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In this paper we present a theoretical study on the active structural acoustic control of a new smart
panel with sixteen triangularly shaped piezoelectric patch actuators, having their base edges evenly
distributed along the perimeter of the panel, and velocity sensors positioned at the vertices opposite
the base edges. The performance is assessed and contrasted with that of a conventional smart panel
using a 434 array of square piezoelectric patch actuators evenly distributed over the surface of the
panel with velocity sensors at their centers. For both systems the control effectiveness and stability
of MIMO decentralized or SISO direct velocity feedback control architectures have been analyzed.
The two control systems are arranged to generate active damping which reduces the response and
sound radiation of the panel in the lightly damped and well separated low-frequency resonances. In
particular the new control system can be seen as a set of sixteen ‘‘active wedges’’ which absorb
energy from the incident flexural waves to the borders of the panel so that the panel could be
considered anechoic. This study shows that the new arrangement with triangularly shaped actuators
can achieve better control than the corresponding system using square actuators. ©2005
Acoustical Society of America.@DOI: 10.1121/1.1863092#

PACS numbers: 43.40.Vn, 43.50.Ki@KAC# Pages: 2046–2064
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I. INTRODUCTION

In general, the low-frequency broadband sound tra
mission through a lightly damped and lightweight pan
such that its response is characterized by well separated
nances below the critical frequency, is controlled by the
sponse of the panel itself at the resonance frequencies an
the radiation efficiencies of the resonant modes.1 The sensi-
tivity to the radiation efficiencies arises from both the aco
tical excitation and sound radiation mechanisms.1 In order to
control low-frequency sound transmission through a pane
is therefore necessary to either move up its first few re
nance frequencies by stiffening the panel or to apply dam
ing treatments to the panel in such a way as to reduce
response at resonance frequencies.1 Both types of treatments
require substantial variations to the structure of the pa
which have several drawbacks such as, for example,
change of geometry and weight of the partition and incre
of costs. Alternatively, active control techniques could
used, the most attractive of which have the actuators
sensors integrated onto the partition itself in such a way a
create a smart panel for the implementation of active str
tural acoustic control~ASAC!.2–5 The control system linking
these actuators to these sensors increasingly uses a fee
rather than feed-forward arrangement, because of its ab
to deal with broadband random or transient disturban
without an external reference signal.6

During the past decade a lot of research work has b
carried out to develop ASAC systems to be embedded
thin partitions in order to form compact and possibly ligh
weight smart panels.2–5 Several configurations have bee
studied that could be grouped into two main families: fir
single input single output~SISO! classic feedback contro
systems3,7 using collocated and dual8,9 distributed sensor-
2046 J. Acoust. Soc. Am. 117 (4), Pt. 1, April 2005 0001-4966/2005/1
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actuator pairs which are arranged in such a way as to con
radiation modes of panels2,10–12and, second, SISO or multi
input multi-output ~MIMO ! modern feedback contro
systems3,7 where H2 or H` optimum state regulators are de
signed in a LQR/LQG framework, with a state observ
based on radiation filters.13–15 The advantage of the class
approach is given by the possibility of implementing re
tively simple direct feedback control loops that produce
tive damping7 and thus reduces the response of the pane
the low resonance frequencies without sound radiation s
over effects.16 However, several problems have been enco
tered in the development of truly collocated and dual8,9 dis-
tributed sensor-actuator pairs which would guaran
unconditionally stable feedback control loops.7,17–24 In con-
trast the modern approach uses much simpler arrays of
sors and actuators but rather complicated control syst
with a state observer that inherently limits the control effe
tiveness as well as the robustness of the controller.3,20,24–37In
summary the development of SISO classic feedback con
systems is held back by the difficulties encountered to
velop collocated and dual distributed sensor-actuator p
whose response functions have real part positive definite
that unconditionally stable direct feedback loops could
implemented.3,7 In contrast the development of SISO o
MIMO modern feedback control systems is held back by
necessity of developing complicated state observers wh
should be robust to changes of the response of the panel
for example, to variations of temperature, pressure load
tensioning effects, etc.

