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This paper presents a theoretical analysis of near-field time-averaged intensity and pressure
distributions of actively controlled plate-radiated sound. A harmonic point force was
considered as a noise source, and a piezoelectric element bonded to the plate was applied as
control actuator. A single microphone that measures sound pressures in the radiated acoustic
far field serves as an error sensor. The optimal input voltage to the piezoelectric actuator is
obtained by minimizing a quadratic cost function, defined as the mean square of the error
sensor signal. The influence of the location of the error microphone on near-field pressure and
normal intensity was studied. Fourier transforms in the wave-number domain are also used to
study the mechanisms of control. This work provides a better understanding of the behavior
inherent in controlling structurally radiated sound using piezoelectric actuators. In particular,
an understanding of the near-field behavior under closed loop control is inherent in the design
of sensor arrays located near or on the plate surface.

PACS numbers: 43.40.Dx, 43.40.Rj, 43.40.Vn

LIST OF SYMBOLS
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A sound pressure distribution function for t time constant )
piezoelectric actuators t, thickness of piezoceramic patch
B sound pressure distribution function for point 4 appheq voltage to piezoceramic patch
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tion (Ref. 9) A acoustic wavelength in air
L.,L, plate dimensions p mass density o? a;r t
Noike number of microphones Pp massfdensllty of plate
N, number of noise sources (point forces) v cost function ‘
N, numbser of piezoelectric actuators @ 2mf, excitation frequency
P modal force @ plate natural frequency
Pe sound pressure due to control sources (piezoe- 4 U plate coordinates, origin at platc? corner
lectric actuators) & transferred plate coordinates, origin at plate cen-
)2 total sound pressure ter
Pn sound pressure due to noise sources (point
forces) Superscripts
p optimal parameter vector f point force noise
Q.. modal function ¢ piezoelectric actuator
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INTRODUCTION

Previous works have demonstrated the potential of mul-
tiple piezoelectric actuators as control sources in conjunc-
tion with error microphones in the far field to actively con-
trol sound radiation from structures.> Wang et al 2 showed
the importance of properly selecting the number and loca-
tion of actuators as key to efficient control of sound radi-
ation. Their work presented far-field radiation directivity
patterns as well as plate displacement distributions under
open- and closed-loop control conditions, which were useful
in evaluating the control performance and mechanisms.
However, little work has been done on studying the near-
field pressure distributions and the radiated intensity distri-
butions under the same conditions. These parameters are
important as they provide further insight into the control
mechanisms. It is also hoped to overcome the use of error
microphones located in the far field by the use of sensors near
or on the structure. In this context, the controlled near-field
pressure should provide insight into the configurations of
near-field sensors designed so as to provide reduction in far-
field pressures. In this paper, “near-field” is taken to mean
on or very close to the surface of the structure.

The objective of this paper is to extend the analysis pre-
sented in Ref. 2 to evaluate near-field pressure and time-
averaged intensity distributions. In order to obtain the inten-
sity distributions, the finite difference method of Pettersen?
will be used. This method has been used successfully by a
number of authors to efficiently evaluate intensity distribu-
tions in complex radiating acoustic fields.** As discussed by
Thompson and Tree,® the finite difference approximation
errors in acoustic intensity measurements are less than 2 dB
from 0 to 10 kHz for a spatial sampling separation of 8 mm.

In this analysis, a simply supported finite plate posi-
tioned in an infinite rigid baffle was considered as the struc-
ture. The plate was excited by a steady-state harmonic dis-
turbance in the form of an oscillating point force. The
control input was applied by a piezoelectric actuator bonded
to a plate surface, while error information was taken from a
single microphone located in the radiated acoustic far field.
Under the same control condition, the near-field pressure
and time-averaged intensity distributions were evaluated,
while the plate uncontrolled and controlled motion was
studied in the wave-number domain.

