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When multiple actuators and sensors are used to control the vibration of a panel, or its sound
radiation, they are usually positioned so that they couple into specific modes and are all connected
together with a centralized control system. This paper investigates the physical effects of having a
regular array of actuator and sensor pairs that are connected only by local feedback loops. An array
of 434 force actuators and velocity sensors is first simulated, for which such a decentralized
controller can be shown to be unconditionally stable. Significant reductions in both the kinetic
energy of the panel and in its radiated sound power can be obtained for an optimal value of feedback
gain, although higher values of feedback gain can induce extra resonances in the system and degrade
the performance. A more practical transducer pair, consisting of a piezoelectric actuator and velocity
sensor, is also investigated and the simulations suggest that a decentralized controller with this
arrangement is also stable over a wide range of feedback gains. The resulting reductions in kinetic
energy and sound power are not as great as with the force actuators, due to the extra resonances
being more prominent and at lower frequencies, but are still worthwhile. This suggests that an array
of independent modular systems, each of which included an actuator, a sensor, and a local feedback
control loop, could be a simple and robust method of controlling broadband sound transmission
when integrated into a panel. ©2002 Acoustical Society of America.@DOI: 10.1121/1.1433810#

PACS numbers: 43.40.Vn@PJR#
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I. INTRODUCTION

The vibration of a structure can be actively controlled
feeding back the signals measured by sensors on the s
ture to integrated actuators.1,2 Sound radiation from struc
tures can also be actively controlled,3 although in this case i
is most important to control the components of vibrati
which radiate sound most efficiently, which has been term
active structural acoustic control.

Active control systems are usually designed by selec
the number and position of the actuators, the number
position of the sensors, and the controller response. The
sitions of the actuators and sensors used in active vi
acoustic control systems are often chosen so that they
couple into the structural modes that dominate the vibra
or the sound radiation.1–3 As the frequency of excitation in
creases, however, the detailed shape of these struc
modes become increasingly sensitive to the boundary co
tions and external loads on the structure and hence bec
more uncertain. It may thus be preferable to use a la
number of actuators and sensors than are strictly requ
arranged in a regular array so that the structural modes
controlled whatever their shape.

There are considerable advantages in collocating the
tuators and the sensors in such a feedback control sys
When the actuator and sensor are also dual, in the sense
the product of the actuator input and the sensor respons
proportional to the power supplied to the structure,4 the plant
response, from actuator input to sensor output, will hav
positive real part, since the uncontrolled structure is pass
If a collocated force actuator and velocity sensor were us

a!Electronic mail: sje@isvr.soton.ac.uk
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for example, the plant response would be proportional to
input, or point, mobility of the structure, which must have
positive real part. The bandwidth over which this passiv
property holds will, in practice, be limited by the dynami
of the transducers used. Provided the frequency respons
the feedback controller also has a positive real part, the p
plot of the open loop frequency response function, i.e.,
Nyquist plot, must stay in the right-hand half of the compl
plane and so the system is unconditionally stable, since
polar plot cannot encircle the Nyquist point. The generali
tion of this simple passivity property to multichannel sy
tems is discussed in the following, where it is shown tha
the collocated actuators and sensors are coupled only b
cal feedback control loops with positive feedback gains, th
the controller is passive and stability is assured for a pas
plant. Such an array of locally acting feedback loops is
ferred to as a decentralized control system. It may also
possible to economically implement such an array of in
grated transducers using micro-electromechanical syst
technology.

In this paper, an initial version of which was publishe
in Ref. 5, we investigate the consequences of a decentra
feedback control strategy, which uses a set of 16 colloca
actuators and sensors on a panel, when the panel is subje
an incident acoustic excitation. Each actuator is driven in
vidually by the output of the corresponding sensor so t
only local feedback control is implemented, with each act
tor, sensor, and controller operating independently.

