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A Generalized Approach to Modal Filtering for
Active Noise Control—Part |: Vibration Sensing

Nicholas C. Burgan, Scott D. Snyder, Nobuo Tanaka, and Anthony C. Zander

Abstract—Many techniques for controlling the noise radiated attenuate, an error criterion that is directly related to acoustic
by large structures require a large number of inputs to the con-  power or energy and 2) to minimize the number of input signals
troller to produce global attenuation. Unfortunately, processing that must be handled by the controller. Scaling-up smaller

the large number of inputs required is often beyond the capabilities . .
of current controllers. In attempting to overcome this problem, active control systems in an attempt to tackle larger problems

many researchers have adopted various modal-filtering-type May achieve 1), but at the detriment of 2). Sophisticated
techniques. Such techniques involve resolving a small number sensing system design is critical if the two design ideals are to
of important global quantities (traditionally structural modes) pe balanced.

from a large number of sensor measurements. However, current .
approaches require detailed structural information at the design In an attempt to do this, some researchers have adopted

stage. Determining this for complex, real-world structures may be Variants of modal filtering for sensing system design [5]-[8].
very difficult, preventing many techniques from going beyond the Modal filtering is a process whereby a small number of
laboratory. The technique presented here outlines a new sensing important global quantities, normally modal amplitudes, are
system strategy, where the radiated sound field is decomposed ggolyved from a large number of sensor signals. In this way, the

using multipole radiation patterns, thereby alleviating the need . .
for detailed structural information. Simulation and experimental controller has to work with only a small number of important

results are presented. global quantities, balancing the design ideals, simplifying
control law design, and maximizing convergence speed of the
|. INTRODUCTION tuning algorithm. Modal filtering was originally developed for
. . ) vibration control [5], with the amplitude of structural modes
IBRAT_ION of and sound radiation from Iargg SUUC- chosen as the set of global system states. The amplitudes of the
tures is a problem that affects many organizations W .t ral modes were a convenient choice, being orthogonal
many ways: aerospace firms, submarine and ship buildeg§yiptors to the total energy in a vibrating structure. Thus,

electrical power utilities, and hany vehlcl_e mgnufacturep@ducing these quantities was guaranteed to give a reduction in
are a few prominent examples. Noise and vibration problerﬂ§e vibration levels of the structure

affect employees, prospective customers, and the surrounquhe choice of global quantities to sense is not as straightfor-

community. . .
. . L .. ward in noise control, as structural modes are often not orthog-
Active noise and vibration control has been pursued in situ-

; . ) . . anal contributors to the sound radiated by a structure [9], [10]
ations where passive technigues have proved ineffective. Ap- . . oo

; . ) ssuming that the source of the noise is a vibrating structure).
plying active control techniques to large structures has comy-

: . ast work has based the sensing system design on combinations
monly involved scaling up smaller laboratory systems, system

. T . : .~ of structural modes that are orthogonal in terms of the radiated
that aim to minimize sound pressure amplitude or vibration a .
. . sound power. These combinations have been referred to as ra-
a number of error sensor locations [1]-[3]. In attempting tQ.”.. : . X .
) iation modes [11], and reducing their amplitude resulted in a
achieve more global control, large numbers of error sensors hav : . : ) .
A ) reduction of the radiated sound power. It is possible to design a

been used, resulting in large numbers of inputs to, and outputs " . . :
from. the control law and associated tuning alaorithm. The reen'sing system for measurement of these quantities using point
' gag Vibration sensors [10], [11] or distributed, shaped piezoelectric

sulting systems are costly and dn‘fl_cult to tum_a. Mor_e |mpor-olymer sensors [12], [13]. Fig. 1 shows how a typical modal
tantly, they are often not successful in attenuating noise and || .
lltering system may work.

bration problems, as current controllers have trouble processmgl_he drawback of the radiation mode approach is that the
W iati i

and attenuating large numbers of inputs [4]. - :
When approaching the development of an active contrt(ﬂChn'que assumes detailed knowledge of the structure, such

system, two design ideals are: 1) to be able to measure, an@goshape'and mode informaFion. Obtaining this for a simple
structure in a laboratory setting, such as a simply supported

rectangular panel, is a simple exercise. Translating this to a
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Fig. 1. Typical arrangement of a modal filtering system.

system design on quantities that are easily envisaged and gefée focus here will be to use the approach to develop a design

ally transferable from structure to structure. The radiation patiethodology for vibration sensing systems. Simulation and ex-

terns produced by acoustic multipoles will be used as a basiptrimental results for a simple problem will then be presented.

