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An experimental investigation was performed to determine the feasibility of implementing
polyvinylidene fluoride (PVDF) piezoelectric distributed sensors on the surface of a structure
as error sensors in an adaptive least-mean-squares (Ims) control approach to minimize
acoustic radiation. While much research has been devoted to controlling vibration of structures
with these sensors, they have yet to be implemented in structural acoustic control. To this end,
two narrow strip PVDF sensors were positioned on a simply supported plate such that the
dominant observed response was due to the odd—odd modes of the plate (i.e., the more efficient

acoustic radiators). The error sensors in effect act as spatial wave-number filters and only
observe those components that contribute significantly to far-field sound radiation. A variety
of test cases were studied for controlling sound radiation due to a disturbance both on and off
resonance. Results from these experiments indicate that PVDF sensors and piezoceramic
actuators show much promise for controlling acoustic radiation from structures, to a large
degree overcoming the need for error microphones in the far field.

PACS numbers: 43.40.Dx, 43.40.Vn

INTRODUCTION

The thrust of current research has been to develop intel-
ligent structures that can adapt to their environment such
that undesired vibration or acoustic radiation can be mini-
mized. To this end, the adaptive least-mean-squares (Ims)
algorithm has played an important role in providing feed
forward control approaches for narrow band applications.'
In addition, PZT (lead, zirconate, titanate) ceramic patches
have been bonded to the surface of structures, or embedded
within the structures to provide the necessary inputs for con-
trol of structural response as well as acoustic radiation.*”’
For structural control, PYDF (polyvinylidene fluoride)
thin film has been implemented both as a sensor and a con-
trol actuator.®!" Since the PVDF thin film can readily be
shaped by etching or cutting strips of the material, a novel
class of modal sensors and actuators have been developed.'?
While much research has been devoted to applying modal
sensing techniques for structural control, the technique is
yet to be used for applications in structural acoustics.

The limitations experienced in control of acoustic radi-
ation from structures are a result of the sensors applied in the
control algorithm. For the most part, microphones have
played a vital role as error sensors in both feedback and feed
forward control approaches for structural acoustics. To de-
velop a true adaptive structure, the sensing must become an
integral part of the structure; therefore, the microphones
located in the far field must somehow be eliminated. The
purpose of this study is to extend the previous companion
work conducted by the authors, which showed the validity
of using multiple piezoelectric actuators for controlling
sound radiation from structures,'® and replace the micro-
phones used in the previous study with more favorable thin
film PVDF sensors bonded to the surface of the structure.
Preliminary results from this study suggest that PVDF thin
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film sensors can be shaped for specific structural acoustic
control applications, acting as spatial ‘““‘wave-number filters”
in controlling radiation of structure-borne sound.

Il. THEORY
A. Sensor theory

Since the far-field acoustic radiation is dependent on the
structural response of the plate, driving the plate response to
zero would certainly result in zero acoustic radiation. In
practice, this would be impossible, since an infinite number
of control actuators would be required to couple with the
complex plate response. Fortunately, an alternative exists in
structural acoustics. Structures such as beams, plates, and
shells have modes of vibration which do not couple effective-
ly to the acoustic media. As a result these modes do not
efficiently radiate sound and thus do not require control.

Before developing the sensor theory, recall the response
of a simply supported rectangular plate, which is given by

wxyt) = i i Apn sin(%) sin( nLﬂy) exp(jot),

m=1n=1 'x 'y
1)

where m and »n represent the modes in the x and y direction,
respectively, L, and L, are the plate dimensions, @ is the
frequency of excitation, and 4,,,, are the modal amplitudes.
The structural wave number is designated by

k, = (mn/L.)*+ (n7/L,)" (2)
and the well-known acoustic wave number is defined by

where w is the circular frequency and c is the speed of sound
in the media. For comparison, the radiation efficiency for
several modes of the simply supported rectangular plate
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FIG. 1. Radiation efficiency of plate.

used in this study, with dimension of 380X 300X 1.96 mm
thick, are presented graphically in Fig. 1. Notice that the
radiation efficiency approaches unity for all modes when the
structural wave number is less than the acoustic wave num-
ber in the surrounding media. However, when the structural
wave number is greater than the acoustic wave number, the
radiation efficiencies for which both m and » are odd are the
highest over most of the frequency range.!* The radiation
efficiency of the even—even modes are the lowest, which is of
interest in control of sound radiation in this regime, since
these motions will not contribute significantly to the radiat-
ed field.