The objective is to investigate the effect on both t
vibration of the panel, as quantified by its kinetic energy, a
the sound radiated by the panel, as quantified by the so
power it radiates. It will be assumed that each of the sens
/111(2)/908/8/$19.00 © 2002 Acoustical Society of America
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measures the panel velocity at the corresponding po
which could be achieved in practice by integrating the out
of a small accelerometer for example. Initially, the actuat
will be assumed to be collocated devices which generate
of plane forces, as discussed previously. Although such
tuators have useful theoretical properties, they require an
ertial base to react off. It would be more useful in practice
have actuators that are fully integrated with the panel. In
latter parts of the paper the corresponding results will
described with velocity sensors and small strain actua
directly underneath them, such as could be implemented
ing piezoelectric devices. The similarity between the beh
ior of the ‘‘ideal’’ force actuator and velocity sensor contr
system will be compared with that of the ‘‘practical’’ contro
system with piezoelectric actuators and velocity sensors

In Sec. II the performance of such a multichannel dec
tralized system is investigated, together with the conditio
for stability. Section III describes the theoretical model us
to calculate the panel vibration and sound radiation. Sect
IV and V discuss the results of feedback control using fo
actuators and piezoelectric actuators, respectively, and
overall conclusions are summarized in Sec. VI.

II. MULTICHANNEL FEEDBACK CONTROLLERS

In this section we consider multichannel feedback c
trol systems with equal numbers of collocated actuators
sensors.4,6,7 In this case, the plant and controller respons
are square matrices,G(s) andH(s), and the control objec-
tive is disturbance rejection, as illustrated by the block d
gram in Fig. 1. Provided the control system is stable,
vector of spectra for the residual signals at the sensor
puts, y( j v), is related to that of the sensor outputs befo
control,d( j v), by

y~ j v!5@ I1G~ j v!H~ j v!#21d~ j v!. ~1!

Similarly the vector of control inputs to the actuators,u( j v),
is given by

u~ j v!5H~ j v!@ I1G~ j v!H~ j v!#21d~ j v!. ~2!

In the case under consideration here,G( j v) is the fully
populated matrix of input and transfer responses between
actuators and sensors on the panel andH( j v) is a diagonal
matrix, which we will assume to have constant gains on e
channel so thatH( j v)5hI , whereh is the feedback gain
Thus, given a set of panel responses,G( j v), and a feedback

FIG. 1. Multichannel feedback control system, which for a passive p
response,G(s), and a passive controllerH(s), is unconditionally stable.
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gain,h, the actuator signals can be calculated and hence
total response of the panel to both the primary and secon
excitations can be found. These results rely on the con
system being stable, and the conditions for stability in t
application are discussed in the following.

If collocated and dual transducers are used, then the
part ofG( j v) must be positive definite, since the total pow
supplied to the uncontrolled system by all the actuators m
be positive. If force actuators and velocity sensors are u
for example, thenu( j v)5f( j v), wheref( j v) is the vector
of applied forces andy( j v)5v( j v), where v( j v) is the
vector of measured velocities, and the power supplied by
actuators to the system at a frequencyv can be written as

P~v!5 1
2 Re@ f H~ j v!v~ j v!#, ~3!

where Re denotes the real part andH denotes the Hermitian
~conjugate! transpose. Sincev( j v)5G( j v)f( j v) in this
case, then Eq.~3! can be written as

P~v!5 1
2 Re@ f H~ j v!G~ j v!f~ j v!#. ~4!

Assuming reciprocity,G( j v) is also symmetric, so that

P~v!5 1
2 f H~ j v!Re@G~ j v#f~ j v!, ~5!

and it is clear that Re@G( j v# must be positive definite if
P~v! is to remain positive for all combinations of applie
force, and the real parts of all the eigenvalues ofG( j v) must
be positive for allv, so that the system is passive.7,8 We
assume that there is always some level of damping in
structure, so thatP~v! can never be exactly zero unlessf(v)
is identically zero.

We also assume that the controller is designed so th
too has a positive definite real part at all frequencies,
would be the case ifH( j v)5hI and h.0. The plant and
controller are thus both passive and the feedback control
tem illustrated in Fig. 1 must be unconditionally stable.7,8

Thus if multiple local feedback loops are implemented w
fixed gains then the system is stable provided each of
individual feedback gains is positive. Under these conditio
the feedback gains can, in principle, be increased with
limit and the signals from the control sensors can be driv
to zero.

