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A multi-level optimization approach for the design of feedforward active structural acoustic control
(ASAC) systems is presented. The formulation takes advantage that both the structural response and
the acoustic radiation from a controlled structure can be completely defined in the modal domain.
All the physical parameters that define the control inputs and the error sensors are defined in the
modal domain in terms of the unit modal control forces and the modal error sensor components,
respectively. The upper level of the optimization solves for the optimum modal parameters that
minimize the total radiated acoustic power. Then, these optimum modal parameters are used in a set
of lower level or physical domain optimization problems to determine the physical characteristics of
the actuators and sensors to be implemented. Since the response of the system is evaluated in the
upper level using a modal approach, the formulation permits the implementation of numerical
techniques and/or experimental data during the design process. Therefore, the proposed
methodology can be used for the design of control systems for realistic structures with complex
disturbances in an efficient manner. The design formulation is illustrated for the case of a simply
supported plate excited by an off-resonance disturbancel9€8 Acoustical Society of America.
[S0001-496608)03707-2

PACS numbers: 43.40.V[PJR

INTRODUCTION proposed such as using subset selection technftciester
analyses, eigenproperty assignmerfts, and  genetic

An approach for the attenuation of structurally radiatedalgorithms’ These previous works have demonstrated that
noise consists in modifying the vibration behavior of theoptimally designed actuators and sensors can have a signifi-
structure by applying control force inputs directly to the cant impact on the performance of active control systems to
structure. This technique is known as Active Structuralreduce both sound radiation and acoustic fields inside enclo-
Acoustic Control (ASAC) and was first introduced by sures. They have shown that significant levels of attenuation
Fuller! The combination of this technique in conjunction can be obtained with far fewer optimally located transducers,
with new developments in specialized actuators and sensehus reducing the dimensionality and complexity of the con-
materials have permitted the implementation of the concepirol system. However, there are still limitations that prevent
of “smart” or adaptive systems where the transducers beinghe same approaches from being implemented in the design
an integral part of the structure. At present, such advancedf complex realistic structures.
control systems have been successfully implemented to con- For the case of minimizing sound radiation from com-
trol sound radiation from plates and cylinders; soundplex structures, the design approach of ASAC systems is
transmission/radiation from single and double panels; angirtually nonexistent. In most of the previous optimization
interior noise from cylindrical structures among others. approaches, the design formulation consisted of using a non-

Although the concept of ASAC systems along with linear optimization algorithm to minimize an expression re-
“smart” structures has been successfully tested, the desigrated to the total radiated acoustic power as a function of the
aspects of such systems is still under much investigation. Ahysical characteristiog.e., location, size, etgof the actua-
formal optimization approach in ASAC implementations wastors and sensors. The main problem with this straightforward
first introduced by Wang and co-worker3his investigation  approach is that the computation of the acoustic response for
consisted in the direct optimization of the location of rectan-complex structural systems as a function of the physical
gular piezoelectridPZT) actuators to minimize the sound characteristics of the actuators and sensors results in a com-
radiation from a simply supported plate. The results demonputationally expensive procedure.
strated that optimally located actuators provided a far better In this work an efficient formulation for the design of
sound reduction, at both on- and off-resonance excitationgeedforward ASAC systems to suppress acoustic radiation
than actuators whose position were chosen based in sonfiem complex structural systems under light fluid loading
physical consideration. More recently, other optimum desigrii.e., no acoustic feedbakks presented. The approach con-
approaches for structural-acoustic control systems have besists in a two-stage multi-level optimization scheme. The for-
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mulation takes advantage of the fact that both the structural

response and the acoustic radiation from a controlled struc- fn= L%ﬁn(fs)f(rs)dﬁ v

ture can be completely defined in terms of modal quantities.

All the physical parameters that define the control inputs angvhere the integral is extended over the structural dorfain

the error sensors have their counterpart in the modal domaiand f(r) is a function that defines the spatial distribution

through the unit modal control forces and the modal errorof the excitation. Finally,H,(w) is the nth modal fre-

sensor components, respectively. Therefore, the upper levguency response function defined aq(w)z(wﬁ—wz

of the optimization is defined in the modal domain and+2j8,w,0) ", wherej is the imaginary number ang, is

solves for the optimum unit modal control forces and modalhe nth modal damping ratio.

error sensor components that minimize the total radiated

power. Then, these optimum modal parameters are used in a

set of lower level optimization problems to determine the .

. L B. Acoustic response

physical characteristics of the actuators and sensors to be

implemented. Since in the formulation the response is evalu- The acoustic radiatiop(r,») from a harmonically vi-

ated in the upper level or modal domain, it permits thebrating structure can be obtained after solving the Helmholtz

implementation of numerical techniques and/or experimentalvave equatiot?

data during the design process. In addition, since the upper

level optimization problem is universal for any type of Vzp(r,w)+k2p(r,w)=0 3)

structure/transducer combination, a previously developed ] ) . N

general analytical sensitivity formulatibis implemented to N conjunction with the boundary conditions

improve the performance of the optimization algorithm dur-

ing the solution process. Therefore, the formulation is ca-  VP(I's,®)=w’pW(rs, o) (43

pable to handle complex structures with complex distur-
. o - and

bances(e.g., multiple frequencig¢sin an efficient manner.

