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Active Control of Sound Transmission
Through Elastic Plates Using Piezoelectric Actuators

E. K. Dimitriadis* and C. R. Fullerf
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

A theoretical investigation is undertaken concerning the potential of actively controlling sound transmission/
radiation from a vibrating plate using piezoelectric elements bonded to the plate surface as actuators. The system
analyzed consists of a plane acoustic wave incident on a baffled, clamped, thin circular plate. Sound transmitted
through the plate is considered to be the noise field. An approximate theory is used to evaluate the degree of
attenuation achieved when sinusoidally activated piezoelectric elements bonded to the panel are used to minimize
the total radiated acoustic power. The results show that global attenuation of radiated sound can be achieved
on or off plate resonance frequencies. Both the size and the location of the actuator are démonstrated to affect
the degree of control achieved and spillover into residual modes. These results, combined with size, compactness,
and cost aspects, reveal that piezoelectric elements have great potential in controlling structurally radiated sound.

Introduction

OUND radiation from structural vibrations is an impor-

tant noise problem. Representative examples are sound
radiation from marine vessels and sound transmission through
aircraft fuselage panels.! This paper is concerned with investi-
gations on the control of structurally radiated sound by apply-
ing active forces directly to the vibrating structure.

Early theoretical and experimental work in active noise con-
trol is reviewed by Ffowcs-Williams? and Warnaka?® for one-di-
mensional fields. Attempts of noise control of three-dimen-
sional radiation fields are summarized by Magiante. In all of
these works the control transducers were point acoustic
sources, which are essentially ‘‘spectrally white.’’ The results
are thus characterized by the need to use many acoustic control
sources strategically positioned to reduce the ubiquitous prob-
lem of ‘‘control spillover.”’

For structurally radiated or transmitted noise, however,
there is an attractive alternative to the use of active acoustic
transducers. Since the noise ficld in these problems is directly
coupled to the structural motion, it would be best if the control
were applied directly to the radiating vibration field by force
inputs. Fuller,>® through analytical investigations, was the
first to demonstrate that, by applying active point forces to a
radiating panel, one can minimize the sound power radiated
from the panel with only two actuators over a wide frequency
range. The work reveals that it is only necessary to control
structural motions (modes) that are well coupled to the radi-
ated field. Fuller’s results have recently been validated by ex-
periments.’

However, there are still a number of disadvantages with
point force actuators; mainly, they are obtrusive, cumber-
some, and require support structures. Another potential prob-
lem is spillover into higher panel (nonradiating) modes of vi-
bration. Recent work on novel concepts for both distributed
sensing and driving transducers has opened new possibilities.
Much of that work has concentrated on developing distributed
actuators made of piezoelectric material to control beam vi-
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brations. The most rigorous study of the stress-strain-voltage
behavior of piezoelements bonded to or imbedded in beams
was conducted by Crawley and de Luis? They showed that the
loads induced by piezoelements bonded to beams are effec-
tively moments concentrated at the two ends of the actuators,
when the bonding layer is very thin compared to the piezoelec-

" tric element and beam thickness. Another important result in

that study was that these moments are independent of the
actuator length.

Recently, a number of investigations have also experimen-
tally demonstrated the potential of such actuators to simulta-
neously attenuate a number of beam vibration modes. Bailey
and Hubbard® used a polymeric piezoelectric strip bonded
along the whole length of a cantilever beam. Fanson and
Chen!© and Baz and Poh!! used more efficient ceramic actua-
tors to demonstrate simultaneous control of up to six modes
with a single actuator.

Piczoelectric actuators offer a number of advantages that
should be mentioned at this point. They are easily attached
(bonded) to beams or plates, and they are very lightweight,
cheap, and take much less space than sound sources or point
actuators. In addition, they do not require a back-reaction
support structure, which is often very difficult to achieve in a
practical application.