It should also be noted in passing that if an independ
reference signal is available and feedforward control w
implemented on such a system with collocated transduc
then independent loops could also be used for the adapta
of each actuator signal, using only the error signal from
corresponding sensor.9 Because each of the eigenvalues
the matrix of plant responses has a positive real part,
stability of such a decentralized feedforward controller
guaranteed for slow convergence, provided the estima
plant responses used by the individual adaptation loops
had a positive real part.

Although the multichannel plant response is guarant
to be passive if collocated point force actuators and velo
sensors are used, this property cannot be guaranteed
piezoelectric actuators and velocity sensors. The stability
a general multichannel control system can, however, alw
be determined10 by examining whether the locus of the d

t
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terminant of@ I1G( j v)H( j v)# encloses the origin asv var-
ies from2` to `. Alternatively the fact that the determinan
of a matrix is the product of its eigenvalues can be used
derive a series of polar plots, each of which are analogou
the single channel Nyquist criteria. Specifically we note t

det@ I1G~ j v!H~ j v!#5~11l1~ j v!!~11l2~ j v!!¯ ,
~6!

wherel i( j v) is the i th eigenvalue ofG( j v)H( j v), and so
provided the locus of none of the eigenvalues encloses
Nyquist point (21,0) asv varies from2` to `, the system
will be stable.

III. SIMULATION STUDY

The arrangement used in this simulation study is sho
in Fig. 2, in which a thin aluminum panel, 278 mm
3247 mm31 mm, is subject to an incident plane acous
wave of unit pressure. The plane wave is assumed to
incidental at azimuthal and lateral angles of 45° and 45°
thus excites all the structural modes of the panel.11 The panel
is assumed to be driven into motion by the incident acou
wave and then to radiate sound on the other side. A wea
coupled analysis is used, in that the radiated pressure is
sumed to have no effect on the panel vibration, which i
reasonable assumption in air for this thickness of panel.
panel is assumed to be simply supported and its velo
distribution is represented by the finite modal series

v~x,y,v!5 (
n51

N

an~v!cn~x,y!, ~7!

wherex andy are the spatial coordinates on the panel,an(v)
is the frequency-dependent amplitude of thenth mode, and
cn(x,y) is its mode shape. The mode shape is assumed t
real and normalized so that the surface integral of its squ
value is equal to the surface area, so that in this sim
supported case

cn~x,y!54 sinS n1px

Lx
D sinS n2py

Ly
D , ~8!

FIG. 2. Physical arrangement for the computer simulations, in which
vibration of a simply supported panel is excited by a plane acoustic wav
one side and radiates sound into an anechoic half space on the other s
the panel.
910 J. Acoust. Soc. Am., Vol. 111, No. 2, February 2002
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whereLx andLy are the dimensions of the panel andn1 and
n2 are the two modal integers, which are denoted above
the single indexn.

The modal amplitude is given by the product of
second-order resonance term,An(v), and the modal excita-
tion term,Fn(v),

an~v!5An~v!Fn~v!, ~9!

where

An~v!5
j v

m~vn
22v21 j 2znvvn!

, ~10!

andm is the total mass of the panel,zn is the modal damping
ratio, which was taken to be 0.01~1%! for all modes in these
simulations, andvn is the natural frequency of thenth mode
which is given by

vn5A Eh2

12r~12n2!F S n1p

Lx
D 2

1S n2p

Ly
D 2G , ~11!

wherer is the density of the material,E is its Young’s modu-
lus of elasticity,n is the Poisson’s ratio, andh is the panel’s
thickness.

The modal excitation term will have a component due
the incident plane wave,Fnp(v), and a component due t
each of theM secondary actuators,Fnm(v), so that

Fn~v!5Fnp~v!1 (
m51

M

Fnm~v!. ~12!

For the plane acoustic wave excitation assumed h
Fnp(v) is given by Wanget al.,12 who also analyze the
modal excitation terms for the plate when driven by a po
force or the line moments generated by a piezoelectric ac
tor, which were used here to calculateFnm(v), as summa-
rized in Ref. 3. The size of each of the piezoelectric actua
is 25325 mm.