Once the optimum modal parameters are obtained, different

types of transducers can be investigated with a minimum ‘rll'Tmp(r"")_’o’ (4b)

computational effort. The proposed approach is illustrated

for the case of a simply supported plate excited by an offwherer is a field point location¥(.) is the Laplacian opera-

resonance disturbance. The study of a plate will serve as #@r; k= w/c is the acoustic wave number; andindp are the

benchmark to implement the design methodology for moregphase speed and density in the fluid that surrounds the struc-

complex systems. ture, respectively. Equatiofda) relates the structural re-
sponse with the acoustic pressure at the structural surface
I. STRUCTURAL-ACOUSTIC RESPONSE while Eqg. (4b) represents the Sommerfeld far-field condition

that requires that the acoustic pressure decreases as the field
point is moved away from the structure. Equatid8s and

The response of a structure can be obtained by modaly) do not possess closed-form solution for any but very
superposition once the eigenproperties of the systieen,  simple cases. For the case of structures with complex geom-
natural frequencies and mode shgpese known. These etries, they are solved using numerical techniques such as the
eigenproperties can be estimated using numerical techniqué®undary element methd@EM).*
such as the finite element meth@eEM) or experimentally The strategy in this work is to obtain the acoustic re-
using modal analysis techniques. For the case of sound rgponse by considering the contributions of each of the struc-
diation from structures submerged in light fluids such as airtural modes separately. By substituting the modal expansion
it is necessary to consider only the vibration in which thein Eq. (1) into Eq. (4), the acoustic pressure field can be
response normal to the radiating surface is domifdftie  obtained as a linear contribution of the structural modes as
Fourier transform(FT) of the response in the direction nor-

A. Structural response

mal to the structural surface can be obtained as a linear com- N
bination of the modes as p(r,w)= > gn(w)pn(r,o), (5)
n=1
N
W(rg,®)= 2>, Un(®)dn(rs) where p,(r,w) is the acoustic pressure atdue to thenth
n=1

mode shape, i.e., modal pressure.
N The total acoustic radiated power can be estimated by
= 2 F(w)faHp(w)p(ry), (1) integrating the far-field acoustic intensity over a sphere of

n=1 surface ared@ that surrounds the structure as
wherew is the excitation frequencyp,(rg) is thenth mode
shapeN is the total number of modes included in the analy- Ip(r,w)|?
sis, rg is a point on the structure, andy,(w) ()= JA T 2pc dA. (6)
=F(w)f,Hy(w) is the FT of thenth modal displacement
whereF (w) is the amplitude of the external excitation and Replacing Eq.(5) into Eqg. (6), the acoustic power can be
f, is thenth unit modal force defined as written in a general quadratic form as
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NN ro)pr(r, Ne
Mw)=2, X qu)qu)f%dA On(@) = 0a( @) +Ho(®) 2, Ui(@)Unk, (10
n=1 m=1 A pC =1
where U, (w) and u,,, are the amplitude and theth unit
={a()}"[K(e)Ka()}, (") modal control force of théth control input, respectively. As
where the superscript¢) andH imply complex conjugate can be seen in Eq10), the unit modal control forces,
and conjugate transpose, respectively; and the elements dictate the relativeontrollability of the different modes by
matrix [ K(w)] are given by the integral in Eq7). the control inputd),(w). Similarly to the unit modal distur-
The diagonal elements of the matfik(w)] represent bances, the unit modal control forces are given as
the power radiated due to the direct contributions of the
modes, while the off-diagonal terms contain the power radi-
ated due to the coupling of the modes. In particular, the Unk= L¢n(rs)uk(rs)d8,
off-diagonal terms could be either positive or negative de- _ o
pending if the interaction between the modes is constructivd/nere u(rs) defines the spatial distribution of the control
or destructive. For the case of complex structures, this matriforces. Similar to the unit modal disturbances, the unit modal
has to be evaluated by numerical techniques and therefo@@ntrol forces depend completely on the physical implemen-
represents the highest computational effort during the evaltion of the actuators, e.g., shakers, PZT ceramics, etc.
ation of the acoustic response. Finaljg(w)} is the vector In feedforward control, the complex amplitude of the
of modal displacements. control inputsU,(w) are obtained by “feeding forward” a
Equation(7) defines the total radiated power at a sing|ereference signak(w), fully coherent to the original distur-

frequency. The general case of multiple frequency excitab@nceF(w), through an array of compensators. The com-
tions is expressed as a linear combination of the contripuP€nsators are designed such that a measurable control cost

(11)

tions due to each frequency as function is minimized. This cost function is usually obtained
as the sum of the mean-square-valoesy) of the response at
Ne Ng the error sensors as
Mr(w) =2 ({a(@)}"[K(e)Ha(onh =2 T(w), N
(8) 3=2 [Efw)]?, (12)
&

whereN¢ is the total number of frequencies.