I. ANALYSIS
A. Plate vibration for noise and control inputs

Figure 1 shows the arrangement and coordinates of the
system. Point forces considered as noise sources were used to
excite the plate, while piezoelectric actuators considered as
control sources were applied to control the plate sound radi-
ation. Under the assumption of harmonic excitation, the dis-
placement of the simply supported plate can be written as

w(&,m,t) = e i i W, sin(a,&)sin(B,m7), (1)

m=1n=1

where

a,=mw/L, m=12,.., (2)
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FIG. 1. Arrangement of coordinates of system.

B,=nn/L,, n=12,.., 3)
and the amplitude W,,, is given by
e Pm mn=12,... (4)

mn_pph(wsnn_wz)’

Here, P,,, is the modal force that depends on the exact de-
scription of the applied external load.

For the point force noise input, the modal force P/, is
given as follows:

P/, = (4F/L.L,)sin(a,x,)sin( B, y;) , (5)

where x, and y, are the coordinates of the point force actu-
ator, F is the magnitude of point force, and the superscript f
will signify the point force. The corresponding expression of
modal force for piezoelectric excitation P,, was derived in
Ref. 7 as '

P;,, = (4CoA/mnm®) (o, +B7)
X [cos(a,,x,) — cos(a,,x,) ]

X [cos( B, y1) —cos(B,¥.)], (6)

where x,, x,, ¥, and y, are the coordinates of the piezoelec-
tric actuator, and the superscript ¢ will signify the piezoelec-
tric actuator. The parameter CyA is defined in Ref. 7 for an
actuator consisting of two identical piezoceramic patches
bonded symmetrically on the two opposite plate surfaces
and activated 180° out-of-phase. Here, C, is a constant of the
piezoelectric material properties and dimensions; A = d,
V /t, is the strain induced in an unconstrained piezoelectric
layer of thickness ¢, when a voltage V is applied along its
polarization direction, while d;, is the piezoelectric dielec-
tric strain constant.

B. Sound radiation

The radiated sound pressure is directly coupled to the
plate vibration. We thus use a Rayleigh integral approach
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|
that relates the plate velocity to the radiated pressure as fol-
lows:®

P(R,0,¢) = ‘[L"jz '[L-‘/z -]pw aw(glyn’9t)
£'= —Lsady=—Lp2mr’ ot

Xe Jr/ede dy'

)]

where the shifted plate coordinates are

—p(02 ot i

—_ e = W .
p(x.y,z,t) ry Y Won

m=1n=1

The above integral must be evaluated numerically in the near
field except for particular isolated cases of little general in-
terest. However, an approximate closed-form solution for
this integral can be obtained in the far field. Junger and Feit®
have used the stationary phase method while Roussos® has
used a solution of the Rayleigh’s integral at large distances to
derive a general expression for the far-field sound pressure
radiated from a vibrating plate. By superposition, their anal-
ysis can be extended to describe the sound radiation from a
plate excited by various noise and control sources. Thus, for
N, noise sources (point forces) or N, piezoelectric actu-
ators, the sound pressure radiated to a point, p(R,6,4), in
the far field can be derived as follows for noise sources:

NS oo o0
Pn (Rye,¢) =K z z 2 W{nndmIn

(12)
ji=1lm=1n= —1
for piezoelectric control excitation:
Nc o0 oo
Pc (R96)¢) = K 2 z 2 annjlmln ’ (13)

j=1m=1n=1

where the constant X and the quantities /,, and I, can be
found in Roussos® as functions of (R,0,4). Note, the above
expressions hold for light fluid loading.

When the noise sources and the piezoelectric actuators
act simultaneously, the resulting sound pressure field can be
viewed as a superposition of the above given sound pressures
for steady-state harmonic excitation. The total pressure can
be conveniently written as

N, M,
P:=Pn +P.= zl F;B; + z] (CoA);4; , (14)
i= Jj=
where B; and 4; are the sound pressure distribution func-
tions for the jth point force noise and jth piezoelectric actu-
ator, respectively, given by

Bj(R,09¢) =K E z Q{nnjlmln ’ (15)
m=1n=1
Aj(R’0,¢) =K z 2 Q:nndmIn ’ (16)
m=1n=1
where
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L./2 L,/2
&= —L,/2J:;'= —Ly,2

Xsin[ @, (&' + L,/2)]sin[ B, (&' + L,/2)]dE" dr' .