The total kinetic energy of the panel is defined to be

E~v!5
m

4SES
uv~z,y,v!u2dx dy, ~13!

whereS is the surface area of the panel. Using the orthon
mal properties of the mode shapes the kinetic energy is
equal to

E~v!5
1

4m (
n50

N

uan~v!u2. ~14!

The sound power radiated by the panel is calculated
ing an elemental approach.13 The velocities at the center o
each of a dense grid of elements is calculated using Eq.~7! to
form the vectorv, and it is assumed that the vector of pre
sures in front of each element on the panel,p, is related tov
by the acoustic impedance matrixZ, so that

p5Zv. ~15!

The radiated sound power can then be approximated by

W5
DS

2
Re@vHp#, ~16!

e
n
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whereDS is the area of each element, and this can also
written as

W5
DS

2
Re@vHZv#5vHRv, ~17!

where R5 (DS/2)Re@Z#, which has a particularly simple
form for planar radiators.13 52352 elements were used i
these simulations so that their spacing is small compa
with the acoustic wavelength at the highest frequency of
terest.

Although the sound power radiated by the panel usefu
quantifies the far-field pressure it generates, high levels
vibration in weakly radiated modes can give rise to sign
cant pressure levels in the near field of the panel. It has b
shown that the total kinetic energy of a panel provides
better measure of near-field pressure than radiated so
power,11 and so if there is any possibility that listeners m
be in close proximity to the panel, as well as being furth
away, then both of these criteria are important for act
structural acoustic control.

For practical computations only a finite number
modes can be used in the expansion for the velocity, Eq.~7!.
The convergence of the modal series can be investigate
calculating the ratio of the velocity computed at a point
the panel with a modal summation usingN modes, to that
computed with a large number of modes, such as 500, w
natural frequencies up to 38 kHz. For excitation at 300 H
for example, which is not a resonant frequency of the pa
the results show that for a point force actuator, the velocit
the measured point converges to within 1% of the result w
500 modes when about 100 modes are included in the m
summation, whereas 200 modes are required to reach
level of accuracy with the piezoelectric actuator.14 This result
can be misleading, however, for the active control simu
tions presented here since very high levels of attenuation
predicted at some frequencies and so the residual com
nents of the vibration may be more sensitive to modal tr
cation. The results presented here were obtained by ta
values of bothn1 andn2 in Eq. ~5! from 1 to 17, i.e., about
300 modes, with natural frequencies up to about 20 k
This was chosen since none of the results presented here
significantly altered if the upper limit of the modal summ
tion was increased ton1 andn2525, i.e., about 600 modes

A large number of modes is required to accurately mo
the velocity with a collocated actuator because the velocit
influenced by the near field of the actuator, which is mo
intense for the piezoelectric actuator than it is for the po
force. It should be noted that only the line moment excitat
of the piezoelectric actuator12 has been taken into account
the model, not the local stiffening effect.

A uniform array of 434 actuators and sensors was mo
eled on the panel and control systems were investigated
which each pair of the 16 individual actuators and sens
were connected in 16 control loops, as illustrated in Fig
for the case of piezoelectric actuators. The transducers w
uniformly arranged on the panel so that their centers wer1

8 ,
3
8,

5
8, and 7

8 of the plate length and breadth away from t
edges.
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IV. RESULTS WITH POINT FORCE ACTUATORS

Figure 4 shows the total kinetic energy of the panel e
cited by the plane wave before control and when subjec
control with 16 individual single channel control system wi
various feedback gains,h.

The modal response of the panel is clearly seen in
plot of the kinetic energy against frequency before contr
with the resonance associated with the first,~1,1!, mode oc-
curring at about 72 Hz. As the gains of the feedback loo
are increased, the resonances in the response become
heavily damped, as one would expect with velocity feedba
control. If the gains of the feedback loops are increased
yond a certain value, however, the closed loop response
plays new peaks, such as that at about 600 Hz, for exam
which become more pronounced as the feedback gain is

FIG. 3. Arrangement of 16 piezoelectric actuators, as shown by squa
driven locally by the output of 16 velocity sensors, as shown by circles,
individual control loops with a gain ofh.