Inspection of Eqgs(7) and (8) show that the relative whereEg(w) is the FT of the response due to thih error
contributions to the acoustic power due to the modes deperstensor output anll is the total number of error outputs.
on two factors: the complex amplitudes of the modal dis- In ASAC applications, the error signals could be ob-
placements{q(w;)} and the relative values of the modal tained by measuring directly the acoustic field using micro-
power matrice$ K(w;)]. The modal displacements|(w;)} phones or the structural vibration using structural sensors. In
depend on the dynamics of the structure under a particulanany applications the use of far-field microphones as error
disturbanceF (w). In the same way, the matricé& (w;)] sensors is not practical. Since one of the objectives in this
depend on the capacity of the structural modes to generatgork is to eliminate the need for the use of microphones and
sound and their coupling characteristics. For a mode excitedesign a completely adaptive system with the actuators and
on-resonance, its modal displacement will be significantlysensors integrated to the structure, only structural sensors are
larger than the other ones and therefore this mode will mostonsidered here. For the case of such sensors, the response
likely dominate the acoustic field. On the other hand, at off-can always be expressed as a linear combination of modal
resonance conditions the acoustic field will probably beterms a$
mainly due to the radiation of the modes with the higher

radiation efficiency. N
Eq(@)= 2 dh(@)éns, (13
C. Optimum feedforward control inputs whereé,s is thenth modal component of thsth error sen-

. sor. Again, the modal error components are related to the
_Equation(1) represents the steady-state or frequency dogp,y jca| implementation of the sensors and they dictate the
main structural response dge Fo an external d'swrbanc%lativeobservabilityof the different modes
F(w). The response due to this disturbance can be controlle By differentiating Eq.(13) with respect to the real and

Ey applying N secondary control forcebl(w) where k imaginary part of the control inputd,(w) and setting them
=1,..N.. The response of the controlled system can be Xz, ,erq it can be shown that the set of the optimum control

pressed ds inputs is the solution of the following linear system of equa-
N tions
Wo(rg,w)= “(w)pn(ry), (9)
(1s )= 24 (@)t [Ted @) {U(@)}= ~F(w)}Tad @)}, 14
where, using the principle of superposition, thitn modal where vector{U,(w)} contains theN. control inputs, the
displacement of the controlled system is elements of matrif T.o(w)] are the transfer functions be-
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tween the control inputs and the error outputs and the ele-

ments of vectof Tyo(w)} contain the transfer functions be-
tween the disturbances and the error outputs.

Once the optimum feedforward control inputk (w)
are obtained from the solution of E¢L4) they are substi-

The fact that the response of the controlled system can
be obtained without the knowledge of the physical character-
istics of the transducers but from their effect on the different
modes brings out the opportunity of designing the control
system using a multi-level optimization approach. In multi-

tuted into Eq.(10) to compute the modal displacements of jeve| optimization a complex problem is broken into a set of
the controlled systeng;(w). Finally, the controlled modal gimpler problems that offers computational advantages. The

displacements can be substituted for the uncontrolled mod@ocess of decomposition consists of separating the optimi-
displacements in Eq) to yield the total radiated power of ,.tion process in an upper level problem, in which a global

the controlled system as

1% @) ={q%(@)}"[K(0){q%()}, (15
where{q% w)} is the vector of controlled modal displace-

cost function is minimized with respect to global design vari-
ables, and a set of lower level problems, in which a set of
local design variables are related to all the global design
variables or a subset of them. The upper level or modal do-

ments. In the same way, the total controlled radiated powemain optimization consists in finding the optimum unit

due to the contribution oNg frequencies is given as

Ng

H-?(w):;l ({a%(w)"[K(0) Ha%(w)})

Ne
=i§1 % w)). (16)

Equation(16) describes the acoustic response of a feed

forward controlled structure. This equation clearly shows the
advantage of evaluating the response as a combination 0
modal contributions, especially in terms of the computational

effort. This advantage is specially critical during the design
of the control system. This design procedure involves a sys-
tematic update of the physical characteristics of the transdud

ers(i.e., type, size, number, location, gtand the evaluation

modal control forces and modal error sensor components that
minimize the total radiated acoustic power. Therefore, at the
upper level optimization, the global cost function is the total
radiated acoustic power as presented in Bd) and the
global design variables are the modal quantitigsand&,,s.

Once the optimum modal parameters are obtained, a set of
lower level or physical domain optimization problems can be
solved in which the actuators and sensors that yield the op-
timum unit modal control forces,,, and modal error sensor
c]pmponentsgns are obtained. Therefore, the local design
Ivariables at the lower level are the physical parameters that
define the actuators and sensors, i.e., number, size, location,
etc., while the local cost functions are the sum of the squares
f the differences between the optimum modal quantities and

the “actual” modal parameters due to the implementation of

of the acoustic response for each configuration. This proceds Particular transducer. The outcome of this procedure is an
is continued until the desired attenuation is obtained. UsingPtimally designed control system.

