) and 1@a) if the error sensor is lo- >62/sz0'5 .
cated there. Placing the error sensor, for instance, at 0% 0.5
(0.1.,4,0.11L,,,0.9L,3), which is the location of high energy xIL,

density attenuation under the potgntial energy cor(frd. FIG. 19. Energy density under potential energy control for primary source at
18), produces better,PE attenuatidfigs. 9e) and 10e)] ‘T’md 0=l6, = /4 at different forcing frequenciesa) 0.7w,.; (b) 1.7w,c.
sound field contro[Fig. 17d)] under the energy density er- secondary source ak{,L,,L,); 7.=0.01 andp=1.04. All data presented
ror sensing scheme. are in dB ref 102 N/m?
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approach to a fully structural-acoustic coupled system. Théng frequency is higher than the first eigenfrequency of the
frequency range in the present study extends to five times thenclosure. Large global increase of sound field is observed
first eigenfrequency of the enclosure. when localized quiet zones are improperly forced. This can

Two control categories are classified in the potential enhardly be indicated in the traditional potential energy attenu-
ergy analysis. One is for the case where the first eigenfreation plots. This paper also suggests an analysis of the global
guency of the acousticavity) mode is less than that of the and local effectiveness of active sound transmission control
structural(pane) mode, while the other is the opposite. For using visualization of the sound field in conjunction with the
both categories, high potential energy attenuation under pdetal acoustic potential energy attenuation. Besides, it is
tential energy control can be achieved for driving frequencyshown that the optimal error sensor locations for the squared
below the first resonance frequency of the structural modepressure and energy density controls can then be found from
while for the latter, acoustic control source is also effective athe resultant sound fields and energy density fields under the
the frequency beyond this structural mode frequency, but igotential energy control scheme, respectively. Moreover, it is
ineffective at this frequency. Active vibration control is illustrated that the acoustic control source is worthwhile for
shown to be ineffective in the cavity-controlled modes. practical use, especially for active sound transmission con-

It is shown that both quiet zones and amplification zonegrol. Finally, it is found that in general, for stronger
are created under all the control algorithms investigated, exstructural-acoustic coupling systems, wider quiet zones and
cept at frequencies far below the first eigenfrequency of th@lleviated detrimental effects can be found compared with
cavity. High global reduction of the sound level can also bethe weak structural-acoustic coupling systems. A more de-
obtained at some acoustic eigenfrequencies under the potei@iled investigation concerning the effects of the strength of
tial energy control, but the quiet zones are discrete. In genstructural-acoustic coupling on the performance of active
eral, the potential energy control gives the best performancgontrol would be worthwhile.

among the control algorithms studied, but it is difficult to
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