FIG. 4. Kinetic energy of the plane wave-excited panel with no cont
~solid line! and with a 16 channel decentralized feedback controller us
force actuators and having feedback gains of 10~dashed line!, 100 ~dotted
line!, and 1000~dot-dashed line!.
911Elliott et al.: Active vibroacoustic control
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creased further. These extra peaks are due to the reson
of the controlled dynamic system, which is effective
pinned at the sensor positions with high feedback gain
feedback controllers having very high gain were used,
velocities at each sensor could be driven to zero and
physical result would be equivalent to that of perfect cont
of the sensor outputs with a feedforward control syste
which could have been implemented if a suitable refere
signal were available. With force actuators and velocity s
sors the feedback gains have the same units as a mecha
impedance (N s m21).

Figure 5 shows the ratio of the sound power radiated
one side of the panel to the incident sound power due to
plane wave excitation on the other side, which is termed
sound transmission ratio,T. Before control only the mode
whose modal integers are both odd radiate sound sig
cantly at low frequencies and also antiresonances appear
to destructive interference between the sound pressures
ated by adjacent odd–odd modes. As the feedback gain
increased, similar trends are observed in the reduction of
sound transmission ratio as in the reduction of the pan
kinetic energy, except that the new resonance at about
Hz has the greatest prominence, since its velocity distri
tion has the greatest net volume velocity.

The panel’s kinetic energy, integrated across the ba
width shown in Fig. 4~up to 1 kHz!, is plotted against feed
back gain as the solid line in Fig. 6, and a clear minimum
observed, for a gain of about 100. It should be emphas
that the individual outputs of the velocity sensors monoto
cally decrease as the feedback gains are increased, and
this is the only information available to the control syste
about the panel’s vibration. These velocities give rise t
poor estimate of the panel’s response when the feedb
gains are high enough for the new resonances to bec
significant. Figure 7 shows the result for the sound transm
sion ratio integrated across this bandwidth, which cor
sponds to the total radiated sound power if the plate is s
ject to broadband excitation by a plane wave up to

FIG. 5. Sound transmission ratio of the plane wave-excited panel with
control ~solid line! and with a 16 channel decentralized feedback contro
using force actuators and having feedback gains of 10~dashed line!, 100
~dotted line!, and 1000~dot-dashed line!.
912 J. Acoust. Soc. Am., Vol. 111, No. 2, February 2002
ces

If
e
e
l
,
e
-
ical

n
e
e

fi-
ue
di-

are
he
’s
30
-

d-

s
d

i-
that

a
ck
e

s-
-
b-
a

frequency of 1 kHz, and which also has a minimum value
a feedback gain of about 100. Note also that at high feedb
gains the overall sound power radiated after control is so
8 dB higher than it was with no control, because of the eff
of the new resonance at about 830 Hz. The optimum fe
back gain to minimize both kinetic energy or sound transm
sion is thus about 100 N s m21, and the control system es
sentially synthesises an array of 16 mechanical dampers
this damping coefficient. It is interesting to note that t
input or point impedance of an infinite 1 mm aluminu
panel is real, frequency independent, and has a value
about 34 N s m21.

V. RESULTS WITH PIEZOELECTRIC ACTUATORS

Although we can theoretically guarantee the uncon
tional stability of the 16 channel decentralized feedback c
trol system in the case of point force actuators and velo

o
r
FIG. 6. Normalized kinetic energy level of the panel, integrated from 0
to 1 kHz, plotted against the gain in the decentralized feedback controlleh,
for the force actuators~solid line! and the piezoelectric actuators~dashed
line!.