Eq. (16), the evaluation of the acoustic response is just a

The main advantages of the proposed design approach

matter of simple algebraic manipulations once the element§an be listed as:

of matrices| K(w;)] are known.

Il. CONTROL SYSTEM DESIGN BY MULTI-LEVEL
OPTIMIZATION

As shown in Eq(16), the total radiated power from the
controlled system is a function of the forcdg(w) which in

turn are defined from the modal characteristics of the uncon-

trolled system, i.e.F(w)f,, andH,(w), and of the actuators
and sensors, i.eu,, and¢,s. The unit modal control forces
un, and modal error sensor componegts are directly re-

lated to the physical implementation of the actuators and
sensors, respectively. Therefore, the design of the control

system consists in finding the transducers that, when impl
mented, yield the proper unit modal control foraeg and
modal error sensor componerdts. The significance of the

unit modal control forces and the modal error sensor compo-
nents in the response of the controlled system is that they

represent the relativeontrollability and observabilityof the

(1) The design process is broken into the solution of two
simple problems. The modal domain or upper optimiza-
tion problem consists in the minimization of a continu-
ous function of the modal control parameters. On the
other hand, the physical domain or lower level formula-
tions consist in a set of much simpler problems that in-
volves matching the “actual” modal parameters of the
transducers as closely as possible to the “ideal” modal
parameters. The simplicity in the solution in this two-
level approach should be contrasted to the difficulty in
solving a straightforward optimization problem in which
the acoustic response is directly expressed in terms of
the physical characteristics of the transducers.

) Since the upper level is solved in the modal domain, the

formulation is applicable to the design of any complex

structure modeled using FEM/BEM codes or using ex-
perimental modal analysis data. The highest computa-
tional effort at this level is in computing the matrices

[K(w;)] using Eq.(7). The computation of these matri-

ces has to be carried out only once for each disturbance

modes by the control actuators and the error sensors, respec-
tively. Regardless of the type of actuators and sensors, the
unit modal control forces and the modal error sensor compot3)
nents play the role of weighting coefficients that can be nor-
malized betweent1.
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frequency during the design process.

Since the modal domain is universal for any type of
structure, a sensitivity analysis of the cost function and
the constraints can be developed in this stage. The use of
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analytical sensitivities instead of numerical approxima-strained optimization algorithm in conjunction with previ-
tions greatly improves the performance of optimizationously developed analytical sensitivity formulatichs.
algorithms®
(4) Since the response of the controlled system is com- ) _ L
pletely defined in the modal domain, the upper level for-B- LOWer level or physical domain optimization
mulation can be used to investigate and evaluate the per- Once the optimum modal parameters are obtained they
formance of different control system configurations. Atare used as goals to reach in a set of physical domain opti-
this level, the designer can decide with relative ease thenization problems. The purpose of the optimization prob-
required number of control inpufd, and error outputs lems at this level is to find the physical characteristics of the
Ny that are necessary to obtain a desired attenuation. desired actuators and sensors that when implemented in the
(5) Since the design of the transducers to be implemented ireal structure induce unit modal control forces and modal
the control system is carried out after solving simple setsrror sensor components as close as possible to the optimum
of optimization problems, different models of actuatorsvalues obtained from the upper level optimization. For the
and sensors can be easily investigated at the lower levalake of clarity, from now on the optimum modal parameters
without the need to recompute the response of the strumbtained in the upper level are denoted as “ideal” while the
ture. modal parameters of the physical transducers are denoted as
“actual.” The “actual” modal parameters are functions of
the physical design parameters of the transducers such as
The modal domain or upper level optimization problemtype, location, dimensions, etc. Hence, the first requirement
is posed as follows: at this level is to have mechanical models for the transducers
that relate the modal parameters to the physical design vari-
_ % w) ables. In addition, a single control inpl&rror output can be
Min R(Unk.énsd) = 7+ (178 implemented using multiple actuatofsensorswired in- or
IM(w) . .
out-of-phase. Therefore, the cost functions at this level are a
such that measure of the difference between the “ideal” and “actual”
modal parameters while the design variables are the physical
[U(Unk, €ns» @) - Unil? characteristics of the implementation of the transdudees

gcm(unkygns):nzl F (@)1, ]2 <Am, size, location, relative phases, &tc.

A. Upper level or modal domain optimization

N

1. Opti tuator desi
i—1,.Ne m=NxN: (17b ptimum actuator design

\ The set of lower level or physical domain optimization
N ) problems to obtain the optimum physical design parameters
gk(unk):nzl =1, k=1,..Nc (179 {a} for the control actuators can be expressed in formal op-
timization notation as

N
Oi(énd =2, £h=1, s=1..N;. (17d) N .