It is apparent that the use of piezoelectric actuators can be
extended to the control of two-dimensional vibrating systems
such as panels and their associated radiation field. The present
authors have recently theoretically demonstrated that two-di-
mensional rectangular piezoelectric elements can be used to
selectively excite vibration modes in a rectangular plate.!2 They
developed an extension of the one-dimensional work by Craw-
ley and de Luis.? In those analyses the effective load induced
by piezoelectric patches can be seen as line moments dis-
tributed along the boundaries of the actuators. Recently,
Fuller et al.!? have also experimentally demonstrated the feasi-
bility of actively controlling vibration and sound radiation
from panels by a piezoceramic patch that is bonded directly to
the plate surface.

The present work centers on analytically investigating the
sound control capabilities of piezoelectric actuators. The prob-
lem is that of controlling the sound radiated/transmitted
through a baffled, thin, clamped, circular plate. A plane wave
incident on one side of the plate is partially transmitted
through panel vibrations; this transmitted wave is the primary
field. A pie-shaped piezoelectric actuator is bonded to the plate
surface and voltage activated with a sinusoidal signal of the
same frequency as the noise. The goal of the analysis is to
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calculate the needed complex amplitude of the voltage to the

actuator that will modify the plate vibration so that the trans-

mitted sound field is globally minimized. This is achieved by
minimizing the total transmitted sound power from the panel.
Through these analytical simulations it was possible to demon-
strate that, indeed, such actuators can very effectively control
the radiated sound at various frequencies on or off resonance.
Results are presented for both the primary and minimized
radiated sound fields as well as plate vibration distributions. It
will be shown that both the size and the position of these
actuators play an important role in the control.

Attention should be drawn to the fact that the following
results are approximate and are strictly valid for small actua-
tors where their shape can be seen as closely rectangular. The
authors, however, believe that this analysis provides signifi-
cant insights in the control action of these novel actuators.

Theory
Piezoelectric-Induced Vibrations

The loads induced by a piezoelectric element to an underly-
ing thin plate to which it is bonded have been previously eval-
uated in rectangular coordinates.!? It was shown in that study
that the plate reacted with a uniform bending moment distri-
bution in both directions and across the extent of the actuator.
The effective external loads then turned out to be constant line
moments along the actuator boundaries.

Here let us consider a thin, baffled, clamped circular plate
of thickness 2/ and radius @, with two identical pie-shaped
piezoelectric elements of thickness ¢, bonded symmetrically on
the two opposite surfaces of the plate as shown in Fig. 1. The
two elements will have to be excited by opposite voltages if
bending is to be induced. Clearly, the piezoelectric elements
will generate distributed moment reactions in the plate. To the
knowledge of the authors, this moment distribution has never
been presented in the literature. A rigorous analysis of the
problem in polar coordinates is under development and will be
presented in the near future. However, in the present investiga-
tion the pie-shaped piezoelectric elements will be approxi-
mated as rectangular elements.!> Arguments are presented
concerning the conditions under which these results can be
extended to the circular geometry. For the vibration problem
it will be assumed that the only effect of the actuator on the
plate comes through the applied distributed moments. Mass
and stiffness loading of the plate by the actuator is considered
negligible. Thus, the results of a static analysis of the strain
induced in the plate by the piezoelectric patch can be approx-
imately applied in the dynamic model as oscillating loads.

In rectangular coordinates it was shown that the strains in
the plate induced by the piezoelectric eclement are equal in the
two directions,!?

—(1+v) P

@ T u, —(L+ 0P ¥ )

€Ex =

where the subscripts pe and p stand for piezoelectric and plate,
respectively, €, =d3 V/¢t is the unconstrained piezoelectric

6. Piezoelectric
| = actuator

(0,1) Mode

(1,1) Mode

Piate

Fig. 1 Piezoelectric actuator configuration (top) and plate lower
order modes.
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Here, the thickness of the plate is 24, E is Young’s modulus,
and » Poisson’s ratio. Also, dj; is the voltage-strain piezo-
electric constant, and ¥V is the applied voltage. Furthermore,
the reaction moments across the actuator in the plate are also
equal'?:

my =my, = Coepe 3)
where

147, P 2h?