FIG. 7. Normalized sound transmission ratio level, integrated from 0 Hz
1 kHz, plotted against the gain in the decentralized feedback controlleh,
for the force actuators~solid line! and the piezoelectric actuators~dashed
line!.
Elliott et al.: Active vibroacoustic control
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sensors, since this system is passive, the stability rang
this controller must be determined when piezoelectric ac
tors are used before the control performance can be ca
lated. The stability of the decentralized feedback control s
tem using piezoelectric actuators has been determined
examining the loci of the 16 eigenvalues ofG( j v). This
investigation was carried out on the simulated frequency
sponses up to 10 kHz and showed that within the accurac
the simulation, all eigenvalues had positive real parts and
in principle, the control system is again unconditiona
stable. A practical investigation of this result is currently u
der way15 in order to establish the upper limit imposed on t
gain due to unmodeled effects in the interaction between
actuator, sensor, and structure. Rather than present the r
complicated eigenvalue loci referred to previously, the f
quency response of a single diagonal element of the p
response up to 1 kHz is illustrated in Fig. 8 for both a for
actuator~a! and a piezoelectric actuator~b!, to illustrate the
features of one of the individual control loops. The phase
both responses is confined to between290° and190°, so
that the real part of both responses has a positive real
The absolute magnitude of the response between the p
electric actuator and the velocity sensor will depend on

FIG. 8. Frequency responses between an individual force actuator an
locity sensor~a! and piezoelectric actuator and velocity sensor~b!.
J. Acoust. Soc. Am., Vol. 111, No. 2, February 2002
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piezoelectric constants of the actuator, but the respons
Fig. 8~b! has been normalized to have a similar value of t
with the force actuator at the first resonance peak, at abou
Hz.

Note that although the high frequency response us
the piezo actuator is then about 20 dB greater than that u
the force actuator, the shapes of the two frequency respo
are surprisingly similar. When the piezoceramic actuato
small compared with the flexural wavelength in the pan
then at a given frequency and with these boundary conditi
the moment excitation at the edges of the actuator thus h
similar effect to that of a point force. The theoretically du
sensor for a piezoceramic actuator would be a stra
measuring device of the same size and shape as the actu
In order to collocate such a sensor it would typically
positioned on the other side of the panel, immediately op
site the actuator.16 Unfortunately, such an actuator-sens
pair is then coupled by the in-plane motion of the panel
well as the flexural motion we are hoping to control. T
in-plane motion can become dominant at high frequenc
and destroy the passive property of the frequency respo
between such an actuator and sensor.17,18Another advantage
of using the velocity derived from inertial acceleromete
rather than using strain sensors, is that the former is sens
to any rigid body motion of the panel, whereas the latter
not.

The kinetic energy of the panel when using 16 ind
vidual single channel control systems with 16 piezoelec
actuators having velocity sensors at their centers are sh
for various feedback gains in Fig. 9. Compared with t
results using point force actuators, Fig. 4, the levels of
duction are somewhat smaller, although still very worthwh
below about 100 Hz. The frequencies at which extra re
nances are induced at higher feedback gains are also sig
cantly lower with the piezoelectric actuators than with t
point forces, and the peak value of the first extra resona
at about 200 Hz, is higher.

Figure 10 shows the sound transmission ratio when

ve-

FIG. 9. Kinetic energy of the plane wave-excited panel with no cont
~solid line! and with a 16 channel decentralized feedback controller us
piezoelectric actuators and with feedback gains of 1~dashed line!, 10 ~dot-
ted line!, and 100~dot-dashed line!.
913Elliott et al.: Active vibroacoustic control



in
ns
a

rc
d

1
a

ce
rg

t
t
r
re
th

ez
H
i

in
s

is
a
ifi
he
to

on
lo
o
a

a

th

wer
Hz
ed-

the
fre-

el at

ive
tice
zo-
rate
to a
col-
rol
sors
tors
sed

ctric
the
nt
nses

hich
le,
la-

gy
lcu-
re-

s in
tic
und
not
y-
pin
r at
rce

ies
the
, up
in
is

zo-
tion
nd-
t 9
the
tter
anel

uc-
eld
ed-
nd
r-
con-
ou-
pair,
u-

n
lle
velocities are controlled by the piezoelectric actuators us
16 individual control systems with various feedback gai
Once again the performance is good for moderate feedb
gains below about 100 Hz, but not as good as with fo
actuators, and the additional resonance at about 200 Hz
grades the performance for higher feedback gains.