In this context Petitjean and Legrain38 have considered
the possibility of simplifying the architecture of a MIMO
feedback controller for a smart panel with a 533 array of
closely located piezoelectric patch sensor-actuator pairs
17(4)/2046/19/$22.50 © 2005 Acoustical Society of America
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implementing decentralized feedback control loops w
fixed control gains. In particular they compared the cont
effectiveness of the decentralized control system with tha
a fully coupled MIMO feedback controller and found com
parable control results for the two systems. Like a numbe
authors Elliottet al.39 have shown that, provided the senso
and actuators are arranged in collocated and dual pairs
conditionally stable decentralized feedback loops with fix
gains could be implemented. They have also shown tha
the control systems are arranged to implement active da
ing, for example with direct velocity feedback loops, then
the control gains are raised up to an optimal value as
response of the panel at resonance frequencies is dam
down so that the low-frequency broadband sound transm
sion is monotonically reduced. References 40 to 42 pre
the development study of a smart panel with a 434 array of
decentralized MIMO direct velocity control units which a
formed by a square piezoelectric patch actuator with an
celerometer sensor at its center. With this arrangement q
good damping levels have been obtained in the lo
frequency resonances of the panel, which have produce
ductions of the averaged vibration of the panel betwee
and 8 dB for the third octave bands up to 1 kHz. Howev
the feedback control gains had to be limited to relatively l
values since the decetralized control systems are only co
tionally stable as the accelerometer sensor and piezoele
actuator behaves as a collocated and dual pair only at
frequencies such that the bending wavelength is larger
the dimensions of the piezoelectric patch.42

In this paper, we present a new type of smart panel w
sixteen decentralized active damping control units which
composed of triangularly shaped piezoelectric patch ac
tors, with the base edges aligned along the borders of
panel, and accelerometer sensors placed at the vertices o
site to the base edges of the actuators. The sixteen co
units are evenly spaced along the four edges of the pane
that they both look like and work like ‘‘active wedges.’’ Th
triangular shape of the actuator generates bending mom
along the edges plus a transverse point force at the ve
opposite to the base edge43 which results to be collocated an
dual with the linear velocity measured by the accelerome
sensor. This makes the sensor actuator pair able to have
ter collocation and duality features than the one with
square piezoelectric patch actuator. As a result, larger con
gains could be implemented in a direct velocity feedba
loop which should then produce larger active dampin7

Thus, these control units can indeed be considered to
sort of structural active wedges whose damping effect
duces reflections of incident flexural waves to the edges
the panel which could then be considered to be anechoic
order to better highlight the control mechanisms and con
effects of this type of smart panel with triangularly shap
piezoelectric actuators, the theoretical study presented in
paper contrasts its flexural response and sound radiation
those of a smart panel with a 434 array of MIMO-
decentralized direct velocity feedback control units eve
distributed over the panel surface which are formed b
square piezoelectric patch actuator with an accelerom
sensor at its center. Also, the effectiveness of simpler con
J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005 P
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configurations is considered for both types of smart pan
where the sum of the sixteen velocity outputs is feedback
the sixteen actuators via a fixed gain SISO controller. T
sensor-actuator response functions are studied both in
quency domain and with the Nyquist plots in order to ass
the stability of the MIMO-decentralized and SISO contr
configurations.

The paper is structured into four parts. In Sec. II w
present the analytical model used to predict the response
sound transmission through the smart panel when it is
cited by a plane acoustic wave. In Sec. III the implemen
tion of MIMO-decentralized or SISO direct velocity feed
back control loops is modeled and discussed. Finally in S
IV and V the main control features of the two smart pan
are analyzed and contrasted with reference to MIMO dec
tralized and SISO feedback control architectures, resp
tively.