§'=§_Lx/2’ (8)

n"=n—L,/2, (&)
and

r=Jyx=EV+(y—n)V+2. (10)

By the substitution of Eq. (1) into Eq. (7), the radiated
sound pressure can be expressed as follows:

e~ [(w/WNx—ENVF+ (y—n)+7]
VEx—ENVF (y—1)7+7

(11)
r
Qi = Whin/F; (17)
fnnj = annj/(CoA)j . (18)
Il. OPTIMAL CONTROL

References 1 and 2 defined a suitable cost function for

this application to be the integral of the mean-squared sound
pressure over a hemisphere of radius R in the far field. Sucha
cost function gives a global sense of noise reduction; how-
ever, in practical application, it is not possible to measure a
continuous surface pressure. Instead, a finite number of mi-
crophones can be used to measure sound pressures in the
radiating field. Therefore, the cost function to be selected
here is the sum of the square of measured sound pressures at
a number of points corresponding to microphone locations.
Control of the noise field can be achieved by appropriately
choosing the piezoelectric voltage parameters, CoA, to mini-
mize the selected cost function. This cost function can be
written as

leke

v=> P, (R:,6::8:) | .

i=1

(19)

When the expression for p, from Eq. (14) is substituted into
Eq. (19), the cost function is obviously quadratic and pos-
sesses a unique minimum. A minimization procedure' for
the quadratic function was employed to calculate the opti-
mal control parameters.

The total pressure of Eq. (14) can be expressed in vector
form as

D: «=BTq+AT ’ (20)
where the matrices B, q, A, and p are defined in Ref. 2 with A
denoted as €,,. Matrices q and p are vectors of noise input
and control input strengths, respectively, while B and A are

the appropriate pressure transfer terms. The cost function
can then be written in matrix form as,

W —pT[4 ]p* + 2 Re{q"[BA 1p*} + d" [B 1¢*,
21
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where matrices [4], [ﬁ;f ], and [B] are again defined in Ref.
2.
If we let

F'= —¢q~T[BA] (22)

then the optimal solution for the cost function can be found
as in Ref. 10.

Pope = [4]7'F. (23)

It is noted that p is the vector of control strengths defining
the optimal voltage A to each actuator.

A. Time-averaged intensity

The distribution of vectors associated with the magni-
tude and direction of intensity in acoustic fields have been
proved useful in studying the flow of energy. The two-micro-
phone techniques,® which is based on the finite difference
method, has been widely adopted to measure or calculate the
acoustic intensity for its simplicity. The schematic used for
the intensity calculation by the finite difference method is
shown in Fig. 2 for the z direction. The averaged acoustic
pressure and particle velocity in the z direction (for exam-

ple) between points 1 and 2 can be formulated as follows:

Pu=(p,+p,)/2, (24)
U,,=— (p,—p\)/ jpolz,,, (25)
where
. I.{p}
= e’¢', = tan_l ( m ! ) N (26)
| 24l é, Re{p,}
I.{p,}
= ej¢2, = tan_l ( m ) . (27)
P2=|py é, Relp,)

Hence, the time-averaged intensity in the z direction be-
tween the two points can be shown to be®

PP, |
= ———sin(6,-
Z2” 2 oz, ®,-4)
Py= |P1|el¢'
Po= |p2|91¢’

FIG. 2. Schematic of intensity calculation for z direction.

intensity is then the vector sum of the intensities in the x, y,
and z directions.

B. Plate wave-number analysis

The plate velocity distribution derived from Eq. (1) can
be transferred to the central origin plate coordinates (&,n')
as

w(gls”"t) =jwejwl i i

m=1n=1

xsin{ B, (7' + L,/2)}. (29)

The wave-number transform of the plate velocity is then giv-
en by'!