Co= - —_
0 P 1=v, 1+v,—(1+p,)P 3

@

Thus, the plate reacts to the piezoelectric strain with uniformly
distributed bending moments across the extent of the actuator.

For a circular plate the equations of motion can be conve-
niently written in terms of internal plate moments M, , My, M,y
and piezoelectric moments m,, m, (Ref. 14) for dynamic exci-
tation:

az(Mr _mr) z a(M, _mr) l az(Mﬂ_mﬂ)
or? r ar r? a6?
1 a(My—my) 2 3M,y 2 My

r ar r aréé r? 36

+m"w=—p(r,,t) &)

where m” is the area density of the plate, w the transverse plate
displacement, and p(r,8,) the external excitation that results
in the undesired vibrations. In connection with Eq. (5) it can
be stated that due to the uniform straining of the piezoelectric
it is reasonable to assume that the actuator will always attempt
to create pure bending conditions in the plate independent of
the precise actuator shape if the actuator is small relative to the
plate and its shape close to rectangular. Thus, if the reaction
moments m, and m, are still uniformly distributed under the
pie-shaped actuator and are equal in the x and y direction, a
simple coordinate transformation results in reaction moments
m, and m, in polar coordinates that are also uniformly dis-
tributed and equal. To show this, we are reminded that a
rectangular actuator will induce spherical bending, implying
that there will be no twisting moments m,, . Then, since m, and
m, are equal, the transformation can be written as'*

m, = m, cos?0 + m, sin’f = m, = m, ©)
and
mg = my sin6 + m, cos?0 = m, = m, N

The same transformation confirms that the twisting moment
myg is zero and hence explains its absence from Eq. (5). Thus,
if it is assumed that the preshaped actuator is small in the sense
that its shape approaches that of a rectangle, the uniform and
equal reaction moments #, and m, approximate the situation
reasonably well. The reaction moments per unit length in the
plate across the extent of the piezoelectric can be written as

m, = my = Coepe[H(r —R)~h(r — R)|[A(O~6)— h(8—))]
®)

where the actuator extends between radii R, and R, and angles
6, and 6,; h( ) is the unit step function.

When the piezoelectric moments are transferred to the right-
hand side of Eq. (5) and the internal moments written in terms
of transverse displacements w(r,8,¢), the equation of motion
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reduces to

#m, 2 dm,
+ —_

DVWw +m"w = —
w=-p(r6n+ ar: r or

2 a6e " v ar ©

When the piezoelectric-induced terms are written explicitly,
after the shown differentiations are performed, it is seen that
the effective external loads due to the actuator are

Pelr0) 1 Ry (r— R+ L 8 —
e = | YU R =¥ —R)+ 8 =R

—% 6(r—R2)} X [R(6—6))—h(6—0,)]

1
+3 [R(r—R)—h(r—R)|[6'O—0)—&(®~0)] (10)

where 6( ) is the unit delta function, and 6’( ) indicates its
derivative with respect to its argument. Clearly, the actuator
then applies 1) uniform line moments along its arc boundaries,
2) uniform transverse forces along these arcs, and 3) line mo-
ments along its radial boundaries that vary as (1/r?).

Let us first consider the piezoelement excitation; the plate
response for clamped boundaries can be written in modal
terms for harmonic excitation at frequency w as'’

w(r,0) = i E Hypj(kJ'r)[ Wy cos(m 6) + W,y sin(m 6)]

m=0 j=1
an
where the radial function is
Jn(ki"a)
H o (k'r) = Ju(kr) — m L,(k['r) 12)

In Eq. (12) the radius of the plate is given by @, and k/” are the
natural plate wave numbers.!’

Using standard dynamic analysis techniques, we can show
that

Winj = Co€pePrj (13)

where

1 . .
<— Gimj —m ¢2mj> (smm 6, — sinm 6;)
Py =" (14
i Amj (w%,,j - O)2>
and

Wl;l’j = COEpePn'z’j (15)

where

1
<E Gimj— m¢2m,~> (cosmb — cosmb,)
P L .

mj Ay (wfn - w2> (16)

Also,
O1mj = (rH 3;5) —(rHpj) 17

r=R, r=R,
and
R2 H. .
Pamj = L —’# dr (18)
1
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For m =0 the modal amplitudes are simply

- $1,;(6,—61)
Wi = Coepe m (19

Wy =0 (20)

In Eqs. (14) and (16) A,,; is the normalization constant re-
sulting from the use of the orthogonality property of modes
and is given in Ref. 15:

Ay = exa? [T0 @) + T 3T @) @b

where e=2 if m =0 and e=1 if m #0.