As a result of this observation, PVDF sensor shapes are
chosen such that the even—even modes of the structure are
not observed, reducing the dimensionality of the controller.
Lee et al. previously developed an equation describing the
closed-circuit charge signal g(¢) measured through the elec-
trode of the PVDF lamina as follows:'®

h,+h Le Ly
2 o

2 2 2
X(e3, ‘; >+ e32 (?9yz + 2e,44 c?ax :;y)dy dx,

‘ (4)
where w is the plate response, A, is the piezoelectric lamina
thickness, 4, is the plate thickness, e;,, e;,, and e;q are the
piezoelectric field intensity constants, and I'(x,y) is the spa-
tial function describing the shape of the sensor. In locating
the sensors on the plate, one was placed vertically and the
other horizontally as depicted in Fig. 2. The vertical sensor
was located 52 mm from the left side of the plate and mea-
sured 22 mm wide, while the horizontal sensor was posi-
tioned 139 mm from the bottom side of the plate and also
measured 22 mm wide. Since no skew angle is associated
with polarization of the PVDF used in this study, e;s = 0.
The “spatial window” created by the sensors can be de-
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Piezo 1

FIG. 2. Schematic of plate.

scribed in terms of step functions. For example, the function
describing PVDF2 presented in Fig. 2 can be written as fol-
lows:

F(xy)=[u(xy—c)—u(x—L,y—d)], (5

where u is a spatial step function in two dimensions, and the
constants ¢ and d are the coordinates locating the strip, 139
and 161 mm, respectively. Substituting the equation for the
response of the simply supported plate into the sensor equa-
tion along with the spatial function describing the sensor, we
obtain

B+ h\ (= (b
q(t)=(¢)f f [u(xy—c) —u(xy—d)]
2 o Jo
(2, B[ (F) ()]
PPl L. 32 L,

nz;:x) sin( nLﬂj’ ) exp(jot) ])dx dy,
(6)

which can be integrated over the surface. Upon evaluating
the integral, the response can be simply expressed as

h+h°°

3 5|5 (2) o0z
X [ cos(mm) — 1][ (mrd) —cos(n;rc)]
N | @)

As is obvious from this expression, for even m, the integral is
zero; therefore, all even modes in the x direction are not
observed by this sensor. A similar formulation for the verti-
cal sensor results in rejection of even modes in the y direction
for that sensor. Since two sensors are implemented to mea-
sure the odd modes in the x and y direction, contributions of
odd-even modes result in the error signal as well as odd—odd
modes. The least efficient even—even modes are therefore not
observed. Each signal is weighted equally in the Ims algo-
rithm, and as a result, the odd—even modes are weighted toa
lesser degree than the odd—odd modes since only one sensor
can detect the mode as opposed to two. Further work will

XA sin(

q(t) =
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consider more specialized shape functions for the sensor
which will discriminate between different modes.

B. Wave-number analysis

Before discussing the experiment and the corresponding
results, it is appropriate to introduce the method used to
interpret the results. The typical approach used in describing
the acoustic field based on the structural response is to com-
pare the modal amplitudes before and after control. At this
point two terms will be defined to describe the methods of
control, “modal suppression” and ‘“modal restructuring.”
Modal suppression is the most obvious method of control,
and it is typically associated with on-resonance cases. In this
case, after minimizing the acoustic field, the modal ampli-
tudes and thus the panel response fall, resulting in a reduc-
tion in the acoustic radiation.

The second method of control, modal restructuring, is
the most interesting and complicated of the two methods
defined. Modal restructuring is associated with an increase
in modal amplitudes and a change in the relative phasing
among the “uncontrolled” modes such that the panel has a
lower overall radiation efficiency. An alternate interpreta-
tion is based upon mathematically viewing the system re-
sponse (vibration and acoustic) as a superposition of “ mod-
al” components. In this case, it is convenient to talk in terms
of the uncontrolled modes although the closed loop system
has new modes and resonant frequencies.'> To clarify this
method, a simple diagram will be used to aid in the discus-
sion. For simplicity the panel response will be assumed to be
composed of two modes, the (1,1) and the (2,1) mode of the
structure, depicted in the x-z plane of Fig. 3. Both the uncon-
trolled and controlled acoustic responses are presented be-
low the schematic of the structural modes. The resulting
sound field is a superposition of the sound pressures contrib-
uted by each structural mode. In the uncontrolled case, the
acoustic response of the (2,1) mode is observed to reinforce
that of the (1,1) mode at the location of the error micro-
phone. After applying control, the modal amplitude of the