II. RESPONSE AND SOUND TRANSMISSION
THROUGH THE SMART PANELS

The steady state flexural response and sound radiatio
smart panels which, as shown in Fig. 1, are excited b
harmonic acoustic plane wave, will be used as a model pr
lem to illustrate the effects of the two sensor-actuator
rangements and control architectures shown in Fig. 2.
first arrangement is made by a 434 array of square piezo
electric patch actuators with at the centers velocity sens
evenly distributed over the surface of the panel. The sec
arrangement is instead made by sixteen triangularly sha
piezoelectric patch actuators, with the base edges evenly
tributed along the perimeter of the panel, and velocity s
sors at the vertices opposite to the base edges. The pan
made of aluminum, with dimensionsl xp3 l yp5278
3247 mm and thicknesshp51 mm and it is assumed to b
baffled and simply supported along the perimeter. The m
rial and geometrical properties of the panel are summari
in Table I. The far-field sound radiation is determined by t
time-averaged total sound power radiated by the panel w

FIG. 1. Physical arrangement considered in a simulation study, 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.
2047. Gardonio and S. J. Elliott: ASAC panels with anechoic edges
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its time-averaged total kinetic energy is used to represen
near-field sound radiation which is determined by bo
strong and weakly radiating modes.16

The square piezoelectric patches, which have dim
sionsax3ay525325 mm and thicknesshPZT50.2 mm, are
taken to be evenly distributed over the panel surface so
the distance between the centers of two adjacent patch
given by dsx ,dsy5 l xp/4,l yp/4569.5,61.7 mm and the dis
tances of the centers of the external patches with the bor
of the panel are given bydsx/2,dsy/2534.8,30.9 mm. The
square piezoelectric patches, which have base and heigh
mensionsb,a540,25 mm and thicknesshPZT50.2 mm, are
instead taken to be evenly distributed along the edges of
panel so that the distances between the centers of the
edges aligned along they50,l yp borders of the panel ar
given by dtx5( l xp22a)/5545.6 mm while the distance

FIG. 2. Smart panels with a 434 grid of closely located ideal velocity
sensors and square piezoelectric patch actuators or sixteen closely lo
ideal velocity sensors and triangular piezoelectric patch actuators with
base edges evenly aligned along the four edges of the panel which
arranged either in MIMO-decentralized~type a and c! or SISO~type b and
d! direct feedback loops.
2048 J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005
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between the centers of the base edges aligned along tx
50,l xp borders of the panel are given bydty5( l yp22a)/3
565.7 mm. Also, the centers of the base edges of the o
patches aligned along they50,l yp borders of the panel are
located at a distancedty1a570.6 mm from thex50,l xp

border while the centers of the base edges of the o
patches aligned along thex50,l xp borders of the panel are
located at a distancea525 mm from they50,l yp border. In
this way, as shown in the two bottom schemes of Fig. 2,
vertices of the sixteen triangular patches define a rectang
dimensions (l xp22a)3( l yp22a). The material and geo
metrical properties of the square and triangular piezoelec
PZT ~lead zirconate titanate!, patches are summarized i
Table II.

The steady state response of the panel has been de
assuming the incident acoustic plane wave to be harmo
with time dependence of the form Re$exp(jvt)% wherev is
the circular frequency andj 5A21. The mechanical and
electrical functions used in the model have therefore b
taken to be the real part of counterclockwise rotating co
plex vectors, e.g., phasors, given in the formv(v)ej vt where
v(v) is the phasor att50. A harmonic acoustic wave is
assumed to excite the panel with azimuthal and eleva
angles off545° andu545° so that it excites all the struc
tural modes of the panel. The sound pressure fieldpi(x,y,t)
in the plane of the plate is therefore given by

pi~x,y,t !5Re$pi~v!ej (vt2kxx2kyy)%, ~1!

where pi(v) is the phasor of the incident wave,kx

5k0 sin(u)cos(f) and ky5k0 sin(u)sin(f) are the acoustic
wave numbers inx-and y-directions wherek05v/c0 and
c05343 m/s are, respectively, the acoustic wave number
speed of sound in air.