describe the radiated acoustic power from the target structure,

the multipoles being made up of (notional) arrays of acoustic

monopoles. The idea of using acoustic multipoles is not new. Il. THEORETICAL DEVELOPMENT

It has been used previously in developing secondary acou%i_c

sources for active noise control [14]-[19]. However, the aim

here is different in that the radiation patterns produced by mul- To develop a sensing system as described in the introduction,

tipoles are used in the development of a sensing system. ~ Where a small number of global quantities are extracted from a
In an associated paper [20] and in a previous paper [21§rge number of point measurements, it will prove to be benefi-

an approach for development of acoustic sensing systems Wi t0 express the global performance meastias a quadratic

presented. In this paper, the same fundamental approach ffiction

be adapted for the design of vibration-based sensing systems,

where the aim is attenuation of free field structural-acoustic ra- J(t, w) = g () A(w)q(t). 1)

diation. An example of such a problem is noise radiation from

an electrical transformer. Using structure-based (vibration) sén{1), q is a vector of (global) quantities to be measur&ds a

sors in an active structural acoustic control system can offepasitive definite, Hermitian weighting matrix, which in general

number of advantages over acoustic sensors located some \¢tif-be frequency-dependent, aftlindicates the Hermitian op-

tance away from the structure. For example, vibration sense@ration. Starting with a quadratic performance matrix also has

facilitate the development of a more physically compact contriitrinsic appeal for subsequent control law design.

system. If the sensors and actuators are built into the structureThe frequency-dependent weighting factorairan be used

a “smart structure” can be produced [22]-[24]. Second, thereds a guide in truncation of the problem, as these factors quan-

no acoustic propagation time delay in the system, often advartify how efficiently a particular state ify contributes to the

geous in control law design. Finally, the signals from structurglobal performance measure. Control law design will be sim-

sensors will not be as easily contaminated by contributions frapiified when the states are independent contributors to the error

extraneous noise sources such as wind. criterion, because if the controller works to reduce the amplitude
The approach being taken here to sensing system designfisne state, the overall criterion will reduce.Af is diagonal,

fundamentally different to others presented previously in thiite system states iq are then independent contributors to the

the characteristics of a set of acoustic basis functions are begigbal performance measure.

used to design a structural sensing system. Previous work hal free space noise control, acoustic power is a common

used structural basis functions to predict acoustic radiation. Biobal performance measure. The aim of the exercise in this

reversing this world view, the need for detailed knowledge abosgction is to express acoustic power as a quadratic error crite-

the structure will be eliminated. rion without knowledge of the vibrational characteristics of the
What will be presented here is an abbreviated derivation sifructure. Measurement of the states used in the resulting error

the fundamental modal filtering problem. Much of the detailedriterion statement is then the target of the sensing system.

rationale [21] and development for the acoustic sensing problenin this development, it will be assumed that the sound source

[20] has been presented elsewhere and so will not be repeateglanar and radiating into a half space, as shown in Fig. 2.

Development of a Quadratic Performance Measure
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Fig. 3. An array of monopole sources used to derive multipole patterns.

Fig. 2. Geometry for planar structure acoustic radiation.
of interest. A specific example will be presented later in this
However, the same development could be carried out for radfPer- _ _ _
tion into another type of space, for example, an enclosure. The! "€ pressure field radiated by a baffled monopole at any point
important point to note is that there is no reliance on the strdf-SPace is given by
tural infprmation. . . o (r) = JWPO ity @)
Consider then a planar sound source, situated in an infinite Py =aq-5 "¢

baffle, subject o ha_rmonic excitation and radif';lting into fre\?/hereq is the volume velocity of the monopolejs the acoustic
space, as shown in Fig. 2. The acoustic poWeradiated by the wavenumbets/co, w is the angular frequency of oscillation,

;tructgre can be eva}uated by integ_rating the far-field aCcoUSHE 4 harmonic time dependence is assumed. For the development
intensity over a hemisphere enclosing the structure. Using &re, all of the monopoles within a multipole will be defined

geometry of Fig. 2, this can be expressed as to have the same volume velocity amplitude, with phase®of 0

o2 /2 Ip()]? or 18C°. The amplitudes; of the ith multipole will be defined
W = / / IR |r|? sin(#) df d (2) as the volume velocity of the monopoles which make up that
JoJoo 2poco multipole.