We have thus derived an expression for the vibration re-
sponse of a circular clamped plate as it is excited by the
piezoelectric actuators. It is important at this point to stress
again the assumptions implicit in this derivation. First, it was
assumed that the mass and stiffness loadings of the plate by the
bonded elements are negligible. Second, the shape of the actu-
ator closely resembles that of a rectangle and is relatively small
relative to the plate size.

Piezoelectric Induced Sound Radiation

It is now possible to derive expressions for the sound field
generated by these vibrations. Hansen and Bies'® calculated the
sound radiated by a circular vibrating panel at a distance R in
the far field. Their expression can presently be written as

Pha = CrCoepA,y (22)
where
2 2 pilwt — kR) ~
Cp=teee ; 23)

The expression k = w/c is the incident wave number, and

0

A=Y X — i"Aimj(@)[Pr cos(m ')+ Py sin(m6’)] (24)
m=0

Jj=1

Here R,0’ and « are the spherical coordinates shown in Fig.
2, and

1
Ao = Sonj(k’ma x)m(kax sina)x dx (25)

The integral in Eq. (25) has been calculated in closed form in
Ref. 16.

Although the control action is applied in the vibration field,
one can view the resulting controlled sound field as the super-
position of p#4 and the primary field p2S. In this case the
primary field will be created by a plane wave incident from one
side of the plate and then partially transmitted as pZS through
plate vibrations. It is these vibrations that we try to alter in a
way that will minimize the transmitted sound field power
globally.

It was shown by Fuller>6 that, when a plane sound wave is
incident on a clamped baffled circular plate at an angle 4;, the

p(R,6%a)

Elastic plate
Baffle

Fig. 2 Radiation coordinate system.
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sound pressure transmitted in the far field is given by
Diss = CrpyBi (26)

where py is the incident pressure amplitude, and

e — Em AL () A (B
B, = 27ra2mE:0 jg} Tx,,,;?;;,j)— 2’2;( 0 cos(m ') @n

Here,
1
Ao (0;) = LH,,,J-(kj’”ax)Jm(kax cos®;)x dx 28)

is an integral similar to that of Eq. (25), and ¢, =1 if m =0,
em =2 1if m #0.

The sound pressure given in Eq. (26) is to be controlled by
the piezoelectric excitation. The task thus reduces to calculat-
ing the optimal amplitude and phase of the oscillating control
voltage that minimizes the sound power transmitted or radi-
ated from the plate.

Optimal Control Voltage

To determine the optimal complex amplitude of the control
voltage, a cost function has to be defined and minimized. For
global radiated sound reductions it is best to choose the inte-
gral of the squared pressure amplitude over a hemisphere in
the far field at radius R. Such a function is proportional to the
total radiated power and is quadratic, thus having a single
minimum. The cost function can be written as

D(Coepe) = L |Pi§(R, 0", )| dS @9

The total radiated pressure due to the combined action of
the incident sound wave and the piezoelectric action is

Disd =DpEa + Prigﬁ = Cr(Co€peA + poBy) (30)

The cost function is clearly a quadratic function of (Cye,.) and
can be written in an expanded form as
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The minimization procedure for such a cost function was
developed by Lester and Fuller.!” In this case it can be shown
that the cost function in Eq. (29) is minimized by (for a single
actuator)

Iis
(COEpe)opt =D I_ (335)
A

When (Coéepe)opt 18 substituted into Eq. (31), we get

D(Coepe)> R [ |Lin |2}
0 pel = Iy — 22 36
< pPwtat opt Po| s 1, (36)

It is now possible to begin a parametric investigation con-
cerning the potential of piezoelectric actuators to control
sound fields radiated/transmitted by a plate.

