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Active Control of Sound Fields from Plates in Flow
by Piezoelectric Sensor/Actuator

Seung Jo Kim¤ and Kyung Yeol Song†

Seoul National University, Seoul 151-742, Republic of Korea

The objective is to control the sound � elds induced by vibrating structures in � ow by piezoelectric sensors
and actuators. When thin structures such as plates are vibrating in a � ow, the � uid loading effects lead to some
important changes in the acoustic � eld and the structural vibration and cannot be neglected. The vibration of
plate structures and the sound � elds are analyzed using the � nite element and the boundary element methods. It
is found that some speci� c modes radiate sound very well compared with the other modes. Because the number
of modes that can be controlled simultaneously is limited, the selection of controlled modes is prerequisite. For
structural acoustic control, the well-radiating modes, namely, the modes contributing most to far-� eld sound
radiation, should be selected as the controlled modes. Radiation ef� ciency is used as a reference for the selection of
controlled modes. The optimalplacementof the piezoceramic material (lead zirconate titanate; PZT) actuators and
the optimal electrode shape of polyvinylidene � uoride sensors are determined by a genetic algorithm to minimize
the well-radiating modes and to avoid the observation and control spillover. A linear quadraticGaussian controller
is designed to estimate the controlled modes from sensor output and to minimize the performance index. The result
shows that global noise reduction can be realized by using the method.

Nomenclature
A = surface area of plate
Ac = control matrix of controlled modes
Bc = input matrix of controlled modes
C = speed of sound of a mean � ow
Cc = output matrix of controlled modes
Cu = output matrix of uncontrolledmodes
Dc = diagf2³i !i g; here the i th mode is controlled
Fd = force vector of disturbance
Fp = force vector of � uid loading
G = Green’s function for subsonic � ow
K = stiffness matrix of plate
Kc = linear quadratic regulator controller gain
K f = Kalman � lter gain
M = Mach number of a mean � ow
M = mass matrix of plate
Pa = actuator force vector
Ps = sensing force vector of polyvinylidene� uoride

elements
p = acoustic pressure vector
S = sensor electrode shape vector
U = mean � ow speed
Uc = controller input
u; v; w = displacements along x , y, and z axes, respectively
u = global displacementsvector
Va = voltage applied to the actuator
vn = normal velocity vector
hvni2 = space-averagedvalue of square vibration velocity
xc = controlled state variable vector
Oxc = estimated state vector
y; yc = output of sensors and of controlled modes
P® = time derivative of ®
R® = second time derivative of ®
®¤ = complex conjugate of ®
³i = viscous damping ratio of i th mode
´ = modal coordinate vector
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´c = controlled modal coordinate vector
´u = uncontrolledmodal coordinate vector
K = eigenvalue matrix
K c = eigenvalue matrix of controlled mode
K u = eigenvalue matrix of uncontrolledmode
5 = radiated sound power
½ = density of a mean � ow
¾ = radiation ef� ciency
U = modal matrix
U c = modal matrix of controlled modes
U u = modal matrix of uncontrolledmodes
’ = potential function
’x ’y = rotational angle along x and y axes, respectively

I. Introduction

S OUND radiation and transmission from vibrating structures is
an important problem for engineering applications, e.g., the

reduction of noise transmission into an aircraft cabin. Considerable
effort has been devoted to active control techniques to reduce low-
frequency sound radiated from vibrating structures because passive
control techniques are likely to increase the weight of structures
and are not effective at low frequencies.For structurally radiated or
transmittednoise, the sound � eld is directly coupledto the structural
motion. Therefore, it is ef� cient to directly apply the control inputs
to the vibrating structure to suppress the radiated sound � elds.1

As the speed of aircraft is increased, the effect of � ow on the
acoustic � eld and structural vibration becomes more important and
cannot be neglected.2 When thin structures, such as plates or shells,
are vibrating in a � ow, � uid loading effects cannot be neglected and
lead to changes in the acoustic � eld and structural vibrations com-
pared with conditions without � ow as follows: � rst, by the reduc-
tion in natural frequencies2 and second, by the increase in radiation
ef� ciency. On the other hand, the structural mode shapes remain
almost unchanged when the � uid is not bounded by the structure.3

Therefore, a speci� c control strategy is needed to reduce noise from
structures in a � ow.