wherep(r) is the acoustic pressure at locatieim space, where If thg infinite sumin (3) is truncated.macou.stic multipoles,
the location is defined by = (r, 6, ¢). The termsp, andc acoustic pressure can be expressed in matrix form as
are the density of air and the speed of sound in air, respectively. p(r) ~ 9(r)a (5)

For the development here, let the pressure be decomposed
using the radiation patterns produced by acoustic multipolesvasere(r) is a row vector whose elements are the values of the
a basis, in the same way that structural velocity can be decomadiation transfer functions of the multipoles included in the
posed using structural mode shape functions as a basis. As sgalgulation, from the origin to the poimt and is given by
we can write

N P(r) = [Pu(r) ta(r) -+ Yu(r)] (6)
p(r) = Z a; i (r) (3) anda is a column vector whose elements are the complex am-
i=1 plitudes of then multipoles
wherea; is the amplitude of théth multipole andy;(r) is the ai
radiation transfer function for théth multipole, between the | e 7
origin and the locatiom (i.e., the value of the radiation pattern a= s ™
generated by the multipole at locatioin space). The multipole an

radiation patterns used in this exercise will be derived from an o ]

surface. Such an arrangement is shown in Fig. 3. The radiatiBfividual multipolesi,,(r) are calculated, consider one of the
patterns produced by arrays of monopoles were chosen, rathépultipoles consisting af» monopoles which are all in phase.
than more conventional monopole, dipole, or quadrupole &/Sing (4), the pressure produced by the multipole at point
rangements, as it allows for more flexibility in adapting the tecigPace would be

nique to different situations. Using just monopoles, the array

) Prultipole (T
can be easily expanded to cover a surface of any shape and area,” ™" *° o(r)

allowing the technique to be used in a sensing system for con- = Gmultipole <pr° e=ikri 4 JYPO —jkrs 4
trolling the sound radiated from any type of structure. The exact 2mr . 2mry

geometry and extent of the array used will be problem-specific, + Jwpo e—jkrm> @)
with its selection dependent on such factors as size and geom- 27T,

etry of the structure under consideration and the frequency range = GmultipoleYmultipole () 9)
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whereamuitipole iS the amplitude of the multipole

_ Jwpo e—jkT1 + Jwpo e—jsz + ...

qbnlultipole(r) — 27’['1”1 271'7"2 /
+ Jwpo e—jkrm (10)
27T m

ey Array of monopole sources
andry, 2, andr,, are the distances from th@ monopoles infinite baffle ———

\\\\‘)/7/
which make up the multipole to the pointin space, as shown
in Fig. 3. Fig. 4. Specific multipole arrangement to be considered.
If (5) is substituted into (2), the pressure term can be expanded
to give

monopoles to the position As can be seen, the first multipole

2m /2 aH'(/;H(r)'(/)(r)a ) pattern is generated by having all of the sources in phase, the
W= /0 /0 W [r[*sin(6) dfdp  (11) second by having sources 1-4 in phase and 5-8 out of phase,
_ ’ _ the third by having sources 1, 2, 7, and 8 in phase and 3—6 out
which can be written as of phase, etc. The “phasing” matrix in (14) contains a set of or-
W afAa (12) thogonal rows (and columns) composedid, and is referred

to as a Hadamard matrid. Hadamard matrices can be gener-

whereA, is a square weighting matrix, whogg j)th term is  &ted ofany size" by 2" for any integer [25]. They have been
given by ' used previously in the study of vibration transmission [26].

o 2w em/2 0k (2 Vb (1 ) B. Evaluation of Multipole Amplitudes Using Vibration
Aq(i, j) :/0 /0 % [r[*sin(6)df de - (13)  sensors

where thep; andy; terms are calculated using the same method Consider now the_estimation of the multipole amplitut_jes used
as was used to derive (10). Note that they are dependent Ont[:h@odel the acoustic space by measurgment of vibration on the
geometry of the multipoles and frequency but require no strudiructure §urface. If the structgral velocny_ was measured at one
tural knowledge. of the notional monopole positions, then its value would effec-

Equation (12) has the desired form which was presentgﬁew be the superposition of the volume velocities of the eight
in (1). As expected, the weighting matrix will be frequencymonc’po'es at that point (one from_each mquque). ConS|d_er
dependent. measurement oft.he structural velocity at the posmpn oft_he t_hqu