L}' Lx ; ’ P
f’(K,,K,,) =jwejmJ‘ J w(g,’”,)e;(xxg o as'n'
o Jo

W, sin{la,, (£'+L,/2)}

| Pl" )2
2y sxn (¢ ¢2 (28)
" 2pwhz,, ! = jwe’ 2 Z Vo s (30)
The time-averaged intensity distribution for other directions m=1n=1
can also be derived by using a similar procedure. The total ~ where
)
4 L, k,L
Vi (K sk)) = % P [[sin2 (’—ni) sin’ (ﬂ) cos (K" ) cos ( S )
(@} —k2) (B2 —K2) 2 2 2 2
L. . L
— cos? (m) cos’ (”—) sin (K"L" ) sin (=2 )| — j[sin2 (M) cos® (ﬂ) cos (K" ) sin (K’ 2 )
2 2 2 L, 2 2 2 2
L L
s () (o (Lo ()]

Hence, the plate velocity distribution can be obtained from
the inverse Fourier transform

w(§,n)——J j Vi, )
Xe METH gy di, . (32)
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The radiated power has been shown in Ref. 11 to be related

to the integration of the modulus square of V(x, +, ). There-
fore, it is of interest to evaluate the wave-number modulus
spectrum of plate velocity, |V(«, +,)|?. It is noted that the
wave-number modulus spectra of modal velocity is a func-
tion of k,,x, and is composed of a double infinite sum of
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modes. Only wave-number components satisfying the condi-
tion («Z + «2) <«* (i.e., supersonic wave numbers) con-
tribute to sound power radiation; other components are as-
sociated with reactive near-field radiation loadings.!!

The sound pressure in the radiated acoustic far field can
also be evaluated from the wave-number transform of plate
acceleration using the method of stationary phase® as

p(r,6,4) = ’%’:’ Bk, k) =) ‘”;’;: Vix,k,) (33)
2,/kr o ©
- P“;r’ 3 3 Wik, (38)
where the points of stationary phase are
K, =sin fOcos g, (35a)
i_cy =sinfcos ¢. (35b)

One can show that Eq. (34) is equivalent to Eq. (11).°
lll. RESULTS

For brevity, this paper only considers response of the
plate of thickness 2 mm near the (3,1) response frequency.
Table I gives the physical properties of the rectangular sim-
ply supported plate considered here, while Table II provides
the associated natural frequencies of the lower order modes.
For simplicity, a single harmonic point force of amplitude
F=1 N located at x;=0.3163 m, y, = 0.15 m was used as
the noise disturbance. Likewise, a single control piezoelec-
tric actuator of thickness ¢, = 0.1905 mm and dielectric con-
stant of d;,, = 166X 107" m/V was employed, centrally
located at x, =0.158 m, x,=0222 m, y, =0.131 m,
¥, =0.169 m. A single error sense was assumed located at
either R, 6, ¢ = (1.8 m, 0°,0°) denoted mike # 1 or (1.8 m,
50°,0°) denoted mike 2.

Both pressure and the normal time-averaged intensity
(i.e., the zcomponent) to the x—y plane were calculated at a
distance of 20 mm above the plate and expressed in dB re: 20
pPa for pressure and dB re: 10~ W/m? for intensity. In
addition, the vector intensity components in x—z plane (i.e.,
vector sum of the z and x component) located at the central
line of the plate in the y direction (i.e., y = L,/2) as well as
the far-field radiation directivity in the same plane at a dis-
tance of R = 1.8 m were calculated. A k-plane analysis of the
plate response was performed and was plotted in compo-
nents of k, and «, i.e., wave-number components along the x
and y axis, respectively.