Piezoelectric materials, such as lead zirconate titanate (PZT)
and polyvinylidene� uoride (PVDF), are being widely used as dis-
tributed sensors and actuators in control applications, especially in
the � eldsof structuralvibrationcontroland activestructuralacoustic
control. PVDF has desirable properties such as � exibility, softness,
responsiveness, and light weight. PVDF also has relatively easy
electrodepattern shaping in addition to � exibility.Studies of PVDF
have mainly been concerned with sensor design. Compared with
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PVDF, PZT requires a large actuating force, and attention must be
given to positioningand sizingPZT. Therefore, therehas beenmuch
research on the use of PVDF and PZT as a sensor and an actuator,
respectively.

A new approach is suggested for the design of piezoelectricsen-
sors and actuatorsto controlsound� elds inducedby vibratingplates
in � ow. The vibration of the plate structure by a piezoelectric ma-
terial and the sound radiation from the plate are analyzed using the
coupled� niteelementmethod (FEM)andboundaryelementmethod
(BEM). It is found that some speci� c modes are very effective radi-
ators comparedwith the othermodes. Because the numberof modes
that can be controlledsimultaneouslyis limited, the selectionof con-
trolled modes is critical. For vibration control, lower modes should
be suppressedin consecutiveorder, e.g., � rst to third modes. On the
other hand, for structuralacoustic control, the well-radiatingmodes
(the modes contributing to the far-� eld sound radiation) should be
controlled modes, e.g., � rst, fourth, and seventh modes. Radiation
ef� ciencyis used as a referencefor the selectionof controlledmodes.
Optimal electrodeshape of the PVDF sensorand optimalplacement
of the PZT actuators are determined to control these well-radiating
modes by using a genetic algorithm. A linear quadratic Gaussian
(LQG) control law has been applied to the integrated structure.Nu-
merical analysis is carried out for the sound � elds from a simply
supportedplate structure. Piezoelectric sensor and actuators are de-
signed to control these sound � elds.

II. Formulation of the System Equation
Finite Element Analysis of Plate Structure

Figure 1 shows a schematic view of the structure considered.
The host structure and the piezoelectric sensor and actuators are
vibrating under the excitation of the disturbance. On one side of
the plate, the � uid moves at a mean velocity U . This � uid affects
the response of the plate. Because of the disturbances, the plate
radiates the acoustic power toward the other side. The design of
piezoelectric sensor and actuator to minimize this acoustic power
is the objective of the present study. The FEM is used to model the
plate structurewith the piezoelectricsensorand actuator.Nine-node
Reissner–Mindlinplate elementshavebeenused.Each nodehas � ve
degrees of freedom (u; ’x ; v; ’y ; and w), as shown in Fig. 2. The
structure is described as follows:

M Ru C Ku D PaVa C Fd C Fp .1/

where M and K are global mass and stiffnessmatrices, respectively,
Pa is the actuation force vector of the piezoelectric actuator, Fd is
the disturbance,Fp is the � uid loading vector by the � uid pressure,
and u is the nodal displacement.

Fig. 1 Integrated plate structure supported on an in� nite baf� e.

Fig. 2 Degrees of freedom at
a node.

Equation (1) is transformed by using the following modal coor-
dinate transformation:

u D U ´ .2/

Assuming that eigenvectors are normalized as follows:

U T M U D I; U T K U D K .3/

the transformed modal coordinate equation can be written as

Ŕ C K ´ D U T Pa Va C U T .Fd C Fp/ .4/

In Eq. (4), 3 is the matrix composed of the eigenvalues of Eq. (1),
and U T Pa is de� ned as themodalcontrolforceperunitvoltageand is
used in the objectivefunctionfor the designof sensorsand actuators.
According to the reciprocal relationship between the piezoelectric
sensorand actuator,4 the chargeinducedin thepiezoelectricsensoris

q D PT
a u ´ PT

s u .5/

where subscript s is the sensor.