As discussed, ideallst, would be diagonal, meaning that themonopolle (seg Fig. 4). Recall that the phase relat|onsh.|p within
multipoles were independent contributors to the performan_gbe multipoles is defined by thewspf a Hadamard ma_tn)H )
measure. For a particular choice of multipoles this may not #2(14). As such, theolumnsof H give the Ph_a?se relationship
the case. Howeven., will be symmetric and can be diagonal-be_tween the monopoles at a particular position. Thus, we can
ized using an orthonormal transformation, as described shorw.'te

As a specific example, consider the radiation patterns from
an array of eight monopole sources, as shown in Fig. 4. To pro-
duce each multipole pattern, the amplitude of the monopoles +l.ary — l.ag (15)
were chosen to be equal, while the phase relationship of the =1 1 -1 -1 -1 1 1 -1]a (16)
monopolesis described by (14), shown at the bottom of the page,
where (r)—g(r) are the transfer functions from multipoleswherewel(3) is the structural velocity at position 3;—ag are
1-8 to the positiowr, andr,—rg are the distances from the eighthe amplitudes of the multipoles (the amplitude of a multipole is

vel(3) =1l.ay + l.ag — l.az — l.ay — L.as + l.ag

- e—dkT1 o - e—dkT1 o
” ”

P (r) ] 101 1 1 1 1 1 17 |ete e~ikr2
Po(r) 1 1 1 1 -1 -1 =1 —1| | T, A,
hs(r) 1 1 -1 -1 -1 -1 1 1 ’“ﬁz s

. —IRT4 . kT4
Pa(r) | _Jwp 11 -1 -1 1 1 -1 -1 . " _ JWPo gy . " (14)
s (r) or |1 -1 -1 1 -1 1 1 —1| | or eiks
Ye(r) I =1 1 -1 =1 1 =1 1| | bt ks
P (r) 1 -1 1 -1 1 -1 1 =1|]| 7o e

[ s(r) ] 1 -1 -1 1 1 -1 -1 1] |~ e

e—Jikrs e—Jkrg

T8 8
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defined as being the amplitude of the monopole sources whichin (22), the vibration measurements are resolved into multi-
comprise it), and pole amplitudes by thé H”} ~! terms (which act like modal
filters). The multipole amplitudes are then weighted by e

Zl matrix to give the total radiated acoustic power.
a=— .2 . a7 At this stage, it is important to consider how such a system
: could be implemented in practice. Referring to Fig. 1, if, for ex-
as ample, an adaptive feedforward control system was to be used,
The £1 terms correspond to those in the third column of tH@€ large number of vibration signals would be decomposed
Hadamard matris. by {H”} ! into the multipole amplitudes, as with a standard

This process is similar to the way in which the vibration di*odal filtering problem. The multipoles with the highest radia-
a point can be derived from structural modal amplitudes. TH#@n efficiencies could be selected through consideration of the
vibration at a point is equal to the sum of the product of tH&rmsinA, and the reduced number of signals corresponding to

value of the mode shape functions at the point and the modgse multipoles could then be passed through filters having fre-
amplitudes, that is, guency characteristics defined by the termain which would

take into account their relative importance before being fed to

[vibration at a poirjt the control algorithm [28]. If feedback control were to be used,

= [- values of mode shape functions-| the resolved multipole amplitudes would be used as the error
| criteria for the controller and the weighting terms could be in-
modal corporated into the control system through a number of ways.
amplitudes] (18)  see, for example, [29]-[31].

| For practical implementation of such a system, there are two

Inthe technique proposed here, the elements of the Hadam%?t'f'ts which must be addressed.

matrix perform the same operation as the mode shape functions. Are the multipoles independent contributors to radi-

in atraditional analysis. Equations similar to (16) can be written  ated acoustic power?The multipoles will only be inde-

at all other monopole positions, and the equations can be com- pendent contributors to powerX, is diagonal. If the in-

bined into a single matrix equation puts to the controller are not independent, then a reduction

vel = H a (19) in one of them will not necessarily result in a reduction of
the global performance measure.

where * How many multipoles are required to adequately
vel(1) model an arbitrary sound field? The sizes of the
vel(2) terms inA , determine the relative contributions that the
vel = : multipoles make to the global performance measure. The
ve l‘(8) largest contributors can be taken as sufficient to model a
sound field.

and wvel(1)—vel(8) represent the structural velocity measure- , , : I
ments at the positions of the eight monopoles. Consider the first of the questions posed above: is the weighting

From (19), it is possible to resolve the multipole amplitude2(ix Aa diagonal? In fact, while the rows of the Hadamard
from vibration measurements, using a matrix inversion matrix defining the phase relationship of the monopoles within
{HT‘}—l . each multipole are orthogonal, the radiation patterns produced
a= vel.