TABLE I. Geometry and physical parameters for the panel.

Parameter Value

Dimensions l xp3 l yp52783247 mm
Thickness hp51 mm

Mass density rp52720 Kg/m3

Young’s modulus Ep5731010 N/m2

Poisson ratio np50.33
Modal damping ratio zn50.02

ted
he
re
TABLE II. Geometry and physical parameters for the piezoelectric, PZT~lead zirconate, titanate!, patches.

Parameter Value

Dimensions of the square patches ax3ay525325 mm
Base and height dimensions of the triangular patches b,a540,25 mm
Distances between the centers of two square patches dsx569.5 mm,dsy561.7 mm

Distances between the centers of the base edges
aligned either along they50,l yp or x50,l xp

borders of the panel

dtx545.6 mm,dty565.7 mm

Thickness of the square and triangular patches hPZT50.2 mm
Density rPZT57600 kg/m3

Young’s modulus EPZT56.331010 N/m2

Poisson ratio nPZT50.29
d31

o 5166310212 m/V
PZT strain/charge constants d32

o 5166310212 m/V
d36

o 50
P. Gardonio and S. J. Elliott: ASAC panels with anechoic edges
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Both the time-averaged total kinetic energy and tim
averaged total sound power radiated have been derive
dividing the panel into a grid of quadrilateral elements who
dimensions have been taken to bel xe5 l xp /(4N1) and l ye

5 l yp /(4N2), whereN1 andN2 are the higher modal order
used in the calculations. The phasors of the complex tra
verse velocities,ẇer(v), at the centers of theseR elements
have been grouped into the following column vector:

we~v![H ẇe1~v!

ẇe2~v!

A
ẇeR~v!

J . ~2!

The flexural vibration of the smart panel under study is giv
by the superposition of the acoustic primary excitation g
erated by the incident plane wave and the structural sec
ary excitations generated by the control transducers bon
on the panel. Thus, assuming the system is linear, and as
ing the radiated pressure has no effect on the panel vibra
then the vector with the phasors of the velocities at the c
ters of the elements,we(v), can be derived with the follow-
ing matrix relation:

we~v!5Yep~v!pi~v!1Yec~v!vc~v!, ~3!

where vc(v) is a vector with the phasors of the comple
input voltage signals,vcs(v), to theS control piezoelectric
transducers:

vc~v![H vc1~v!

vc2~v!

A
vcS~v!

J . ~4!

The elements in the two matrices of Eq.~3! have been de-
rived with a finite modal expansion so that44

Yep
r ,1~v!5 j v (

n51

N
cn~xr ,yr !Fnp~v!

rphpl xpl yp~vn
22v21 j 2znvvn!

, ~5!

Yec
r ,s~v!5 j v (

n51

N
cn~xr ,yr !Fnc,s~v!

rphpl xpl yp~vn
22v21 j 2znvvn!

, ~6!

where rp and hp are the density and the thickness of t
smart panelzn is the modal damping ratio, which was take
to be 0.01 for all modes in these simulations,vn and
cn(x,y) are, respectively, then-th natural frequency and
natural mode, which for a simply supported panel are giv
by

vn5A Dp

rphp
F S n1p

l xp
D 2

1S n2p

l yp
D 2G , ~7!

cn~x,y!52 sinS n1px

l xp
D sinS n2py

l yp
D , ~8!

whereDp5Ephp
3/12(12np

2) is the bending stiffness of th
smart panel, withEp andnp the Young’s modulus of elastic
ity and Poisson’s ratio, andn1 , n2 are the two modal integer
for then-th mode. FinallyFnp(v) andFnc,s(v) are the two
modal excitation terms which are due, respectively, to
primary acoustic excitation generated by the incident pl
J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005 P
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wave and to the secondary flexural excitations generated
either thes-th square ors-th triangular piezoelectric patch
control actuators bonded on the panel. The modal prim
excitation terms,Fnp(v), are obtained by integrating th
pressure field generated over the panel surface, that is45