Results and Discussion

The physical properties of the plate employed in the example
calculations are summarized in Table 1. The acoustic medium
was air, and for the following presentation the acoustic plane
wave was assumed to be incident to the plate at 8; =45 deg.
The dimensions and location of the actuator elements will be
given for each case studied.

The first step in the calculations was to solve the plate eigen-
value problem for the natural wave number k", using the
Newton-Raphson technique. The first 36 resonant frequencies,
wpm;, of the clamped circular thin plate are given in Table 2. All
computer simulations presented here will be conducted at the
nondimensional frequencies kya =0.21, 0.3265, and 0.45,
which are close to the resonant frequency of the fundamental
(0,1) mode with ky;¢ =0.2175, in between the first two modes
and close to the (1,1) mode with kj;a =0.45186, respectively.
The infinite series in the expressions for 4; and B, were trun-
cated so that no more than 36 terms were calculated each time;
this number was found to be more than adequate for the
convergence of all the series involved. The integrals over the
spherical coordinate o were performed numerically by a three-
point Simpson’s rule. Lacking three-dimensional plots, it was
decided to present results along the #=0 and 6= radii to
facilitate comparisons. Thus, in the displacement plots nega-

D(Coepe) 2 tive values of the independent variable r/a correspond to th
——=2 = |Cyepe |14 + 2Re [Coepepolap| + PEI, 31 A pender P €
patat | Cocpe |14 [Coepepnlus] + Pils - (31) 6= radius, and the positive ones correspond to the =0
radius. Pressure radiation results are normalized to the con-
where stant |RCy | given by Eq. (23). Vibration plots are normalized
to the largest value encountered in the primary and the con-
)2 trolled vibration fields. All calculations were performed on an
Iy = Aq|? sina do d9’ 32 ‘ .
4 0 Jo |41l 62 IBM 3090 mainframe computer.
2% | w/2
Iy = ]Bllz sina do d6’ (33) R1=0.15 m, R;=0.18 m, ;= —15.0 deg, 62=15.0 deg
o Jo Notice here that the size of the actuator was kept small
2 (#/2 ’ relative to the plate size (¢ =0.2 m) and its shape was approx-
Iig = S j A B sina de d6’ (34) imately rectangular. Figure 3 shows the radiated field directiv-
0 Jo ity function in the farfield when the excitation frequency is
close to the fundamental. As expected, the uncontrolled field
Table 1 Material properties has a monopole character. Clearly, the incident wave excites
> > 3 3 mainly the (0,1) mode; in addition, that mode has the highest
EP, N/m” o, kg/m d Co,m/s am 2h, m radiation efficiency of all modes.!®* When the optimized
207.10° 7870 0.29 2916 (shear) 0.2  1.5875.10 3 voltage to the piezoelectric elements is turned on, the residual
Table 2 Plate resonant frequencies, w;;; (rad/s)
J
m 1 2 3 4 5 6
0 372.3669 1449.6584 3247.8462 5765.8149 9003.3852  12,950.5020
1 774.9415 2217.2052 4376.8884 7255.4960 10,853.3567 15,170.5867
2 1271.2680 3083.0377 5606.5601 8847.1647 12,806.1966 17,484.1565
3 1860.0449  4046.7307 6936.5731 10,540.6077 14,861.7412 19,901.0824
4 2538.3197 5106.9334 8365.9521 12,335.0901 17,019.4185 22,420.9070
5 3307.4362  6262.2191 9893.5577 14,229.6978 19,278.4839  25,043.0145
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Fig. 3 Radiation directivity: w=360.15 rad/s, R1=0.15m, R,=0.18
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Fig. 4 Displacement distribution: «w=360.15 rad/s, R;=0.15 m,
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Fig. 5 Radiation directivity: w=771.75 rad/s, R1=0.15m, R, =0.18
m, 1= — 15 deg, 62 =15 deg (___, uncontrolled; ----- , controlled).

radiation pattern being of a dipole character indicates the sup- -

pression of the (0,1) mode; the remaining vibration is mainly
in the (1,1) mode. It is seen that the (0,1) mode is essentially
completely controlled, with a reduction of at least 55 dB in the
sound pressure level.