(20) by the eight multipoles are not. For example, for the multipole
Equation (20) has the form of a standard modal filtering problegeometry of Fig. 4, at 100 Hz the terms in the matrix are shown
[7]. Note that an x n Hadamard matrix satisfies the propertyin (23), at the bottom of the next page, with the order of the
thatH.H” = n.1[27]. Thus, the inverse of the transpose of thenultipoles (1-8) being the order of the rows in the defining ma-
Hadamard matrix is equal to the Hadamard matrix itself scalétk in (14). The off-diagonal elements in (23) quantify the cross
by the inverse of the size of the Hadamard matrix (the numbesupling between the various multipole radiation patterns. The
of multipoles) pattern of cross coupling is similar to that seen when calculating
1 the acoustic power radiated from a simply supported rectangular
HT} 1= —H. (21) panel in terms of vibration modes [28]. For example, the first
" multipole is similar to a (1, 1) panel structural mode, the eighth
multipole is similar to a (3, 1) panel mode, and the cross cou-
[l. SENSING SYSTEM DEVELOPMENT pling between the multipoles [quantified by the (8, 1) or (1, 8)
The aim here is to develop a sensing system in which€ments in the matrix in (23)] is similar to the cross coupling
large number of sensor measurements are resolved into a sf@jyveen the panel modes.
number of global signals, from which the global performance As A, is symmetric, it can be diagonalized using an or-
measure can be determined, as is shown in Fig. 1. If wlonormal transformation [32]
substitute (20) into (12), acoustic power can be described as

W~ vel? {{HT} "1} F A {HT} " vel. (22) A, =QAQ" (24)
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whereQ is a unitary matrix whose columns are the eigenvec-
tors of A,, andA is a diagonal matrix whose elements are the
associated eigenvalues. Substituting this into (22) yields

W~ vel  [{HT} " NHHEQAQT {H } vel.  (25)

The eigenvalues oA , plotted as a function of frequency in the g
range 25-250 Hz are shown in Fig. 5. The associated eiger g
vector matrix at 100 Hz is given in (26), shown at the bottom &
of the page, where the eigenvectors (columns) are arranged |
order of decreasing (corresponding) eigenvalue.

Consider now the second question posed, that of how man
multipoles are required to adequately model a given sound field
With A, subject to an orthonormal transformation, it is now the ‘ 8,
magnitude of the eigenvalues ik for a given frequency that 50 100 150 200 250

. . . Frequency (Hz)
provides the answer, as these eigenvalues are effectively the ra-
diation efficiencies of orthogonal combinations of mUItipc’IeﬁJig. 5. Eigenvalues of the first eight eigenvectdrs, plotted as a function of
Observe from Fig. 5 that, over most of the frequency range adquency.
interest, the radiation efficiencies of three of the multipole com-
binations (from the eigenvector matrix in (26), essentially mutan be ignored (i.e., the values from a particular frequency can
tipoles 6, 7, and 8) are significantly below the others. This suge used)Thus, the modal filter weights can be approximated as
gests that reasonable modeling of the sound field will be ofixed valuesvhen implementing the sensing system. The terms
tained by considering only the first five multipole combinationgf the diagonal matrixA weight the transformed multipoles ac-
as defined by the first five columns of the eigenvector matrix icording to their relative contributions to the radiated acoustic
(26). It follows that reasonable sound field attenuation may Ipewer. As seen in Fig. 5, the terms vary strongly with frequency,
achieved by implementing a sensing system that resolves amdl their frequency dependence cannot be ignored. To imple-
attenuates only the first five multipole combinations. Hence,maent this practically, in an adaptive feedforward arrangement,
five-input control system would be required. digital filters can be built with characteristics defined by the

Equation (25) is of the desired form as described in (1). Therms inA. If required, a further simplification can be made.
multipole amplitudes are resolved from a number of sensor mé&zbserve in Fig. 5 that, although the termsArnvary with fre-
surements usingH” } ~1, and orthogonal groupings of the mul-quency, the ratios between them do not vary greatly. When adap-
tipoles are then formed usinQ. So togethef H'}~! andQ tive feedforward control is used, it is the relative importance of
form the modal filter weights. The former is frequency-indethe quantities, rather than their absolute values, which is impor-
pendent and the latter has a weak frequency dependence whéctt. Thus, the weights can also be approximated as fixed values.