Fnp~v!5pi~v!E
0

l xpE
0

l yp
cn~x,y!e2 j (kxx1kyy)dxdy

54 pi~v!I n1I n2l xpl yp, ~9!

where, if n1pÞ6sinu cosf(vlxp/c0) and n2pÞ
6sinu sinf(vlyp/c0),

I n15
n1p b12~21!n1e2 j sin u cosf(v l xp /c0)c

@n1p#22@sinu cosf~v l xp /c0!#2 ~10a!

and

I n25
n2p b12~21!n2e2 j sin u sin f(v l yp /c0)c

@n2p#22@sinu sinf~v l yp /c0!#2 ; ~10b!

and, if n1p56sinu cosf(vlxp/c0) and n2p
56sinu sinf(vlyp/c0),

I n15~ j /2!sgn~sinu cosf! ~11a!

and

I n25~ j /2!sgn~sinu sinf!. ~11b!

The modal secondary excitation terms,Fnc,s(v), are derived
by integrating the bending excitation fields generated by
control actuators over the panel surface. According to R
46 and as shown in Fig. 3~a!, if the principal axesx8,y8,z8 of
the piezoelectric material are aligned along thex,y,z axes of
the panel, thes-th square piezoelectric patch actuator pr
duces moment excitations,

mxs~xes1,3,yes1,3,t !56
hs

2
e32

0 vcs~ t !, ~12a!

mys~xes2,4,yes2,4,t !56
hs

2
e31

0 vcs~ t !, ~12b!

respectively along the horizontal edges 1, 3, with coordina
xcs2 ax/2<xes1,3<xcs1 ax/2 and yes1,35ycs7ay/2 , and
along the vertical edges 2, 4, with coordinatesxes2,45xcs

6ax/2 andycs2 ay/2<yes2,4<ycs1 ay/2 . The indices 1 to
4 indicate the four edges in anticlockwise order starting fr
the bottom horizontal edge and, as given in Table II,ax ,ay

are the dimensions of the patches whilexcs ,ycs are the center
coordinates of thes-th patch. Also, as shown in Fig. 3~a!,
point forces,

f z~xvs,2,4,yvs2,4,t !52 f z~xvs1,3,yvs1,3,t !5
hs

2
e36

0 vcs~ t !,

~12c!

are exerted at the four vertices of coordinates (xvs1,3,yvs1,3)
5(xcs7ax/2 ,ycs7ay/2), and (xvs2,4,yvs2,4)5(xcs

6ax/2 ,ycs7ay/2) of each patch. In Eqs.~12a!–~12c!, hs is
the total thickness of the panel and piezoelectric patch, th
hs5hp1hPZT. The piezoelectric stress/charge paramete
e31

0 , e32
0 ande36

0 , are derived from the following relation:46
2049. Gardonio and S. J. Elliott: ASAC panels with anechoic edges
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H e31
0

e32
0

e36
0
J 53

EPZT

~12nPZT
2 !

nPZTEPZT

~12nPZT
2 !

0

nPZTEPZT

~12nPZT
2 !

EPZT

~12nPZT
2 !

0

0 0
EPZT

2~11nPZT!

4
3H d31

0

d32
0

d36
0
J , ~13!

where the Young’s modulus of elasticity,EPZT, the Poisson’s
ratio, nPZT, and the piezoelectric strain/charge,d31

0 , d32
0 and

d36
0 , parameters of the piezoelectric PZT~lead zirconate, ti-

tanate! material considered in this paper are given in Table
Since the piezoelectric material considered in this paper
e36

0 50, then there are no force excitations at the four ve
ces. Therefore the secondary modal excitation terms
square piezoelectric patch actuators,Fnc,s(v), are given by
the sum of the integrals along the four edges of the pie
electric patch of the first derivatives of the panel natu
modes in directions orthogonal to the edges, pointing outs
the square surface, multiplied by the appropriate excita
coefficients given in Eqs.~12a!, ~12b! that is,

FIG. 3. Panels with square~top! or triangular~bottom! piezoelectric patches
2050 J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005
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Fnc,s~v!5
hs

2
e32

0 H 1E
xvs1

xvs2 ]cn~x,yes1!