Equation of the Acoustic System
The acoustic pressure in the acoustic domain induced by the vi-

brating plate in the baf� e can be facilitatedby introducingpotential
function ’, which satis� es the following equation5:

r2 ¡ 1
C2

¡ i! C U
@

@x

2

’.x; y; z; !/ D 0 .6/

subject to the boundary conditions

@’

@z
D ¡ i! C U

@

@x
w.x; y; !/; x 2 A

0; otherwise
.7/

The potential function can be obtained by introducing Green’s
function5

’.x; y; z; !/ D
A

G.x; y; z j x 0; y0; 0/ ¡i! C U
@

@x 0

£ w.x 0; y0; !/ dx 0 dy0 (8)

The quantity G in Eq. (8) is Green’s function for a subsonic � ow,
which is given by5

G.x; y; z j x 0; y 0; 0/ D ¡
eik R1

2¼.1 ¡ M 2/
1
2 R2

.9/

where R1 and R2 are de� ned as follows:

R1 D 1

1 ¡ M 2
.x ¡ x 0/2 C .y ¡ y0/2

R2 D
.x ¡ x 0/M C .x ¡ x 0/2 C .1 ¡ M 2/.y ¡ y 0/2

1 ¡ M 2
(10)

The radiated acoustic pressure in the frequencydomain can now be
written as5

p.x; y; z; !/ D ¡½ ¡ i! C U
@

@x
’.x; y; z; !/ .11/

where ½ is the � uid density and p is the acoustic pressure in the
frequency domain. Equation (11) becomes the Helmholz equation
when the mean � ow U is zero.

When Eq. (11) is discretized with Eq. (7), using the boundary
element method, we obtain the matrix equation as

p D Gvn .12/

where p and vn are the vectors containing the acoustic pressure
and the normal velocity at nodal points, respectively. A four-node
quadrilateralelement is used for the discretization.The transforma-
tion method, which divides the quadrilateral element domain into
two triangular domains, is used for the singular integration in the
diagonal term of the matrix G (Ref. 6).
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Sound Power and Radiation Ef� ciency
For global minimization of sound � elds induced by vibrating

plates, sound power and radiation ef� ciency are used as a measure
of the effectiveness of sound radiation. Radiated sound power is
de� ned as the integration of the sound intensity over the surface of
the vibrating plate7:

5 D 1
2 A

Re p¤vn dA .13/

Radiation ef� ciency is de� ned as the ratio of the average acoustic
power radiated per unit area of a vibrating surface to the average
acoustic power radiated per unit area of a piston that is vibrating
with the same average mean square velocity3:

¾ D 5

50
D 5

1
2 ½0C A v2

n

.14/

Radiation ef� ciency is used as a reference for the selection of con-
trolled modes.

III. Design of Sensor, Actuator, and LQG Controller
Selection for Controlled Modes

It is well known that the best way to suppress sound � elds in-
duced by vibratingstructures is to suppressall of their modes.How-
ever, the selection for controlled modes is prerequisite because the
number of modes that can be controlled simultaneously is limited.
Also, for structural acoustic control, the objective is not necessar-
ily to control all of the modes on the plate but to control the well-
radiatingmodes, or thosemodes contributingmost to far-� eld sound
radiation.8 Therefore, in structural acoustic control, well-radiating
modes should be selected for the controlled modes. Radiation ef� -
ciency is used as a reference when selecting controlled modes.

Sensor Design
In most investigationsof the control of sound� elds, microphones

are used as sensors in the control approaches.9 – 11 However, the
use of a pressure sensor, such as a microphone, is excluded here
because it is impractical to use a microphone located in the far � eld,
for example, to reduce the cabin noise of aircraft. Also, for the
developmentof an intelligent structure, sensors as well as actuators
must be an integralpartof the structure.This is the reason thatPVDF
polymer is used as a sensor.

PVDF has good � exibility, softness, and responsiveness, which
enhance its use as a sensor for an intelligent structure. Also, PVDF
has the advantage of the relative ease of electrode pattern shaping,
in addition to � exibilityand light weight. Past studies of PVDF have
mainly considered sensor design. For ef� cient design of piezoelec-
tric sensors in this research,PVDF is segmentedinto some electrode
elements. Some parts of these electrode segments are removed to
maximize the observability of controlled modes and to minimize
the observation spillover of residual modes.12 Figure 3 shows four
electrode segments in one plate element as used in the study. The
sensing force of a PVDF element in Fig. 3 is