The near-field pressure was obtained directly by inte-
grating Eq. (11) using the Simpson’s one-third rule ap-
proach. These pressure values were then used in the finite
difference calculations of the intensity equations with a spac-
ing of 1 mm. The modal sums in the above equations were

TABLE 1. Plate specifications.

e —
E =207x10° (N/m?) p=0292
P, = 1870 (kg/m>) h =2 (mm)

—_—_——

L, =0.38 (m)
L, =0.30 (m)
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TABLE II. Natural frequencies of simply supported plate (Hz).

Mode (m,n) Jon
(1,1) 87.71
(2,1) 188.74
(1,2) 249.81
(2,2) 350.85
3.0 357.13
(3,2) 519.23
(1,3) 519.98
4,1) 592.88

truncated at m = n =5, i.e., 25 modes were included in the
analysis. This number of modes was found to provide suffi-
cient accuracy for the study of the behavior of the system
before and after control.

A. Pressure and intensity distributions

Figure 3 presents the far-field radiation directivity pat-
terns for a frequency of 357 Hz, which can be seen from
Table II to be close to the (3,1) resonance point. The solid
line denotes the noise field and can be seen to be fairly con-
stant with radiation angle. This behavior is due to the rela-
tively long wavelength of the acoustic radiation relative to
plate size, leading to the higher order plate giving a radiation
field which is volumetric or monopole like.

The controlled field is shown as a dashed line when the
error sensor is located at 8 = 0°. The results show that the
noise field is strongly attenuated globally, and the residual
field exhibits a dipole like radiation pattern due to the posi-
tion of the error microphone. When the error microphone is
moved to 6 = 50°, similar values of attenuation are achieved.
However, the null in the residual radiation field has now
moved to location of the error microphone.

Although the different location of error microphone re-
sults in different residual radiation pattern, the optimal vol-
tages peak-to-peak applied to the piezoelectric actuator are
almost identical for the error microphone at 6 = 0° and 50°
(24.96 and 24.93 V, respectively), and the total acoustic

mike # 1 mike # 2

T___E}, N noise

3 g

Sound Pressure Level (dB)
o

af
100 [} 25 50 75 100
Sound Pressure Level (dB)
FIG. 3. Radiation directivity, f= 357 Hz.
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FIG. 4. (a) Pressure distribution (xy plane) for the noise source only,
f= 357 Hz. (b) Pressure distribution (xy plane) with control, f= 357 Hz,
error mike at (R,6,¢) = (1.8 m, 0°,0°). (c¢) Pressure distribution (xy plane)
with control, f= 357 Hz, error mike at (R,6,¢) = (1.8 m, 50°,0°).

power reduction achieved in the two cases are 57.18 dB for
6 = 0°and 51.68 dB for & = 50° respectively. As seen in Fig.
3, the sound pressure level of the uncontrolled field at 8 = 0°
is higher than that at 8 = 50°. Although for the single-input,
single-output system the error microphone signal is driven
to zero, the use of the error microphone at 8 = 0° results in
more overall pressure reduction than that at @ = 50°. There-
fore, the error microphone at 8 = 0° perform slightly better
than that at 8 = 50°.

The corresponding near-field pressure distributions in
the x—y plane for the noise and controlled (error microphone
at @ = 0°) fields are shown in Fig. 4(a) and (b), respective-
ly. The noise field can be seen to exhibit the cell like behavior
associated with the (3,1) mode shape of the plate. When
control is applied, two changes in the near-field pressure
distribution of Fig. 4(b) are observed. Firstly, the overall
pressure amplitudes are reduced by around 10 dB. Secondly,
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FIG. 5. (a) Time-averaged intensity distribution (xy plane) for the noise
source only, f= 357 Hz. (b) Time-averaged intensity distribution (xy
plane) with control, f= 357 Hz, error mike at (R,6,4) = (1.8 m,0°,0°).
(c). Time-averaged intensity distribution (xy plane) with control, /= 357
Hz, error mike at (R,6,4) = (1.8 m, 50°,0°).

the complexity of the pressure field is markedly increased,
and there appears to be a semblance of a pressure node locat-
ed around x = 100 mm. It is this kind of behavior that is

interesting for the design of near-field sensors. The overall
fall in near-field pressure indicates that if a distributed pres-
sure sensor is located above and completely covers the plate,
then minimizing the near-field sensor output might have the
same control influence as a far-field point sensor, at least for
plate modes on resonances. In effect the use of a large distrib-
uted pressure sensor located near the plate may lead to an
“unloading” of the plate radiation field by causing a large
area of low pressure on or near the surface of the plate. The
overall result would be a drop in radiated power due to the
low radiation impedance seen by the plate.