Structural Response in X-Z Plane

(1,1) mode (2,1) mode

[N

FIG. 3. Example of acoustic and structural modes.
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(2,1) mode is increased such that the acoustic response re-
sulting from the (2,1) mode is equivalent to that of the (1,1)
mode; however, the phase between the modes is shifted such
that the acoustic response decreases at the error micro-
phone. Alternatively, the increase in structural response of
the (2,1) mode has led to a residual structural response that
has a lower overall radiation efficiency. For the simple con-
trived case described here, the results are readily interpreted,
but as the number of modes included is increased, physical
interpretation of the modal amplitudes is impossible other
than to observe that some form of modal restructuring has
occurred.

To alleviate this problem of interpretation, an alterna-
tive method of analyzing the data will be introduced. This
method is based on a wave-number transform, which is anal-
ogous to obtaining the frequency spectrum from a time-de-
pendent signal.' To obtain the wave-number transform, a
Fourier integral transform of the spatial response is evaluat-
ed:

+ o

+
F(k..k,) = I Sf(x,y) exp( —jk.x)

X exp( — jk,y)dy dx. (8)

Replacing f (x) with the spatial response of the plate (1)
and evaluating the integral over the boundaries of the plate,
the wave-number transform is obtained for each mode as

L, oL,
Wmn (kx sky ) = Amn j '[ Sln(m) sin( nﬂ.y)
b Jo L, L

id

—

X exp( — jk.x) exp( — jk,y)dy dx.
9

Plotting the magnitude of this function yields physical in-
sight into the structural acoustic response. An idealized ex-
ample of a wave-number spectrum is presented in Fig. 4 to
convey the concepts. The acoustic wave number, presented
in Eq. (3), is the critical number defining the region between
structural wave-number components that do not radiate
acoustic energy and components that simply create near-
field acoustic disturbances. The radiating region is termed
the supersonic region and is the shaded region in Fig. 4
where the structural wave number is less than the acoustic

Uncontrolled Controlled
& =
2 | [ supersonic 3 | [ supersonic
g [ beonic é - { subsonic
£ £
§ E
2 E :
k k, k am Ky
g Lx
k for fundamental beam mode k for dipole beam mode

FIG. 4. Example of k-plane results.
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wave number.'* The nonradiating region is termed the sub-
sonic region and is defined when the structural wave number
is greater than the acoustic wave number.

Using this technique to describe the relationship be-
tween the structural and acoustic response of the plate facili-
tates interpretation of results since the uncontrolled and
controlled plate motions are being decomposed into wave
components. For the case of modal suppression, the overall
magnitude of the wave-number transform is simply reduced
after applying control. However, for the case of modal res-
tructuring, the energy is observed to shift from the super-
sonic (radiating) region to the subsonic (nonradiating) re-
gion as illustrated in Fig. 4. (The example of Fig. 4 is for a
1-D system.) For the case presented, a cross section of the
wave-number transform was illustrated for simplicity. In
reality, a three-dimensional figure, including negative wave-
number components, is required to illustrate the results
since the structural wave number is a function of both the x
and y direction as illustrated in Eq. (2).

Il. EXPERIMENTAL SETUP AND PROCEDURE

The experimental setup was identical to that described
previously by the authors in the companion paper'® with the
exception of the sensors used in the cost function of the con-
trol algorithm. The PVDF thin film sensors described in the
previous section were attached to the structure with double-
sided tape and electrical leads were attached with copper
tape to the top and bottom surface of the PVDF elements. A
picture of the test plate is presented in Fig. 5 with both PZT
actuators and PVDF sensors attached to the surface.

The electrical response of each sensor was conditioned
with matched high-impedance (i.e., Giga ohms) operational
amplifiers, and gains were provided with noninverting am-
plifiers. The input impedance of the amplifiers must be much
greater than that of the sensors to prevent loading of the
PVDF sensors. The thin film sensors used in this study mea-
sured 28 pm thick, and material properties can be found in
the Kynar Piezo Film Technical Manual.'® It is worth men-
tioning that the sensors have a favorable direction of polar-
ization and hence e, is approximately twice as great as e;,.
Based on this observation, the sensors were oriented either

FIG. 5. Plate configured with PZT actuators and PVDF sensors.
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TABLE I. Theoretical versus experimental resonant frequencies.