=t min C({a}) = 2, [un— Vn{ah|?, (18)

The optimization problem stated in E¢L7) seeks to =t

minimize the ratioR(u,,&,e) Of the total radiated power of where the cost functio@,({a}) represents a measure of the
the controlled systenhl$(w) to the total radiated power of error between the “ideal” optimum unit modal control
the uncontrolled systerfl(w). The inequality constraints forcesup, and the “actual” unit modal control forces given
in Eqg. (17b impose restrictions on the effort, through the by the function¥,,,({a}) for thekth control input. Then, the
penalty parametex,,. By setting the penalty parametef,  nth component of the “actual” unit modal control force
to less than one, E@17b) implies that the modulus square of ¥, ({a}) driven by thekth control signal is obtained by
each one of the modal control forcésl,(w;)u,d? will be including the contributions of all thath unit modal forces
in a weighted average sense less than the modulus squarembduced by each one of tié, actuators as
the modal disturbancel (w;)f,|2. Therefore, by satisfying
these constraints the control force applied to each mode will NA
be less than the modal force due to the disturbance. There is Vn({al)=>, ¥, ({a}), (19
an inequality constraint of this type for each one of the =t
control inputs at each one of tid: frequencies. It is impor- whereW ;({a};) is the mechanical model that defines tith
tant to mention that the constraints in the control effort Eq.unit modal force produced by théh actuator and vectda};
(17b) could also be implemented as a penalty in the costontains the design variables for thé actuator.
function. Finally, the equality constraints in Eq$7¢), (17d)
imply a normalization of the design variables since the only ) )
relevant information is their relative values, which definesz' Optimum sensor design
the relativecontrollability and observabilityof the modes, Similarly, the set of lower level or physical domain op-
respectively. This continuous optimization problem in thetimization problems to obtain the optimum physical design
upper level or modal domain can be solved by any conparameters for the error sensors can be expressed as
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TABLE I. Modal properties of simply supported plate and modal control components.

Mode Nat. freq. “ldeal” “Ideal” “Actual” “Actual”
(nxrny) Hz fn Upy fnl Upy fnl

1, 85.9 1.370 —-0.070 0.161 0.144 0.380
2, 184.9 —-1.100 —-0.166 —0.235 -0.290 —0.069
1,2 244.8 0.570 0.005 0.359 —-0.022 —0.146
2,2 343.8 —0.460 —0.002 -0.102 0.050 -0.274
3,1 349.9 —0.480 —0.002 0.186 —0.048 0.096
3,2 508.5 —0.200 0.001 0.094 —0.053 —0.295
1,39 509.5 —-1.130 —-0.154 —0.143 -0.122 -0.124
(4,2 581.0 1.490 0.963 —0.460 0.927 0.451
2,3 608.5 0.910 0.127 0.455 0.130 0.500
(4,2 739.8 0.620 0.002 0.534 —0.036 —-0.218
3,3 773.5 0.400 0.001 -0.110 0.030 0.380

N . =0.24 m,y;=0.13 m. The case of multiple frequency exci-
min Cs({b})= 2 |éns— Qns({b})[2, (20)  tations has already been studizdnd will be reported in a
=t future publication.
whereCq is the cost function relating the difference between
the optimum modal error sensor componegts and the
“actual” modal error sensor components given @y({b}) A Uncontrolled system response
connected to theth error channel. Similar to the case of the For the case of a simply supported plate, the natural
unit modal control forces, thath component of the “ac- frequency and mass normalized mode shape, identified by
tual” modal error sensor component due to tsth error  their modal indices rfy ,n ,), are easily computetf. In the
signal Q,¢({b}) can be obtained by including the contribu- present case, it is assumed a modal damping ratio ofi 2%
tions of all thenth modal error sensor components due tog,=0.01) for all the modes. A total of 11 moddse., N

each one of th&g error sensors as =11) are considered in the analysis. The natural frequencies
Ng and unit modal disturbance forck,, are summarized in the
Qns({b}): 2 Qn;({b}) (21) second and third column in Table I. From the values of the
j=

natural frequencies, it can be seen that the disturbance exci-
tation is off-resonance between tfig3) and the(4,1) modes.

In addition, the values of the unit modal disturbances indi-
cate that the disturbance couples well with modégl),
(1,1, (1,3, and (1,2 while is less effective in driving, for
example, mode$3,2) and(3,3).

where(,,;({b};) is thenth modal error sensor component of
the jth error sensor and vectéb}; contains the design vari-
ables for thejth sensor.