Figure 5(a) and (b) give the corresponding normal in-
tensity distributions to Fig. 4(a) and (b). Regions of outgo-
ing and ingoing intensity to the plate are marked ( + ) and

B. Wang and C. R. Fuller: Active control of plate radiation 1494



( — ), respectively. Note also in the scale that negative inten-
sity indicates intensity flowing into the plate not negative
intensity level. The noise field of Fig. 5(a) strongly indicates
the (3,1) plate behavior. As can be seen, the two outer cells
give positive or outgoing intensity, while the inner cell has
negative or in-going intensity. However, as discussed in pre-
vious works, such as by Maidanik,'? the net effect for long
acoustic wavelength relative to plate size is edge radiation,
which appears like a monopole type source in the far field.
As the acoustic wavelengths are relatively long, radiation of
each half cell interacts with its neighbor leading to cancella-
tion for the inner portions of the plate. When control is ap-
plied the intensity distribution is markedly changed. Figure
5(b) shows that the apparent plate source is far more com-
plex and higher order. An integration of the intensity vector
over the plate surface shows that the net power has been
strongly attenuated. Since the single actuator can suppress
strongly responding modes [in this case the (3,1) mode],
the residual plate modes are usually higher order. It is ob-
served that both the controlled pressure and intensity fields
of Figs. 4(b) and 5(b) have a shape very similar to the (4,1)
mode. This higher mode pattern has lower radiation effi-
ciency, and this, in addition to the reduction in amplitude,
leads to a drop in radiated pressure. The first effect has been
called ““modal suppression” and the second “modal restruc-
turing,”'?

Figures 4(c) and 5(c) show the controlled pressure
field and normal intensity distribution when the error micro-
phone is located at & = 50°. The near-field pressure field ap-
pears to be fairly similar to the distribution when the error
microphone was located at 8 = 0° given in Fig. 4(b). How-
ever, the intensity distribution is markedly different. In this
case the central cell in which intensity flows into the plate,
has greatly expanded, while the edge radiation components
appear to have been reduced. In particular, the net power
flow from the edge of the plate on the same side as the error
microphone has been markedly attenuated.

Figures 6(a) and 7(a) present the near-field pressure
distribution and intensity vector distribution in the central
x-z plane for the noise source. For the intensity plots a cali-
brated vector length is provided for scaling purposes in the
bottom right hand corner. Note that the intensity vector
plots are in log scale. The pressure distributions clearly illus-
trate the volumetric radiation nature of the (3,1) mode at
this low value of kL, = 2.48. Near the plate, the pressure
distribution exhibits the three cell nature associated with the
(3,1) mode; however, as the observation point moves to the
far field, the radiation field becomes progressively more uni-
form and monopole like in behavior. Similarly, the intensity
distributions show that the inner cell of the plate acts as an
acoustic sink, and the radiated energy from the plate comes
from near the edges.

When control is applied, the pressure and intensity dis-
tributions for the error microphone at @ = 0° demonstrate a
marked change as shown in Figs. 6(b) and 7(b). Two char-
acteristics are again evident. Firstly, the overall pressure lev-
els have fallen (due to response of the plate decreasing).
Close to the plate, the pressure field exhibits behavior like
the (3,1) mode; however, it is apparent that strong nodal
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FIG. 6. (a) Pressure distribution (xz plane) for the noise source only,
Jf= 357 Hz. (b) Pressure distribution (xz plane) with control, f= 357 Hz,
error mike at (R,0,¢4) = (1.8 m,0°,0°). (¢c) Pressure distribution (xz plane)
with control f'= 357 Hz, error mike at (R,6,¢) = (1.8 m,50°,0°).

type region of low pressure has been generated starting near
x/L, = 0.4. Likewise, the intensity vector distribution for
this case given in Fig. 7(b) show that the net radiation from
the edges has been effectively canceled. It is interesting to
note from Fig. 7(b) that the noise source appears to be act-
ing as an energy sink in this case.