Mode Theoretical £,,, (Hz) Experimental f,,, (Hz)
(L1) 88 88
(2,1) 189 187
(1,2) 250 253
(2,2) 351 349
(3,1) 357 353
(1,3) 519 511
(3,2) 520 522
4,1) 592 584
(2,3) 621 612

horizontally or vertically, depending on the application, to
take advantage of the more favorable direction of sensitivity.
The plate was also grounded to the common ground of the
instrumentation to eliminate electrical “cross talk” between
the PZT actuators and the PVDF sensors.

In conducting the experiments, the disturbance input
was achieved with a shaker attached to the plate with a
stinger at spatial coordinates of (240,130) mm for the on-
resonance cases and (170,100) mm for the off-resonance
cases. The shaker was driven harmonically, and before ap-
plying control, both the acoustic response and structural re-
sponse were quantified as outlined previously by the au-
thors' to provide a basis for comparison. Control was
achieved with the multichannel version of the filtered-X
adaptive Ims algorithm as discussed in the companion pa-
per'? and control inputs were supplied with the piezoelectric
actuators depicted in Fig. 2. Error information was obtained
from the electrical response of the PVDF thin film sensors to
create the necessary control cost function. Upon achieving
control, the acoustic and structural response were again
quantified to evaluate the level of acoustic attenuation as
well as the physical mechanism of control. For future refer-
ence, the predicted and measured resonant frequencies of the
plate are given in Table 1. As indicated, the measured values
are within 1% for the modes presented. Greater details of
the plate mode shapes as well as specifics required to mea-
sure both the acoustic response and structural response of
the plate are given in the related study by the authors.'?

il. RESULTS

Initial experiments were conducted implementing the
PVDF thin film error sensors in the control algorithm. Both
on and off resonance cases are presented to compare sound
attenuation for up to two channels of control. After complet-
ing these tests, microphones were implemented as error sen-
sors in the control algorithm for the same input disturbance
location and control actuator configuration to provide a ba-
sis for comparison. Finally, example results from the wave-
number analysis are presented which illustrate the mecha-
nisms of control.

A. Comparison between microphone and PVDF thin film
error sensors

For the first case, the plate was driven on-resonance for
the (1,1) mode. As illustrated by the acoustic response pre-
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FIG. 6. Response at (1,1) mode (PVDF error sensors).

sented in Fig. 6(a), sound attenuation on the order of 30 dB
was obtained. In the legend of the figure, “C#” indicates the
piezoelectric actuator used in the control implementation
and “PVDF#” indicates the chosen PVDF error sensor.
Each of the numbered elements is depicted in the plate sche-
matic of Fig. 2. Considering the modally decomposed struc-
tural response, presented in Fig. 6(b), the (1,1) mode of the
plate is obviously dominant before control. After applying
control, a modal suppression occurred, whereby the ampli-
tudes of all modes have decreased.!” (Later results will dem-
onstrate how this concept can be understood from the wave-
number point of view.) As expected, the response of the
(1,1) mode was dominant before control, and sound attenu-
ation was achieved by reducing the structural modal re-
sponse by approximately 30 dB. ‘

For comparison, microphones located at + 45°, 0°, and
— 45° were implemented as error sensors as indicated in Fig.
6(a), and the same control experiment was conducted on-
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FIG. 7. Response at (3,1) mode (PVDF error sensors).

resonance for the (1,1) mode of the plate. In the legend of
the figure, the microphone position is given in units of de-
grees with the control actuator number used in the experi-
ment. The controlled response when implementing the mi-
crophone error sensors resulted in sound attenuation on the
order of 35 to 40 dB, an increase in attenuation of 5 to 10 dB
over that observed when utilizing the PVDF error sensors.
This increased level of attenuation can be attributed to the
further reduction of the (1,1) mode observed when minimiz-
ing the response of the microphone error sensors as is appar-
ent in Fig. 6(b).