The variation of the kinetic energy, integrated up to
kHz, with the feedback gain for piezoelectric actuators h
been plotted in Fig. 6, together with this variation for for
actuators. A clear minimum in the integrated kinetic ene
is again seen for one value of feedback gain. This value
feedback gain is about the same as it was when using
force actuators, although it should be remembered that
piezoelectric responses have been scaled to be simila
force responses at the first resonance, as described p
ously. Of more importance is that at high feedback gains
integrated kinetic energy is not decreased when using pi
electric actuators, due to the extra resonance at 200
whereas with force actuators reductions of about 10 dB
integrated kinetic energy are achieved even at high ga
because the extra resonances occur at higher frequencie
are not so prominent.

A similar comparison for the integrated sound transm
sion ratio is shown in Fig. 7, which again shows a cle
minimum for a certain feedback gain, although the ampl
cation for high feedback gains is now about the same w
using piezoelectric actuators and when using force actua

VI. CONCLUSIONS

This paper reports the results of an initial simulati
study of active vibroacoustic control using an array of col
cated actuators and sensors and local feedback. It is sh
that if perfect point force actuators and velocity sensors
used, such a feedback system is unconditionally stable.

The physical consequences of this control strategy
then investigated in a simulation of a panel excited by
plane acoustic wave and having a 434 array of force actua-
tors and collocated velocity sensors. It is shown that both

FIG. 10. Sound transmission ratio of the plane wave-excited panel with
control ~solid line! and with a 16 channel decentralized feedback contro
using piezoelectric actuators and with feedback gains of 1~dashed line!, 10
~dotted line!, and 100~dot-dashed line!.
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kinetic energy of the panel and its transmitted sound po
can be significantly reduced in the bandwidth up to 1 k
provided an appropriate feedback gain is chosen. If the fe
back gain is too large, the control systems will tend to pin
panel at the sensor locations, generating new resonance
quencies which can increase the response of the pan
higher frequencies.

Although an array of point force actuators has attract
theoretical properties, it cannot be implemented in prac
without reacting the forces off a separate structure. Pie
electric strain actuators, on the other hand, which gene
line moments at their edges, can easily be integrated in
structure. Such an actuator cannot, strictly speaking, be
located with a velocity sensor, and the stability of a cont
system using piezoelectric actuators and velocity sen
cannot be guaranteed in the same way as with force actua
and velocity sensors. The computer simulation has been u
to calculate the responses from each of 16 small piezoele
actuators on the panel to each of 16 velocity sensors at
center of these actuators, which form the matrix of pla
responses for the feedback loop in this case. These respo
have then been used to calculate the range of gains for w
the 16 single channel feedback controllers will be stab
which was found to be unlimited in these idealized simu
tions.

Having established the stability of this control strate
with piezoelectric actuators, the performance has been ca
lated for various feedback gains. Once again significant
duction can be achieved with appropriate feedback gain
both the vibration of the panel, as quantified by the kine
energy, and in its sound radiation, as quantified by the so
transmission ratio. With higher values of feedback gain
only is there a danger of instability due to unmodeled d
namics, but the feedback control systems again tend to
the panel causing additional resonances, which now occu
much lower frequencies than was the case with point fo
actuators.

The overall performance of the various control strateg
can be estimated by integrating the kinetic energy and
sound transmission ratio over the bandwidth considered
to 1 kHz. Using this criterion, the maximum reduction
vibration which can be obtained with point force actuators
about 28 dB, whereas the maximum attenuation with pie
electric actuators is about 18 dB. The maximum attenua
in the sound power transmission integrated over this ba
width is about 12 dB with point force actuators and abou
dB with piezoelectric actuators. It is emphasized that
reductions in the panel’s kinetic energy may give a be
indication of the change in sound pressure close to the p
than the sound power radiated into the far field.

This initial investigation thus suggests that useful red
tions can be obtained in both the near-field and the far-fi
sound radiated from a panel using this decentralized fe
back control approach, which is able to control broadba
random primary fields as well as impulsive or tonal distu
bances. Since each pair of actuators and sensors is only
nected by local, constant-gain, feedback controllers, no c
pling is necessary between each actuator and sensor
which could potentially be manufactured as identical mod

o
r

lar units with simple integrated electronics.
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