Moving the error microphone to 8 = 50° gives addi-
tional interesting results, as can be seen in the pressure plots
of Fig. 6(c) and intensity vector plots of Fig. 7(c). Again,
the controlled pressure field exhibits behavior very similar to
the (3,1) mode near the plate without large changes in level;
however, at increasing distances from the plate, the pressure
field becomes increasingly more complex exhibiting a nodal-
type low-pressure region towards the location of the error
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microphone. The intensity plots of Fig. 7(c) again demon-
strate that the edge radiation is effectively reduced, this time
on the side of the plate closest to the error microphone. In
this case, it appears that the energy leaving one side of the
plate flows across the plate surface and is absorbed at the
other side.

Thus two important effects have been illustrated apart
from the fact that control leads to a general lowering of radi-
ation acoustic pressure. The results demonstrate that appli-
cation of control leads to a change in the volumetric, mono-
pole nature of the (3,1) mode in the far field and also a
reduction in the edge radiation component.
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FIG. 7. (a) Intensity vector (xz plane) for the noise source only, f= 357
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(R,0,4) = (1.8 m,0°,0°). (c) Intensity vector (xz plane) with control,
f= 357 Hz, error mike at (R,6,4) = (1.8 m, 50°,0°).

B. Wave-number distributions

In connection with the last observation, it is interesting
to examine the wave-number spectrum of the plate uncon-
trolled and controlled response. Figure 8(a) and (b) gives
the modulus squared (the autospectrum) of the plate wave-
number components along «, and «, axis, respectively. It is
noted that only the positive components of «, and «, are
shown in Fig. 8(a) and (b) for brevity; however, the com-
plete plate wave-number spectrum should also include nega-
tive components. As the modes on the plate are separable, we
can completely represent the plate wave-number distribu-
tion by these plots, and it is noted that &2 = &% + &;.
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In Fig. 8(a) and (b), the solid line denotes the spectrum
of the noise field, while the short-dash line represents the
controlled field for the error microphone at 8 =0°, ¢ =0°
and the long-dash line for the case of the error microphone at
6 = 50°, ¢ = 0°. The spectrum of the noise field can be seen
from Fig. 8(a) to peak near values of x, = 37/L, and K,

= 0 indicating that the plate response is dominated by the
(3,1) mode whose eigenvalues are k, = 37/L,, k, = w/L,,
respectively. Figure 8 (a) also indicates that there is substan-
tial spectral component at x, = 0 indicating that there is
significant (1,1) mode content in the plate response. This
observation explains why the pressure and intensity fields of
Figs. 4(a) and 5(a) are slightly distorted from the pure
(3,1) distribution.

The spectral content of the controlled response can be
seen to be strongly reduced at all wave numbers for both
microphone positions. This indicates that the plate response
has globally fallen explaining the overall drop in near-field
pressure observed previously. Also shown on the plots of
Fig. 8(a) and (b) is the position of the wave-number compo-
nent k., =k, = «; for this frequency x = w/c = 6.54 m~ .
As discussed by Maidanik,’> wave-number components
above this line are subsonic and do not contribute to far-field
pressure. However, the supersonic components below « do
contribute to the far-field pressure. Thus it is interesting to
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note a number of further observations from Fig. 8(a). First-
ly, the wave-number spectrum can be seen to be zero at «,
=0and k, = 5 m~ for the controlled cases with the error
microphone at 8 = 0° and 50°, respectively. This result sup-
ports the stationary phase result of Egs. (33), (34), and
(35), which states that radiation at a particular angle corre-
sponds to discrete wave-number components at k, =k
Xsin @ cos ¢ and «, =k sin @ sin 6. Thus, when the pres-
sure is minimized in the far field at a particular angle, the
corresponding wave-number component is suppressed in the
structure. This result suggests that a controller could be for-
mulated in the wave-number domain to remove particular
wave-number components from the structure. The radiated
pressure would then be minimized at the corresponding an-
gle without the use of a microphone in the farfield. Control
formulations of this nature have recently been completed at
VPI&SU.™