As a second case, the plate was driven slightly-above- -

resonance (i.e., 355 Hz) for the (3,1) mode. Upon minimiz-
ing the response of the two PVDF error sensors, the acoustic
response was attenuated by approximately 20 dB as can be
seen in Fig. 7(a). Results from the modal decomposition
indicate that control was achieved by modal suppression of
the dominant (3,1) mode with an increase in the response of
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the (1,1), (2,2), and (4,1) structural modes as indicated in
Fig. 7(b). The control spillover into the (2,2) mode has little
effect on the structural acoustic response due to the low radi-
ation efficiency of this mode at k /k, = 0.25; however, the
small increase in response of the (1,1) mode limits the level
of sound attenuation since the radiation efficiency of this
mode is approximately 10 times greater than that of the
(3,1) mode.
The microphone error sensors located at + 45°, 0°, and
— 45° were again implemented as error sensors as indicated
in Fig. 7(a), and the same control experiment was conduct-
ed near the resonant frequency of the (3,1) mode with the
two identical control actuators used in the previous test. The
resulting acoustic response after control was observed to de-
crease by approximately 30 dB as indicated in Fig. 7(a).
While the general shape of the directivity patterns resulting
from control with either microphone error sensors or PVDF
error sensors is similar, greater levels of acoustic attenuation
resulted when implementing the microphone error sensors
as evident in Fig. 7(a). Referring to the modal response pre-
sented in Fig. 7(b), control was achieved in this case by two
mechanisms. First of all, the dominant (3,1) mode, which is
an efficient acoustic radiator, was reduced (modal suppres-
sion). However, some increase in the amplitude of the (2,2)
mode was observed. As discussed earlier, this spillover into
the (2,2) mode has little effect on the level of sound radiation
since the radiation efficiency of this mode is approximately
15 times less than that of the (3,1) mode for k /k, = 0.25 as
can be seen in Fig. 1. Upon comparing the structural modal
response when applying control with the PVDF error sen-
sors to that when applying control with the microphone er-
ror sensors, one observes that the controlled modal ampli-
tudes are nearly identical with the exception of the (3,1)
mode. Less attenuation of the (3,1) mode occurred when
using the microphone error sensors. Upon achieving con-
trol, the (3,1) mode was reduced; however, upon reaching a
level where the sound radiation from the (1,1) mode and
(3,1) mode were comparable, the phase relationship be-
tween the modes was restructured such that the (3,1) mode
and (1,1) mode were out of phase with each other, explain-
ing the increased level of attenuation observed when imple-
menting the microphone error sensors.

The final test was conducted off-resonance at a driving
frequency of 320 Hz, which lies between resonant frequen-
cies corresponding to the (1,2) and (2,2) modes of the struc-
ture. Results from the acoustic response before and after
control are presented in Fig. 8(a). As observed, approxi-
mately 15 dB of global sound attenuation was obtained after
minimizing the response of the PVDF distributed sensors.
The modal structural response of the plate was observed to
decrease at every mode under control conditions, with the
exception of the (1,2), (1,3), and (4,1) modes as indicated
in Fig. 8(b). Of these three modes, the (1,2) mode is of
primary concern since the modal amplitude after control is
of a comparable level with that of the (3,1) mode before
control. Fortunately, the radiation efficiency of the (3,1)
mode is approximately 3 times greater than that of the (1,2)
mode for k /k, = 0.25, hence the spillover into the (1,2)
mode does not prevent attenuation of the radiated sound.
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FIG. 8. Response at 320 Hz (PVDF error sensors).

For comparison, the structure was driven off-resonance
at an excitation frequency of 320 Hz. Microphones posi-
tioned at + 45°, 0°, and — 45° were again utilized as error
sensors, and two channels of control were implemented. As
can be seen in Fig. 8(a), levels of sound attenuation on the
order of 20 dB resulted. It is apparent from Fig. 8(b) that
control was achieved through modal suppression of the
(3,1) and (1,1) mode as well as modal restructuring be-
tween these modes. As demonstrated in the on-resonance
test case presented in Fig. 7, the (3,1) mode and (1,1) mode
were phased for destructive interference upon achieving
control. This again serves to explain why the amplitude of
the (3,1) mode was attenuated less when implementing the
microphone error sensors than when implementing the
PVDF error sensors. Since the radiation efficiency of the
(1,1) mode is approximately 10 times greater than that of
the (3,1) mode, the modal response of the (3,1) mode must
be greater than that of the (1,1) mode for destructive inter-
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ference to occur (with the appropriate phase relationship).
The residual plate response thus had a lower overall radi-
ation efficiency upon achieving control with the microphone
€ITOT Sensors.