Ps D
i

S.i/P.i/
s D 1 £ P.1/

s C P.2/
s C P.4/

s C 0 £ P.3/
s .15/

where

S.i/ D
1; if the electrode segment is on

0; if the electrode segment is off

The S vector in Eq. (15) determines the electrode shape pattern of
the PVDF sensor and is used as the present design variable. The

Fig. 3 Nine-point plate element with four electrode segments.

electrode in the segment selected to be off is removed by chemical
etching. The performance index to be maximized is

maximize:
min U T

c Ps

max U T
u Ps

.16/

where U T
c Ps and U T

u Ps are themodal forcesfor the controlledmodes
and for the uncontrolledmodes, respectively.This performance in-
dex is introduced to maximize the minimum of the modal forces for
the controlled modes and to minimize the maximum of the modal
forces for the uncontrolledmodes.

Actuator Design
To suppress vibration and acoustic radiation of plates in � ow,

a powerful actuating force is necessary, and PZT satis� es this re-
quirement. In the design of actuators,the optimal placementof PZT
actuators is calculated to maximize the actuating force for the well-
radiating modes and to minimize the control spillover, when the
number and the size of PZT actuators are given. The boundary of
the PZT is assumed to be the same as that of the elements in the
study. When an element is covered with PZT actuators, that ele-
ment turns on. When an element is not covered with PZT actuators,
that element turns off. This assumption is introduced to facilitate
� nite element analysis of the plate structure including PZT actua-
tors. Because of its large mass and stiffness, the effect of PZT on
the structural property of the host structure cannot be neglected.
The on and off of each element is determined by using the genetic
algorithm. The performance index to be maximized is

maximize:
min U T

c Pa

max U T
u Pa

.17/

where U T
c Pa and U T

u Pa are themodal forcesfor thecontrolledmodes
and for the uncontrolledmodes, respectively.This performance in-
dex is introduced to maximize the minimum of the modal actuating
forces for the controlled modes and to minimize the maximum of
the modal actuating forces for the uncontrolledmodes.

Optimization Method: Genetic Algorithm
The geneticalgorithmis used as an optimizationmethodin the de-

sign of the piezoelectricsensor and actuator because this algorithm
does not require derivative information to get the next generation
and can be applied easily to the discontinuous problem, as in the
case of the present study.13 In the case of sensor design, the on and
off of electrode segments of each element are determined, whereas
in the case of actuator design, the on and off of each element are
determined.

Controller Design: LQG Controller
An LQG controller is designed to estimate the controlled modes

from the sensor output and to minimize the performance index. The
mean � ow speed is assumed to be less than the � utter speed. This
means that � utter suppression does not have to be considered. For
real-time control, it is necessary to limit the size of the controller.
We divide the modal vector ´ in Eq. (4) into the controlled modes
´c and the uncontrolledmodes ´u :

´ D
´c

´u

.18/

For structuralacoustic control, the controlledmodes mean the well-
radiating modes that should be suppressed. Then the state-space
form of the system, which consists of the controlled modes, can be
written as

Pxc D
Ṕ c

Ŕ c

D
0 I

¡ K c ¡Dc

´c

Ṕ c

C
0

U T
c Pa

Va

D Ac xc C BcUc (19)

y D PT
s U c PT

s U u 0 0

´c

´u

Ṕ c

Ṕ u

D Cc xc C Cuxu (20)
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where subscripts c and u are the controlled modes and the uncon-
trolled modes, respectively.The LQG controller,which is designed
to suppress the controlled modes, has the following form14:

POx D .Ac ¡ BcKc ¡ K f Cc/Oxc C K f y

Uc D Va D ¡Kc Oxc (21)

In Eq. (21), Oxc is the estimated state of xc .

IV. Numerical Example
Radiation Ef� ciencies of a Simply Supported
Aluminum Plate: Veri� cation

To verify the coupled FEM–BEM analysis, the radiationef� cien-
cies of a simply supported aluminum plate on an in� nite baf� e are
calculated at Mach number 0.4. The acoustic medium is air, whose
density is 1.21 kg/m3 and wave velocity is 343 m/s. The plate has
dimensions of 0:3 £ 0:2 £ 0:001 m. The material properties of alu-
minumareYoung’s modulus70GPa, Poisson’s ratio 0.3, anddensity
2700 kg/m3 . The results from the analyticalapproachby Chang and
Leehey15 are compared with present results in Fig. 4. Comparison
of the results in Fig. 4 shows good agreement.