The second interesting point of Fig. 8(a) is that the su-
personic components have also been reduced to a greater
degree than the subsonic components. As discussed by
Fahy,'! the supersonic components arise because of the fi-
niteness of the plate embedded in the baffle (the reader is
reminded that the wave-number transform considers the
complete plate-baffle system). As discussed previously,
these components are thus related to the edge discontinuity
of the plate. The phenomena is termed “edge radiation”.'?
Reduction in the supersonic component thus implies a re-
duction or change in the edge radiation mechanism, and this
is precisely the behavior that was observed in the intensity
vector plots of Fig. 7(b) and (c) discussed previously.

Finally, the controlled wave-number distributions of
Fig. 8(a) and (b) show that the oscillations in the spectral
distributions at low wave numbers has been smoothed. This
indicates that the residual response of the plate-baffle sys-
tem is dominated by high wave-number components or short
wavelength high modal number motion, as observed in the
residual or controlled pressure and normal intensity plots.

Thus wave-number analysis appears to be a powerful
alternative tool to investigate the system behavior. For ex-
ample, what was previously termed “modal suppression,”
when the plate response falls globally,'? corresponds to a fall
in wave-number components across the spectrum. What was
previously termed “modal restructuring,” which corre-
sponds to a change or increase in plate vibration amplitude
and complexity while radiated pressure falls,'* corresponds
to a reduction in supersonic components while the subsonic
components may even increase. Both of these types of behav-
ior have been observed in the wave-number domain in com-
panion experiments.'®

IV. CONCLUSIONS

This paper presents an analytical study of the near-field
pressure and intensity distributions of actively controlled
plate-radiated sound. The results presented, although limit-
ed to the (3,1) mode resonance case, reveal a number of
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interesting characteristics. In general, when control was ap-
plied, a number of observations were made. First, for this
case of resonance, applying control leads to an overall fall in
the magnitudes of near-field pressure and intensity vectors.
Second, the controlled field appeared to exhibit radiation
behavior similar to a higher-order antisymmetric mode. The
monopole like nature of the far-field radiation pattern of the
(3,1) mode was modified to a pattern with a nodal region
near the location of the error microphone. Third, the appli-
cation of control appeared to reduce the acoustic intensity
leaving the edges of the plate (edge radiation) resulting in an
overall drop in radiated acoustic power. In connection with
this, while the location of the error mike had little significant
effect on the overall power reduction and optimal control
voltages, it had a significant effect on the near-field pressures
and intensity distributions.

The results provide further insight into the mechanisms
associated with the active structural acoustic control
(ASAC) approach studied here. In particular, the results
indicate possible strategies for the design of near-field sen-
sors to minimize the far-field radiated power. For “on reso-
nance” case, one strategy may be to use a distributed sensor
which provides an error signal proportional to the average of
the acoustic pressure over the plate surface. Another strate-
gy could be to use a strip distributed error sensor that could
be located at the very low pressure regions of the controlled
distribution. This would have the effect of forcing an asym-
metry into the radiation field which has been shown in this
paper to be associated with a lower total radiated acoustic
power. Situations such as these are presently under theoreti-
cal and experimental investigation at VPI&SU. However,
this work only considers one particular operating case, and
much further work, particularly for off-resonance condi-
tions, is needed to design and implement reliable near-field
sensors based upon the above observations. Finally, wave-
number analysis of the plate vibration has been shown to be a
powerful alternative tool for studying the mechanisms of
control.
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