B. Wave-number analysis

The wave-number approach is introduced to facilitate
interpretation of the relationship between the structural re-
sponse and the corresponding acoustic response of the plate.
Recalling the results corresponding to excitation of the (1,1)
mode, presented in Fig. 6(b), the modal amplitude of the
dominant (1,1) mode was significantly reduced regardless
of whether PVDF or microphone error sensors were used.
As an alternative method of analysis, performing a wave-
number transform of the structural response corresponding
to the uncontrolled and controlled response for this test case
will be examined. Before control, the largest amplitudes (or
velocities since the response is harmonic) are observed in the
supersonic region of the wave-number transform presented
in Fig. 9. Only a “slice” of the k transform (since k, was set
equal to zero) was presented in the graphs to help clarify the
method of analysis. In analyzing the results, a two-dimen-
sional k transform was performed, and the trends were the
same as those presented in the following one-dimensional k&
transforms. The one-dimensional graph was chosen simply
to make visualization of the process easier for the reader. For
an excitation frequency of 87 Hz, the acoustic wave number
is 1.6. After applying control with PVDF error sensors, the
amplitudes in the supersonic region (radiating region) de-
creases as was the case in the subsonic region (nonradiating
region). As a result, the acoustic radiation of the structure
decreased since the total energy radiated was reduced upon
applying control. As described earlier, this method of con-
trol was termed modal suppression. The wave-number
transform corresponding to the controlled response imple-
menting microphone error sensors is very similar; however,
greater levels of attenuation are observed in the supersonic
region of the wave-number transform, explaining the in-
creased level of acoustic attenuation.

In the second test case, the plate was driven slightly
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FIG. 9. The k transform (k, = 0) for plate driven at (1,1) mode.
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FIG. 10. The k transform (k, = 0) for plate driven at (3,1) mode.

above resonance for the (3,1) mode with an acoustic wave
number of 6.5. The wave-number transform corresponding
to the uncontrolled and controlled response is presented in
Fig. 10. As evident, the response in the supersonic region of
the wave-number transform was significantly reduced when
using either PVDF or microphone error sensors; however, a
greater level of attenuation was observed when implement-
ing the microphone error sensors. In the subsonic region, the
amplitudes of the spectrum are greater when applying con-
trol with the microphone error sensors than that observed
when applying control with the PVDF error sensors. Recall-
ing the results presented in Fig. 7(a), greater levels of sound
attenuation were observed when implementing the micro-
phone error sensors. This illustrates that the modal restruc-
turing required to achieve greater levels of sound attenuation
with microphone error sensors serves to increase spillover
into the subsonic region of the wave-number spectrum in
comparison to that resulting from control with PVDF error
sensors. This spillover can be attributed to the differences
noted in the modal response of the (3,1) mode correspond-
ing to the two control cases.
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FIG. 11. The k transform (k, = 0) for plate driven at 320 Hz.
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In the final example, consider the results presented in
Fig. 8, corresponding to excitation of the plate off resonance
at 320 Hz. The acoustic wave number in this case is approxi-
mately 5.9. The amplitudes of the k£ transform were signifi-
cantly decreased as illustrated in Fig. 11, and the method of
control is again predominantly described by modal suppres-
sion whether PVDF or microphone error sensors were im-
plemented in the control approach. This result was also ob-
served in Fig. 8(b) with the exception of an increase in the
amplitude of the (1,2) mode of the structure, resulting from
control spillover. As indicated in Fig. 11, whether PVDF or
microphone error sensors were implemented in the control
approach, the amplitude of the wave-number spectrum in
the supersonic region as well as the subsonic region de-
creased. However, when implementing the microphone er-
ror sensors, the amplitude of the wave-number spectrum was
significantly less in the supersonic region than in the sub-
sonic region compared to the controlled response when uti-
lizing the PVDF error sensors. The greater levels of attenu-
ation in sound radiation can thus be attributed to the
spillover into the subsonic region of the wave-number spec-
trum. The structural wave number of the (3,1) mode is 27,
which is approximately the location of the two maxima cor-
responding to the controlled response when implementing
the microphone error sensors. As indicated in Fig. 8(b), the
controlled response when implementing microphone error
sensors resulted in less attenuation of the (3,1) mode than
that resulting from applying control with the PVDF error
sensors. The phasing between the (3,1) mode and (1,1)
mode serves to further reduce the response in the supersonic
region at the expense of less attenuation in the subsonic re-
gion.