It is also interesting to examine the plate displacement pro-
file for the uncontrolled and controlled case. Figure 4 shows
the predominantly (0,1) modal displacement distribution due
to the incident pressure and the remaining vibration after the
control has been turned on. The controlled vibration displace-
ment is seen to consist of higher modal components with a
(1,1) mode domination; this explains the residual dipole sound
field in Fig. 3. It is also interesting to notice the asymmetry in
the controlled vibration field; it corresponds to the asymmetry
of the control excitation. In connection to that, it is observed
that in the residual displacement field the actuator tries to
force a node near its boundary at r/a =0.75. This result corre-
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Fig. 8 Displacement distribution: «©=560 rad/s, R;=0.15 m,
Ry=0.18 m, 1= —15 deg, 62=15 deg (___, uncontrolled; ----- s
controlled).

sponds with the fact that a line moment on a plate will tend to
cause rotation of the plate about that line and no displace-
ment.

Figures 5 and 6 show the corresponding sound field directiv-
ity patterns and the vibration displacement when the excitation
frequency is close to the (1,1) mode natural frequency. In both
the primary sound and plate displacement fields, the (1,1)
mode dominates. The controlled sound field has a predomi-
nately (0,1) monopole character and, as seen in the controlled
vibration field, there is a combination of the (0,1) and higher
modes. The plate vibration is being reduced by at least 30 dB,
whereas the sound field is reduced by about 15 dB over much
of the hemisphere. For a portion of the hemisphere, however,
““‘control spillover’’ into the (0,1) mode actually amplifies radi-
ation; the (0,1) mode has a higher radiation efficiency.!¢ Thus,
although the (1,1) mode is well controlled, spillover to a
strongly radiating (0,1) mode limits the final sound reduction.
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Let us switch now to a frequency that is between the first two
natural vibration modes. In Fig. 7 the radiation pattern is
predominantly of (0,1) character, whereas the controlled field
is seen to contain the (1,1) mode only. The sound reduction is
at least 20 dB. The vibration results in Fig. 8 explain the
situation. On one hand, it seems that the (0,1) mode is well
controlled, but there is a great deal of control spillover into the
(1,1) mode, which shows in the radiation pattern. Here the
actuator is trying to compromise between two conflicting ef-
fects. As the actuator tries to reduce the efficient radiator,®
the (0,1) mode, it spills over strongly into the less efficient (1,1)
mode to which it couples well. When a balance is established
between the reduction of the (0,1) radiation and the increase of
the (1,1) radiation, the control action is optimal. Clearly, there
is no significant reduction in the total vibration energy in the
plate, but the redistribution of that energy caused by the actu-
ator makes the plate a far less efficient radiator. This result
underlines the subtlety of the approach. High sound reduction
as been achieved with little change in the spatially averaged
plate response. For better results one would need to employ
more than one actuator, a need that is seen to be even stronger
for point actuators.>% Also notice the node that the actuator is
again trying to force near its boundary at r/a =0.75. This was
also observed in a previous case. The implication is that there
is such a general tendency with this type of actuator, especially
in off-resonance conditions.

Ry=0.15 m, R,=0.18 m, 6; =75 deg, 6, =105 deg

Here we have taken the same piezo actuator and placed it at
a different location, 90 deg away from its previous position.
Radiation results for excitation close to the (0,1) mode are
shown in Fig. 9. The reduction here is much stronger than the
previous results in Fig. 3; it varies between 75 and 100 dB. An
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o
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120 80 o} 60 120