Equations(18) and(21), solved for each one of thid,

control andNg error channels, define completely the set of Similarly. the far-field " due to tie
lower level or physical domain optimization problems. As imriarly, the tar-lield acoustic response due to

can be seen, once the optimum modal parameters are cf—pde of a bfaffled simply suppo.rted plate can -alsg be ob-
tained in the upper level optimization different actuators an ained analytically from the solution of the Raleigh integral
sensor models can be investigated with a minimum compu-

tational effort. Pa(r,6,y,o)

2 LyLy [ 4 (—1)™e I1—1
P2mma, VophLl, | (r/nm?-1

. . . . (—LMmeJr—1|
This section illustrates the implementation of the pro- x(—z)e Ikr
posed multi-level optimization design approach for the de- (r2/nym)"=1

sign of an optimum control system for a baffled simply sup-where k=w/c; 7,=KL,sinfcosy and 7,=kL,
ported plate. Since both the structural and acoustic responsessin 6 sin y; and 6 and y are the angles defining the far-field
of a simply supported plate can be obtained analytically, thelirection.

study of this structure is ideal as a benchmark for more com-  Using Eq.(22), the contribution due to the modes, both
plex systems. The plate is made of steel with a modulus oflirect and cross terms, to the total radiated power at 550 Hz
elasticity E=2x10"'N/m?, mass density p;=7800 including the dynamics of the system can be presented
Ns’m* and Poisson’s ratie=0.28. The dimensions of the graphically. To this end, each one of the elements in the
plate areL,=0.38 m, L,=0.30 m, and thickness=0.002  double summation in EqZ7) is shown in Fig. 1. The results
m. The plate is assumed to be vibrating in air with a densityare presented in decibels (dB ref10 W) where the
p=1.21 kg/nt and phase speeax 343 m/s. The disturbance negative contributiongi.e., light shaded columnsare in-

is assumed to be a point force with amplituBéw)=1N cluded in the figure as the dB of the absolute value. This
and frequencyy=3454 rad/di.e., 550 Hz and located ax; figure shows that modet,1) is the highest contributor to the

IIl. NUMERICAL RESULTS

(22
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FIG. 2. Reductions in total radiated power.

FIG. 1. Modal contributions to total radiated power. Total radiated power: . . . .
101.8 dB. design process since the designer can decide at a very early

stage how many control channels are needed and what rela-
tive expensémodal control effortis required to accomplish

total radiated power in spite of having low radiation effi- desired att tion. Si th i d
ciency. This is due to the fact that the force strongly drives® J€sired attenuation. since the acoustic respivefere an

this mode. These results demonstrate the significant effeé’ltfter contro) !S expr_essed in terms of modal parameters, the
that the disturbance plays in the modal contributions to theame reducpons .W'” be e>§pected for any type of actuator/
total radiated power, in particular for spectrally white inputs.Sensor configuration that yields the same unit modal co_ntrol
On the other hand, the effect of the radiation efficiency Car{orces aqd 'modal error sensor components as the optimum
be observed in the fact that even though the excitation fre2Nes: This is one .of.the main advantages of the prese'nt.ap-
quency is far away from the resonance of thel) mode the proach versus optimizing directly the physical characteristics

power due to this mode is only about 6 dB below the powe|Qf thle tra;sdtuc_ers. tinate in detail th " Its. th
produced by modé4,1). Thus this shows that both the dy- n order to Investigate in detail the optimum resufts, the

namics and the radiation properties of the modes are imp0|Malues for the optimum modal parameters for the 1110 con-

tant in the modal breakdown of the total acoustic power. f!guranon with aA=1.0 are also prgsented in the fourth and
fifth columns of Table I. As shown in the table, the optimum

unit modal control forcesy,,, suggest that most of the con-
trol effort should be dedicated to modé,1) with signifi-
1. Modal domain design cantly less effort into mode&2,1), (1,3), (2,3, and (1,1).
The goal in the upper level or modal domain optimiza- This behavior is explained by plotting the modal contribu-
tion is to find the optimum values of the unit modal control tions to the controlled total radiated power. This is shown in
forces and modal error sensor components that minimize theig. 3. Comparison of this figure and Fig. 1 shows that the
total radiated power of the controlled systdb§(w) in the =~ mechanism of control is by mainly reducing the contribution
presence of designer selected constraints in the modal cofue to mode(4,1). As shown in Fig. 1, modé4,1) is the
trol effort. In the present example, this optimization problem
has been solved using the Goal Attainment Methb8ix
different control configurations were studied: 1110, 1120,
1130, 2120, 2130, and 3130 where “I” and “O” denote
control and error channels, respectively. The acoustic power
reduction for each of the six control configurations as a func-
tion of the penalty in the control effort are shown in Fig. 2.
Each one of the configurations in the figure represents a set
of optimum unit modal control forcesi,,, and optimum
modal error sensor componerds;. It can be observed that
for a particular number of control channels, there is no in-
crease in the reduction in the total radiated power by increas-
ing the number of error outputs. For that reason, the curves
for configurations with identical number of control inputs are
overlapped in the figurée.g., curves 1110, 1120, and 1130
As can be seen in the figure, the reduction in the total radi-
ated power can be accomplished by relaxing the constraint in
the control effort and/or increasing the number of controlgig, 3. modal contributions to controlled power using the 1110 configura-
channels. The results in Fig. 2 are very useful during theion and\=1.0. Total radiated power: 91.8 dB.