F 62872 0 0 O 0 0 0 —217.0 7
0 1149 0 0 —236 0 0 0
0 0 48 0 0 238 0 0
0 0O 0 4498 0 0 2177 0
Aa(100 Hz) = 0  —236 0 0 011 0 0 0 (23)
0 0 238 0 0 116 0 0
0 O 0 2077 0 0 1054 0
2170 0 0 O 0 0 0 12.79 ]
- 0.99 0 0 0 0030 0 0 -
0 0 099 0 0 002 0 0
0 0 0 09 0 0 0 —044
0O 09 0 0 0 0 —043 0
QUOOH) = | o ¢ o020 0 09 0 0 (26)
0 0 0 044 0 0 0 0.89
0O 044 0 0 0 0 0.90 0
| —0.03 0 0 0 0990 0 0 |
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Fig. 6. Schematic diagram of the panel.
The resulting sensing system can be implemented very easily. TABLE |
. FIRST TEN NATURAL FREQUENCIES OF THEPANEL
1) Measure the structural velocity at the measurement loca-
tions. Mode | Natural Frequency (Hz)
2) Multiply the vector of structural velocity measurements 1.1 33.0
by the fixed terms in{H?}~! and Q (resulting in a 2,1 53.1
greatly reduced number of outputs). 3.1 86.6
3) Pass the small number of resulting signals through a set 1.2 1.8
of filters with characteristics defined h¥ or, as a fur- 22 131.9
ther simplification, multiply them by another fixed set of jé izgi
weights to account for the relative sizes of the termAin 51 933
4) Finally, the resulting signals are input to the controller. i 3123
13 243.2
IV. SIMULATION
To evaluate the effectiveness of the proposed technique, nu- TABLE I
merical simulations were performed. The problem of control- STRUCTURAL VELOCITY SENSORLOCATIONS
ling the sound radiated by a simply supported, rectangular, baf-  Acceicrometer Number I X - position (m) | y - position (m)
fled, steel panel was considered. Referring to Fig. 6, the panel 1 03 0431
had dimensions 1.212 ni.¢) by 0.612 m (,)) with a thickness 2 0481 0431
of 0.004 m. The panel was excited by a disturbance point force 3 0.731 0.431
located atr = 0.256, y = 0.356, and a single control point 4 0.981 | 0.431
force was considered, locatedsat= 0.956, y = 0.256. In cal- 5 0.231 0.181
culating the response of the panel, the first 51 structural modes 3 — :)f% } B 81::
of the panel were considered. The frequency range of interest ——— — {j t;;| T

was up to 250 Hz, a range which includes the first ten natural —_— — ——
frequencies of the panel, which are listed in Table 1.

The sensing system used in the simulation consisted of arirhe expression for radiated sound power on which this tech-
array of eight structural velocity sensors attached to the pam@hue is based is shown in (25). The approximation for radi-
The positions of the sensors were chosen to correspond to alted acoustic power is effectively a weighted sum of the struc-
positions of the monopole elements that make up the multipoléstal velocity signals. The Hadamard matfik” } —! resolves
This resulted in sensors with locations given in Table Il. the multipole amplitudes from the structural velocity signals.

The aim of the simulation here is to investigate how muchhe eigenvectors of thA , matrix Q resolves orthogonal com-
power reduction is achievable by minimizing different numbeisinations of the multipoles, and, which contains the eigen-
of multipoles and comparing these values to the maximum paslues of theA , matrix, weights the orthogonal combinations
sible power reduction using the given control force location (se& multipoles according to their relative contributions to radi-
[33] for a description of how to calculate this). An open-loo@ted acoustic power.
feedforward approach is used here. It must be emphasized thafo simulate a technique that can be practically implemented,
the aim of the exercise is to examine the quality of the sensifiged values of the weakly frequency-dependent terms were
system design approach: how close to the theoretical optimwsed. In (25),Q, and A are frequency-dependent. In the
result will this sensing system take the controller. simulation, the values at 100 Hz were used for all frequencies.
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Fig. 7. Comparison of minimizing 1-8 multipoles.