Control of Sound Fields from a Simply Supported
Aluminum Plate in Flow

The acoustic radiation from a simply supported aluminum plate
on an in� nite baf� e and excited by disturbances is calculated at
Mach D 0:0–0.4 (Fig. 5). It is estimated that the mean � ow speed is
less than the � utter speed.The acousticmediumis air,whose density
is 1.21kg/m3 and wave velocityis 343 m/s. The plate hasdimensions
of 0:3 £ 0:2 £ 0:001 m. The material properties of aluminum are
Young’s modulus 70 GPa, Poisson’s ratio 0.3, and density 2700
kg/m3 . The material propertiesof PZT and PVDF are given in Table
1 (Refs. 16 and 17).

The forcing frequencyis assumed to be in the rangeof 0–600 Hz.
The disturbance may be due to engine noise, turbulent boundary
layer, etc. (Research on the disturbance is not the objective of the
present study.) Therefore, the disturbance is modeled by random
harmonic point forces exerted on each node of the plate. When the
plate is vibrating in a � ow, we can observe the reduction of the
natural frequencies from Fig. 5. To select controlled modes, the

Table 1 Material properties of PZT and PVDF16 ;17

Property PZT PVDF

E1, GPa 61.0 3.0
Density, kg/m3 7700 1780
Thickness, m 2:54 £ 10¡4 5:2 £ 10¡5

d31 (m/m)/(V/m) 1:71 £ 10¡10 2:3 £ 10¡11

d32 (m/m)/(V/m) 1:71 £ 10¡10 3:0 £ 10¡12

Fig. 4 Radiation ef� ciency of simply supported isotropic aluminum
plate at M = 0:4.

Table 2 Natural frequency and radiation
ef� ciency of simply supported aluminum plate

with piezoelectric material, M = 0:0a

Mode Frequency, Hz Radiation ef� ciency

1 .1; 1/ 81 1:375£ 10¡2

2 .2; 1/ 161 8:745£ 10¡4

3 (1, 2) 260 2:591£ 10¡3

4 .3; 1/ 294 1:630£ 10¡2

5 (2, 2) 346 3:537£ 10¡4

6 (3, 2) 478 2:397£ 10¡3

7 .4; 1/ 484 1:296£ 10¡2

8 .1; 3/ 569 4:644£ 10¡2

aBoldfaced values are well-radiating modes.

Fig. 5 Sound power of simply supported aluminum plate.

Fig.6 Well-radiatingmodeshapeof simplysupported aluminumplate.

radiation ef� ciencies of each mode are calculated in Table 2. It is
found that in the frequency range of 0–600 Hz the radiation ef� -
ciencies of the � rst, fourth, seventh, and eighth modes are much
larger than those of the second, third, � fth, and sixth modes, which
means that the � rst, fourth, seventh, and eighth modes (Fig. 6) ra-
diate sound very well compared with the second, third, � fth, and
sixth modes (Fig. 7). We also can observe this from Fig. 5, where
the sound power in the frequency range of 0–600 Hz is dominated
by the � rst, fourth, seventh, and eighth modes. This phenomenon
can be explained by the � rst (1, 1), fourth (3, 1), and eighth (1,
3) modes being the odd–odd modes, which are the well-radiating
modes, and the � fth mode (2, 2) being an even–even mode. The
others are the odd–even and even–odd modes: the second (2, 1),
third (1, 2), sixth (3, 2), and seventh (4, 1) modes. Unlike the sec-
ond, third, and sixth modes, the seventhmode is an ef� cient radiator
due to its high natural frequency. Therefore, if we design the sen-
sors and actuatorsto minimize the responseof well-radiatingmodes
(� rst, fourth, seventh, and eighth modes), considering the effect of
spillover on residual modes (second, third, � fth, and sixth modes),
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Table 3 Modal force per unit voltage of optimized sensor
for simply supported aluminum platea

Mode Modal force, N/V Mode Modal force, N/V

1 .1; 1/ 1:076£ 10¡3 5, (2, 2) 7:927£ 10¡13

2 (2, 1) 1:565£ 10¡5 6 (3, 2) 4:674£ 10¡12

3 (1, 2) ¡2:963£ 10¡13 7 .4; 1/ ¡9:365£ 10¡4

4 .3; 1/ ¡1:427£ 10¡3 8 .1; 3/ 1:829£ 10¡3

aBoldfaced values are well-radiating modes.