B. Control system design: Results and discussion

(), dB
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FIG. 4. Performance of optimum actuator configuratimsing “ideal” sensoy.

highest contributor to the uncontrolled sound field and thererect complex amplitudes for the control inputs and not in
fore it is trivial that this mode has to be highly controlled asobserving a particular mode due to its radiation characteris-
implied in Table I. On the other hand, moddsl) and(1,3)  tics. This also explains why there is no improvement in the
are virtually left unaffected by the control system as indi-reduction in the radiated power by simply increasing the
cated by the low values of the unit modal control forces fornumber of error signals. Having more error signals will only
these modes in Table I. This is because in the uncontrolledrovide different means to satisfy the required control effort
system the direct power radiated by these modes is cancelednstraints.
by their negative cross-radiation terms as shown in Fig. 1. At this point, the major aspects of the modal domain
On the other hand, Fig. 1 also shows that mo@&%) and optimization results have been covered. In a typical imple-
(2,3 do not have a significant direct term contribution to thementation of the proposed design approach, the designer in-
total power. However, these modes couple acoustically wittvestigates at the modal domain level many configurations, as
the (4,1) mode as shown by the important positive crossshown in Fig. 2, and selects the one that best fits the particu-
terms in the same figure. Thus the control system attenuatdar situation (i.e., attenuation, number of control channels,
the (2,1) and(2,3) modes to reduce these cross terms. control effort, etc. Then, the optimum unit modal control
The previous results show that the optimization proces$orces and modal error sensor components of the selected
is successful in identifying only those modes that had to beonfiguration are used in the physical domain level to design
controlled to reduce the total radiated power. On the othethe physical characteristics of the actuators and sensors.
hand, the optimum modal error sensor components in Table |
do not seem to observe the more important modes in the total
radiated power, where the highest value of the modal error
cpmponents is for modet,2) Which is barely excited by_ th_e 2. Physical domain design
disturbance and do not contribute at all to the acoustic field.
This is explained by looking once more at the form of Eq. The first step in the lower level or physical domain de-
(10). If the values of the control inputd,(w) are fixed in  sign is the selection of the type of transducers to be used.
this equation, as is the case when the modal control efforOne of the advantages of the present design approach is that
constraints are active, the only control parameters thadlifferent models of actuators and sensors can be investigated
change from mode to mode are the unit modal control forcesith a low computational effort. In the present work, the
unk- Therefore, the selection of the correct unit modal con-design formulation is demonstrated only for one type of ac-
trol forces has a direct impact on the total radiated acoustituator and one type of sensor. The control actuators will be
power. On the other hand, the relevance of the optimunPZT patches while the error sensors are assumed to be ac-
modal error sensor components stands in providing the corcelerometers.
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a. Optimum actuator designA mechanical model for As implied in Eq. (23), the actuator design variables
the PZT elements that relates the physical to the modal pdi.e., the elements dfa}; in Eq.(18)] are the central location
rameters is required. As shown in the literature, if two PZT(x.;,y.;), the dimensionsl(;,l), and the relative phade,
patches are symmetrically bonded to both sides of the struder theith PZT pair. In the present example, up to three PZT
ture and wired out-of-phase, their effect can be approximategairs (i.e., No=1, 2 or 3 were considered in the design
as line moments applied to the middle surface of the strucformulation. A genetic algorithfi (GA) was used to solve
ture along the edges of the patctén the present example, this problem. Ten different GA analyses were carried out for
this configuration(i.e., a PZT pair wired out-of-phasés  each one of the PZT configurations. The best solution from
denoted as a single actuator. For the case of a simply sugach analysis was selected that yielded a final set of thirty
ported plate, the line moments along the edges oftth®ZT  possible control implementations.
actuator will yield annth unit modal force in the form of The performance of these thirty control configurations is
W (Xt Vel 1o PY) summarized in Fig. 4. The “act.ual” modal error sensor com-

nizelrJeh Xty T ponents are not known at this stage, therefore the results

2 §n shown in this figure are obtained out using the “ideal” val-
=PiCo 7 (Cosken(Xci ~Ixi)) ues of the modal error componeris; given in Table I. In
xmn this figure, the horizontal axis represents the 30 control con-
— o Kyn(Xcit1xi))) (cosKyn(Yei—lyi) figurations, e.g., the first ten are the best solutions for each

one of the GA analyses with a single actuator and so forth.
~coskyn(Yeitlyi)), 23 The columns represent the power reduction achieved for
where P,==*1 is the relative phase between actuators; theéach configuration. For comparison purposes, the solid hori-
constaniCy is a function of the thickness and material prop-zontal line represents the predicted power attenuation from
erties of the plate and the PZT elemerks;,=n, /L, and the modal domain optimizatiofi.e., All(w)=9.9 dB]. The
kyn=nym/Ly; and K ,Yei) and (;.ly;) are the coordinates control effort constraint given in Eq17b) is also plotted

of the central location and dimensions of tith PZT pair, (dotted ling to illustrate the performance of the actuator con-
respectively. Using this configuration for the unit modal con-figurations. The limit of this constrairt.e., A\=1.0) is indi-

trol forces, the optimum control inputd,(w) will be the cated by the horizontal dotted line. Thus any value higher
voltages to be applied to the actuators. The properties of thénat 1.0 indicates that the constraint is violated.