It is important to keep in mind that the sensing system hdgscribed above, by expressing the modal velocity amplitudes
been designed withowt priori knowledge of the mode shapedn terms of the control force.
of the structure. Equation (25) is an approximation to the ra- Several features are important to observe in Fig. 7. First, there
diated acoustic power as it has been truncated. In theory, ifigra considerable increase in the attenuation achievable by min-
infinite number of multipoles were used, the expression wouichizing two multipoles instead of one. There is a smaller ben-
be equivalent to the true power. The number of multipoles &fit obtained in minimizing three multipoles over two, but, for
be included is chosen by examining the associated eigenvalubis configuration, very little further improvement is seen in
which represent the relative contribution of a multipole to rancreasing the number of multipoles considered from three to
diated acoustic power. Only multipoles with eigenvalues aboeght.
0.1% of the maximum eigenvalue are included. Since the maximum amount of attenuation possible is nearly

The amount of power attenuation achievable by includingachieved using just three multipoles, it is sensible to resolve just
certain number of multipoles in the analysis can be calculatédee multipoles. In doing this, eight sensor signals are resolved
by using quadratic optimization [33], [34] on (25). In (25), thénto three error signals to be input to the controller. By reducing
structural velocity signalsel can be expressed in terms of thehe number of inputs to a controller, its design is simplified and
primary and control forces on the panel. Itis then possible to fimdnvergence speed is maximized [36].
the value of the control force that will minimize the value of the Second, when minimizing eight multipoles, the attenuation
expression, i.e., the minimum power. The attenuation achievahlehievable at low frequencies is approximately equivalent to the
is given by the difference between the radiated acoustic poweaximum attenuation possible with the given control force lo-
from the panel when the primary force is operating in isolatioration. The attenuation achievable at higher frequencies when
and when the primary and control forces are operating togeth@inimizing eight multipoles is less than the maximum possible

Quadratic optimization was performed using various nunattenuation. This is due to inaccuracies in resolving the multi-
bers of multipoles. The attenuation achievable using the givpoles with only eight sensors, as it has been shown elsewhere
control force location, and including one to eight multipoles, iR1] that eight accurately described multipoles will give the
shown in Fig. 7. Also shown in the figure is the maximum atmaximum achievable result in this range.
tenuation possible using the given control force configuration.
To calculate the maximum possible attenuation, the following
expression for power is used:

W =vAv (27)

V. EXPERIMENTAL VERIFICATION

Experiments were conducted to verify the theory and sim-
ulations presented in the previous sections. The aim was to
wherev is the vector of modal velocity amplitudes, aAds the closely mimic the optimal open loop control law to minimize
“power transfer matrix.” The derivation of (27) is given in [35].the sensing system output, and then assess the resultant level
Quadratic optimization can be used on (27) in the same way@&sacoustic power attenuation.
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Fig. 8. Schematic representation of the experimental arrangement.

Fig. 9. Experimental arrangement, showing the panel and accelerometers.

A. Experimental Setup Structural velocity was measured by integrating the signals
Referring to Fig. 8, a rectangular steel panel the sarfl@Mm eight accelerometers attached to the plate, at the same
dimensions as in the simulation, 1.212 m by 0.612 m andlecations as thos_e used in the simulations descrlped previously
thickness 0.004 m, was fixed in a steel base designed to provid@P!e I). The disturbance input was random noise, low-pass
simply supported boundary conditions. Two electrodynamitiered at 325 Hz.
shakers were attached to the panel, one used as the disturbangéelaptive feedforward control was implemented to mimic the
and the other as the control input. The shakers were locatedpen-loop control law, using a Causal Systems EZ-ANC II. The
the same positions as in the simulations described previouslgntrol filters were FIR with 150 taps (for more information on
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Fig. 10. Power attenuation achieved minimizing three multipoles.

adaptive feedforward control, see [33]). The inbuilt modal filperpendicular to the panel surface and so would have not been
tering capabilities of the EZ-ANC Il enabled weighted combinaecorded on the measurement plane.

tions of the accelerometer signals to be used as error criteria. AllA photograph of the experimental panel is provided in Fig. 9.
of the input (accelerometer) signals were multiplied by a numerhe panel is shown in its steel base with the eight accelerome-
ical weight and summed together to form an error criteria. Thers attached to it. The grid, drawn in black, on the panel surface
weights were calculated to incorporate #He Q, andA terms  represents the grid of points above the panel at which the inten-
from (25). Note that, as in the simulations, the weightings usefly was measured.