Radiated SPL. (dB)
Fig. 9 Radiation directivity: w =360.15 rad/s, R1=0.15m, R, =0.18

m, 61="75 deg, 62=105 deg ( , uncontrolled; -———- , controlled).
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=
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€ o
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Fig. 10 Radiation directivity: w=771.75 rad/s, R;=0.15 m,
R>=0.18 m, 61=75 deg, 2=105 deg (___, uncontrolled; ----- ,
controlled).
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examination of the radiation results over other diagonals re-
veals that the effect is global. This is not very surprising when
one studies the vibration distribution (not shown here). The
primary vibration field has a node along the § =90 deg, 270 deg
diam. Therefore, the actuator will couple very poorly to the
(1,1) mode. So, while the (0,1) mode is very well controlled,
spillover to the (1,1) mode is negligible. _

When the excitation frequency is close to the (1,1) fre-
quency, it is again clear in Fig. 10 (the two curves essentially
coincide) that the actuator does not couple into that mode and
hence it is unable to control it. Apparently, the (1,1) mode
created by the actuator is rotated by close to 90 deg with
respect to the (1,1) mode forced by the incident wave.

At the intermediate frequency, the (0,1) mode is very well
controlled by about 35 dB, as shown in Fig. 11. Again the
sound reduction is global over all angles of 6. The reduced
spillover into the (1,1) mode results in an overall picture that
is better than that for the previous location of the actuator. To
see that, compare with the previous results shown in Fig. 7.

R1=0.10, R;=0.18, 6, = — 15 deg, 62=15 deg

The actuator here is located at the same position as the first
case, but its size is enlarged. It is realized that the chosen size
and shape of this actuator will, to a certain degree, violate the
assumption of small closely rectangular actuator shape. How-
ever, this is clearly acceptable here if we understand that we are
only looking for some qualitative insight into the effect of the
actuator size. Figure 12 shows a representative result corre-
sponding to the intermediate excitation frequency. It is ob-
served that there is an overall deterioration by about 5 dB over
the small actuator. This may indicate that there is an optimal
size/location for the actuator. A more extensive theory is being
developed in order to attempt an in depth investigation of the
size effect.

Radiated SPL (dB)

Radiated SPL (dB)
Fig. 11 Radiation directivity: w =560 rad/s, R1=0.15 m, R>=0.18

m, 6;=75 deg, 62=105 deg (__, uncontrolled; —---- , controlled).
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Fig. 12 Radiation directivity: « =560 rad/s, R1=0.15 m, R,=0.18
m, 61= —15 deg, 62, =15 deg ( , uncontrolled; - ---- , controlled).
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Concluding Discussion

Through theoretical simulations, it has been demonstrated
that piezoelectric elements bonded to a plate can be employed
to reduce the harmonic sound transmitted or radiated from the
plate. The primary field was the sound wave transmitted
through the plate when a plane wave is incident from one of its
sides. It was shown that global sound attenuation can be
achieved near as well as off plate resonances when the actuator
complex voltage amplitude is optimized in order to minimize
the total sound power radiated to the far field.

During the course of this study, plots were produced that
showed the noise fields along the 8 ==%/2 and 0=3=/2 line,
that is, normal to the line along which the presented plots were
made. These results are not presented here for the sake of
brevity, and it suffices to say that they confirmed the global
effect of the control in a way very consistent with the presented
results.

Through the examples presented, it has become clear that
both size and location of the actuator may strongly affect the
control potential. This was shown to be the case from both the
amount of sound attenuation as well as from the control
spillover point of view. Both the degree of wanted coupling to
the controlled mode and the lack of coupling to other residual
modes are strongly affected by size, shape, and location of the
actuator. In addition, considering the tendency of the actuator
to force nodes near its boundaries, it may be said that the most
effective location of an actuator would be such that its
boundaries extend along nodal lines of the vibration field that
is to be supressed. For a complete quantitative study of such
parameters in order to design the ‘‘optimally tailored’” actua-
tor, a more accurate analysis is under development in order to
overcome the limiting assumptions of the present work.

Other strategies will also have to be addressed with the more
accurate models. For example, it would be relatively easy to
have more than one actuator at different locations but have
them work in phase or at a 180-deg phase difference; such
arrangements should improve the coupling into the controlled
modes and also reduce spillover in some cases. Finally, control
by more than one independently activated actuator will be a
natural extension of the present work.
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