C. Summary

While significant levels of sound attenuation were ob-
tained when implementing the PVDF error sensors for both
on- and off-resonance test cases, greater levels of sound at-
tenuation were observed when implementing the micro-
phone error sensors. This results from the fundamental dif-
ferences in the two sensors. The PVDF error sensors weight
each structural mode as a function of their shape and posi-
tion on the structure (i.e., spatial window created by the
sensors) and as a function of the modal indices since the
response is proportional to the integral of strain over the
surface of application as evident in Eq. (7). Hence, the sen-
sor becomes increasingly responsive to higher-order modes;
however, the response of these modes are filtered due to the
frequency response characteristics of the structure. When
the controlled modal amplitudes of the dominant lower-or-
der modes (for structural acoustic control) are of compara-
ble levels with the higher-order modes, the PVDF sensor
“shifts interest” to these higher-order modes. This explains
why the amplitude of the (3,1) mode was always reduced to
a level comparable to that of the (1,1) mode. The (3,1)
mode is weighted approximately three times greater than
that of the (1,1) mode since the sensor yields an electrical
response proportional to the integral of strain over the sur-
face of application.

In contrast, the microphone error sensors obviously in-
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clude the structural acoustic transfer function and hence are
ideal error sensors for this application. The radiation effi-
ciency of each mode is automatically included in the cost
function since the electrical response of the microphone is
sensitive to the resulting sound radiated from each structural
mode and not the amplitudes of the structural modes. This
serves to explain why the (3,1) mode was attenuated less
when implementing microphone error sensors than when
implementing the PVDF error sensors. As the response of
the (3,1) mode was reduced to a level where the radiation
efficiency was comparable to that of the (1,1) mode, the
phase relationship between the two modes was simply con-
figured for descriptive interference (i.e., out of phase) as
discussed earlier by the mechanisms conveyed in Fig. 3.
When implementing the PVDF error sensors, the (3,1)
mode was observed to be out of phase with the (1,1) mode;
however, the amplitude was reduced to a level where de-
structive interference of the acoustic response was not possi-
ble since the PVDF sensor is sensitive to the integral of strain
over the surface of application.

IV. CONCLUSIONS

Experiments have been performed that consider the use
of distributed PVDF error sensors in an active structural
acoustic control approach. The PVDF sensors were at-
tached directly to the plate and shaped/located to observe
only particular structural motion. In general, the results
show good attenuation of radiated sound levels for both on-
or off-resonance response with a two channel control ap-
proach. Sound attenuation on the order of 20 to 30 dB was
achieved for the on-resonance cases and approximately 15
dB of sound attenuation was obtained for the off-resonance
condition; however, greater levels of attenuation were ex-
pected for on-resonance conditions since the majority of the
acoustic response is due to a single mode of the structure.
The PVDF error sensors weight each structural mode as a
function of their shape and position on the structure (i.e.,
spatial window created by the sensors) and as a function of
the modal indices since the response is proportional to the
integral of strain over the surface of application. This serves
to limit the level of control spillover and suppress the re-
sponse of the higher-order modes of the structure. However,
the level of modal restructuring which can be achieved is
reduced, limiting the level of acoustic attenuation. The ob-
vious design objective would be a compromise between the
above observations whereby the PVDF strip sensors are op-
timally positioned on the structure to effectively weight the
structural modes. This effect is so complex that it may only
be accomplished for high modal densities in conjunction
with optimal design techniques,'® which is the basis for fu-
ture work.

Several techniques were used to study the results and
obtain the previous conclusions. Due to the complexity of
the structural response before and after control, the wave-
number transform was chosen as the most efficient method
of analysis in discovering the relationship between the struc-
tural response and the acoustic response. Two methods of
control were observed, modal suppression and modal res-
tructuring. In modal suppression, the amplitudes of the
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structural response were observed to decrease for all modes
present. However in modal restructuring, control is
achieved by spillover of control energy into the plate modes
such that the residual response has a lower overall radiation
efficiency and an associated lower radiation of acoustic pow-
er. In both cases, the amplitudes in the supersonic region of
the wave-number transform of the structural response de-
creased, corresponding to a reduction in the total far-field
sound radiation from the structure. In future work, this
method of analysis and terminology will be used to study and
describe the physical nature of structural-acoustic control.
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