Fig. 7 Residual mode shape of simply supported aluminum plate.

Fig. 8 Optimal electrode shape of PVDF sensor on aluminum plate:
controlled modes, � rst, fourth, seventh, and eighth; and uncontrolled
modes, second, third, � fth, and sixth.

Fig. 9 Optimal placement of PZT actuators on aluminum plate: con-
trolled modes, � rst, fourth, seventh, and eighth; and uncontrolled
modes, second, third, � fth, and sixth.

we can achieveglobal noise reduction.The optimal electrodeshape
of the PVDF sensor and the optimal placement of PZT actuators
are given in Figs. 8 and 9, respectively. During the design of the
actuators, it is assumed that the size and the number of PZT actua-
tors are constant, and in Fig. 9 the number of actuators is four. The
genetic algorithm is used as an optimization method. Population in
a generation is set to 1000. Probabilities of crossover and mutation
are 0.9 and 0.01, respectively. Figure 10 shows the progress of the
best � tness and the average � tness with generation. Improvement
of the performance is obtained at the early stage. Modal forces of
the optimized PVDF sensor are listed in Table 3. The difference in
the modal force is observed between the controlled modes and the
residualmodes.The uncontrolledand controlledresponsesof sound
power at M D 0:0 and 0.4 are shown in Figs. 11 and 12, respectively.
It is clear that global noise reduction is realized using the described
method.

Table 4 Material properties
of carbon/epoxy

Carbon/epoxy
Property (HFG HT145/RS1222)

E1 , GPa 122.5
E2 , GPa 7.929
º12 0.329
G12, GPa 3.585
Density, kg/m3 1600
Thickness, mm 0.125

Fig. 10 Best and average � tness curve for sensor design.

Fig. 11 Uncontrolled and controlled sound power (M = 0:0) for alu-
minum plate.

Control of Sound Fields from a Simply Supported Carbon/Epoxy
Composite Plate in Flow

In this section, acoustic radiation from a simply supported com-
posite plate on an in� nite baf� e is considered (Fig. 13). The ex-
citation by disturbances is applied as in the aluminum case in the
preceding section. It is also estimated that the mean � ow speed is
less than the � utter speed.The acousticmediumis air, whose density
is 1.21 kg/m3 and wave velocity is 343 m/s. The composite plate
is made of carbon/epoxy composite, whose lamination sequence is
[03=453=¡453=903]s . The material properties of the carbon/epoxy
composite are summarized in Table 4. The dimensions of the com-
positeplate are 0:6 £ 0:4 £ 0:003 m. The material propertiesof PZT
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Table 5 Natural frequency and radiation
ef� ciency of simply supported composite
plate with piezoelectric material, M = 0:0a

Mode Frequency, Hz Radiation ef� ciency

1 .1; 1/ 55 2:532£ 10¡2

2 (2, 1) 134 6:491£ 10¡3

3 (1, 2) 150 4:531£ 10¡3

4 (2, 2) 227 1:707£ 10¡3

5 .3; 1/ 271 3:454£ 10¡2

6 .1; 3/ 312 5:060£ 10¡2

7 (3, 2) 353 8:270£ 10¡3

8 (2, 3) 394 2:671£ 10¡2

9 .4; 1/ 462 6:540£ 10¡2

aBoldfaced values are well-radiating modes.

Fig. 12 Uncontrolled and controlled sound power (M = 0:4) for alu-
minum plate.

Fig. 13 Sound power of simply supported composite plate.

and PVDF are given in Table 1 (Refs. 16 and 17). From Fig. 13, re-
ductionof the natural frequenciescan be observed as the mean � ow
speed increases.

To select the controlled modes, the radiation ef� ciencies of each
mode are calculated in Table 5. It is found that the radiation ef� -
ciencies of the � rst, � fth, sixth, and ninth modes are much higher
than those of the second, third, fourth, seventh, and eighth modes.