PZT patches used in this example are: piezoelectric strain The results in Fig. 4 show that good attenuation in the
coefficientds;=171x 10 ¥ m/V, Poisson’s ratiw,=0.31, total radiated power is obtained even when using a single
Young’s modulusE,=6.1x10'° N/m? and thicknessh,  PZT. The fifth case gives an increase in the polier, clear
=0.0002 m. Finally, Eq(23) is used to obtain thath unit  column implies negative reductipbut since there are many
modal force due tdN, actuators driven in- or out-of-phase other alternate solutions, the designer just needs to discard
by the control input. that one. The good performance of the single PZT is at the
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FIG. 7. Modal contributions to controlled power using the 1110 “actual”
expense of a significant violation in the control effort pen-configuration. Total radiated power: 91.1 dB.
alty. On the other hand, the control effort is reduceel, the
value of the constraint approaches the “ideal” value of)1.0 3. Optimum actuator/sensor configuration
as the number of PZT pat_ch_es is increased. This is because as p schematic of the selected actuator/sensor configura-
tr_le number of actuator_s is increased the mat_ch between ﬂf%n [ie., 2-PZT9) and 3-ACQ9) in Figs. 10 and 1lis
“ideal” and “actual” unit modal control forces is better and  shown in Fig. 6. The “actual” modal control and modal

the control spillover to undesired modes is reduced. grror sensor components are again presented in Table I. As
From the 30 available solutions, the ninth configuration g pe seen, the “actual” unit modal control forces show a

when using two PZTs is selected to be implemented in thi§,ery good agreement to the “ideal” values. The most sig-
example. In this configuration both actuators are driven inyificant discrepancy between the “actual” and “ideal” val-
phase which yields a reduction of 9.9 dB in the total radiateq,qq is the change in phase in the first component. On the
power and a small violation in the control effort limit of 1.5. oiher hand, when compared to the “ideal” values, the “ac-

b. Optimum sensor designThe mechanical model of 51" modal error parameters show some differences in
accelerometer sensors is simply given as the value of they s of the relativebservabilityof the modes and phases.
mode shape at the sensor location. The design variables jfom the results in the previous section, these differences do
this optimization problenii.e., the elements ofb} in Eq. ot seem to affect the performance of the control system.
(20)] are the coordinates of the sensops;(ys) for j  once the actuators and sensors are designed, the perfor-

=1,...Ng. The physical domain optimization problem to de- nance of the complete “actual” system is then compared to
sign the sensors is again exactly in the same form as the cagg, performance of the “ideal” one obtained in the modal
of the actuator design using the GA. Results are obtained fQ§ymain optimization.

sensing configurations consisting of one, two, and three ac-  Tp¢ magnitude of the control input using the selected

celerometersi.e., Ne=1,...,3. The performance of the best «4cqa1" configuration is 19.1 V. This configuration yields a
solutions of ten GA analyses is again evaluated in the samg5| reduction in the radiated power of 10.7 dB that is very
way as for the case of the actuators. Figure 5 shows thgoge 1o the “ideal” attenuation predicted in the modal do-
power reduction and control effort constraint for the 30 SenSiain of 9.9 dB. The modal contributions to the total radiated
ing configurations. To obtain these results, the “ideal” unit power when implementing the “actual” control system are
modal control forces found in the modal domain optimiza-ghown in Fig. 7. This figure can be compared to the “ideal”
tion are usedsee Table )l The results in the third figure oqyctions previously shown in Fig. 3. As can be seen, both
show that using only one sens@e., minimizing the error at e its are very similar. Note that the selected actuators/
only one locatioh does not yield enough amplitude to the gensor configuration is only one of the 900 available combi-
control inputU,(w) to induce a significant attenuation in the \4iions. In practice, the designer could check the perfor-
total radiated power. The attenuation for this case is about f4nces  of several configurations. Here, only one
dB. It can also be observed that the control effort CO”StrainEonfiguration was investigated to illustrate the method.

is not activeli.e., g5(un, &) =0.5<1.0]. As can be seen, as
the number of sensors is increased there is an inceatee
average in the reduction of the total radiated power. On the
other hand, the modal control effort is very low with one A new approach for the optimum design of actuators and
sensor and also increases with the number of sensors. Basedor sensors to be implemented in ASAC applications has
on these results the ninth configuration with three accelerombeen developed. The formulation is based in a multi-level
eters is selected. This configuratiin conjunction with the  optimization procedure. The upper level is defined in the
“ideal” control forces) yields a power reduction of 11.0 dB modal domain and solves for the optimum relatoantrol-

and again a small control effort violatidie., g5(un,&q) lability and observabilityof the modes that the control sys-
=1.2>1.0]. tem should implement in order to minimize the total radiated

IV. CONCLUSIONS
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