were only correct at 100 Hz, but, by using these weights, no fil- with the primary force operating in isolation, the acoustic in-
tering was required to deal with the frequency dependence of te@isity was measured at all points above the panel. The intensity
multipole combinations and their radiation efficiencies. Consgneasurements were integrated to give the approximate radiated
quently, each error signal fed to the adaptive algorithm corrgcoustic power from the panel. Control was then implemented
sponded to a multipole combination. The number of multipoleghd the intensity at all points above the panel were remeasured
to be minimized was chosen by selecting the active number#{d the power radiated by the plate recalculated. The amount of
error signals being fed to the algorithm. attenuation achieved using a particular method of control was

The sound power radiated by the panel was estimated by meatculated by comparing the controlled power level to the pri-
suring the sound intensity on a 100 midirection) by 100 MM mary power level.

(y direction) grid of points on a plane 200 mm above the surface

of the panel. This resulted in the sound intensity being measured

at 15 points in ther direction and nine points in the direc- B. Results

tion and a 1.4 mx 0.8 m measurement plane (slightly larger

than the panel). The sound intensity measurements were made iRig. 10 shows the attenuation that was achieved when the
12th octave bands and the measurement process was autonmatgalitude of three multipole combinations were resolved by the
using a computer-controlled traverse integrated with a Bruel ambdal filtering arrangement and attenuated by the controller.
Kjaer PULSE system. Note that this method only approximate§hown in Fig. 11 is a similar result, where only one multipole
measures the sound power radiated by the panel as some ofttrabination is resolved. Simulated results are also shown for
sound radiated by the panel would have not have been radiatechparison.
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Fig. 11. Power attenuation achieved minimizing one multipole.

Observe that there was good correlation between the experiShown in Fig. 12 are the results obtained when three multi-
mental results and those obtained from simulation. As would peles were minimized, neglecting the eigenvalue weighting
expected when using a global error criterion, a large reductiofthe groupings of multipoles. As can be seen, the results were
in the power associated with the resonance peaks was obtainetigreatly affected in this instance. Modal filtering alone pro-
of approximately 20 dB for the first peak. When one multipolduces a satisfactory result.
is minimized, the attenuation of the first peak in the power spec-Finally, it must be emphasized again that, when considering
trum is greater than when three multipoles are minimized. THise results shown here, the objective was to develop a new
is because in the former case all of the control effort is focusednsing strategy and show that a good representation of acoustic
on the first peak in the power spectrum (which corresponds power can be obtained with a very limited number of outputs
the first multipole), whereas in the latter case the control effdriom the sensing system. No effort was made to optimize the
is distributed across the first three peaks (corresponding to tiype of control law used, and in fact this sensing strategy could
first three multipoles).At higher frequencies, the maximum pobe adapted to be used with a range of control laws.
sible attenuation using only one control shaker is very low (see
Fig. 7), and this is evident in the experimental results.

It can be seen in Figs. 10 and 11 that the experimental at-
tenuation at very low frequencies (i.e., less than approximatelyA new sensing system design strategy has been presented
30 Hz) was less than predicted in the simulation. The amouhtt enables a modal filtering-type exercise to be performed on
of attenuation at these frequencies was not expected to be iy acoustic field radiated by a structure, without knowledge of
large for a number of practical reasons. First, the accuracytbg structural mode shape functions. The radiation patterns pro-
the cancellation path transfer function estimate used in the addpeed by acoustic multipoles were used as a basis to describe
tive algorithm [33] would be questionable at such frequencighe sound field, and a method was presented for calculating the
Second, with a sample rate of 5208 Hz, it would be expected tlzgipropriate weights to be applied to an array of structural sensor
performance at frequencies below a few tens of Hertz would bignals to resolve the multipole amplitudes.
poor [4]. Additionally,1/f noise from the sensing system will To demonstrate the effectiveness of such a sensing system,
impede the adaptive algorithm at very low frequencies. The gesimulated and experimental results were presented for sensing
eral roll-off of results at low frequencies is not uncommon. and then controlling (using adaptive feedforward control) the

VI. CONCLUSION
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sound power radiated by a rectangular panel. There was eg] S.J. Elliott and M. E. Johnson, “Radiation modes and the active control

cellent correlation between the simulated and experimental re-
sults. The results indicate that the output from such a sensin[g
system gives an accurate representation of a global error crite-
rion and can be used by a control system to produce a global
result with a minimum number of inputs to the control law andi; 3,

tuning algorithm.
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