This means that the � rst, � fth, sixth, and ninth modes (Fig. 14)
radiate sound very well compared with the second, third, fourth,

Fig. 14 Well-radiating mode shape of simply supported composite
plate.

Fig. 15 Residual mode shape of simply supported composite plate.

Fig. 16 Optimal electrode shape of PVDF sensor on composite plate:
controlled modes, � rst, � fth, sixth, and ninth; and uncontrolled modes,
second, third, fourth, seventh, and eighth.

Fig. 17 Optimal placement of PZT actuators on composite plate: con-
trolled modes, � rst, � fth, sixth, and ninth; and uncontrolled modes,
second, third, fourth, seventh, and eighth.

seventh, and eighth modes (Fig. 15). This is different from the pre-
ceding case of an isotropicaluminumplate. We can observe that the
� rst (1, 1), � fth (3, 1), and sixth (1, 3) modes are odd–odd modes,
which are the well-radiatingmodes, and the fourth mode (2, 2) is an
even–evenmode.The second(2, 1), third (1,2), seventh(3, 2), eighth
(2, 3), and ninth (4, 1) modes are odd–even and even–odd modes.
Unlike the second, third, seventh,and eighth modes, the ninth mode
is selected as a controlled mode because it is an ef� cient radiator
due to its high natural frequency.To suppress the sound � elds, sen-
sors and actuators should be designed to control the well-radiating
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Table 6 Modal force per unit voltage of optimized sensor
for simply supported carbon/epoxy composite platea

Mode Modal force, N/V Mode Modal force, N/V

1 .1; 1/ 1:083 £ 10¡3 5 .3; 1/ ¡1:273£ 10¡3

2 (2, 1) 3:817 £ 10¡7 6 .1; 3/ ¡1:382£ 10¡3

3 (1, 2) 1:321 £ 10¡6 7 (3, 2) ¡9:533£ 10¡7

4 (2, 2) ¡1:071 £ 10¡7 8 (2, 3) 8:323£ 10¡7

9 .4; 1/ ¡1:129£ 10¡3

aBoldfaced values are well-radiating modes.

Fig. 18 Uncontrolled and controlled sound power (M = 0:0) for com-
posite plate.

Fig. 19 Uncontrolled and controlled sound power (M = 0:4) for com-
posite plate.

modes (� rst, � fth, sixth, and ninth modes), considering the effect
of spillover on residual modes (second, third, fourth, seventh, and
eighthmodes). The optimal electrodeshape of the PVDF sensor and
the optimalplacementof PZT actuatorsare given in Figs. 16 and 17,
respectively.In the designof actuators,it is assumed that the size and
number of PZT actuators are constant, and in Fig. 17, the number
of actuators is four. The genetic algorithm is used as an optimiza-
tion method. Modal forces of the optimized PVDF sensor are listed
in Table 6. The difference in the modal force is observed between
the controlledmodes and the residualmodes. The uncontrolledand

controlled responses of sound power at M D 0:0 and 0.4 are shown
in Figs. 18 and 19, respectively.

V. Conclusions
A numerical investigationof the controlof the acoustic � eld from

a plate in � ow excited by disturbance is reported, considering the
presence of piezoelectric sensor/actuators. When thin structures,
such as plates or shells, are vibrating in � ow, the natural frequencies
are reduced compared with the case without � ow. Also, it is found
that some speci� c modes become very ef� cient radiators compared
with other modes. Therefore, a speci� c control strategy is required
for suppression of the global radiation � eld. The selection of con-
trolled modes is a prerequisite because the number of modes that
can be controlled simultaneously is limited. For structural acoustic
control, the well-radiating modes should be the controlled modes.
Radiation ef� ciency is used as a reference to select the controlled
modes.Piezoelectricmaterialispreferredto microphonesas a sensor
in this case because microphones are dif� cult to use in the radia-
tion far � eld. The optimal electrode pattern of PVDF sensor and the
optimal placement of PZT actuators are calculated by the genetic
algorithm to minimize the well-radiating modes and to avoid the
observation and control spillover. It is expected that global noise
reduction can be realized by using the method and that this method
can be extended to control the cabin noise of high-speed aircraft.
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