]y
dx

2E
xvs3

xvs4 ]cn~x,yvs3!

]y
dxJ

1
hs

2
e31

0 H E
yvs1

yvs4 ]cn~xes4 ,y!

]x
dy

2E
yvs2

yvs3 ]cn~xes2 ,y!

]x
dyJ . ~14!

The bending excitation field generated by a triangular pie
electric patch has been derived in Ref. 43. Considering
triangular patches shown in Fig. 3~b!, which are bonded in
such a way as their base edges,a, are aligned with either the
x- or y-borders of the panel and assuming that the princi
axes x8,y8,z8 of the piezoelectric material are aligned
such a way asx8 and y8 are parallel, respectively, to th
heighta and baseb of the triangular patches, then thes-th
triangular piezoelectric patch actuator produce moment e
tations along the base edge of ampliude,

mbs~xbs ,ybs ,t !5
hs

2
e31

0 vcs~ t !, ~15a!

and moment excitations along the two lateral edges of a
plitude,

mls1,2~xls1,2,yls1,2,t !5
hs

2
~m2e31

0 1e32
0 !vcs~ t !. ~15b!

The positions of the triangular patches have been defi
with reference to the middle points of their base edgesxms

and yms. Thus the coordinates of the base edge of thes-th
triangular piezoelectric patch actuator are eitherxms2 b/2
<xbs<xms1 b/2 , ybs50,l yp or xbs50,l xp , yms2 b/2<ybs

<yms1 b/2 depending whether the base is aligned along
y50,l yp or x50,l xp borders of the panel. Also, the coord
nates of the lateral edges of thes-th triangular piezoelectric
patch actuator with the base aligned along they50,l yp bor-
ders of the panel are, respectively,yls1,256m@xls1,22(xms

7b/2)# and yls1,257mbxls1,22(xms7b/2)c with xms2 b/2
<xls1<xms and xms<xls2<xms1 b/2 . Finally the coordi-
nates of the lateral edges of thes-th triangular piezoelectric
patch actuator with the base aligned along thex50,l xp bor-
ders of the panel are, respectively,xls1,256m@yls1,22(yms

7b/2)# and xls1,257mbyls1,22(yms7b/2)c with yms2 b/2
<yls1<yms andyms<yls2<yms1 b/2 . As listed in Table II,
b,a are, respectively, the base and high of the triangu
patch andm5b/2a is the slope of the lateral edges. Final
as found for the square piezoelectric patcheshs5hp

1hPZT. Also three point forces are generated at the verti
of the s-th triangular piezoelectric patch actuator,

f z~xvs1,2,yvs1,2,t !52m
hs

2
e31

0 vcs~ t !, ~15c!

f z~xvs3 ,yvs3 ,t !524m
hs

2
e31

0 vcs~ t !, ~15d!
P. Gardonio and S. J. Elliott: ASAC panels with anechoic edges
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where the vertices of thes-th triangular piezoelectric patc
actuators with the base aligned along they50,l yp borders of
the panel are, respectively,xvs1,25xms7b/2 , yvs1,250,l y

and xvs35xms, yvs35a,(l y2a) while the vertices of the
s-th triangular piezoelectric patch actuators with the b
aligned along thex50,l xp borders of the panel are, respe
tively, xvs1,250,l x , yvs1,25yms7b/2 and xvs35a,(l x2a),
yvs35yms. In summary the secondary modal excitati
terms for triangularly shaped piezoelectric patch actua
with the base edge aligned along the perimeter of the pa
Fnc,s(v), are given by the sum of the integrals along t
three edges of the piezoelectric patch of the first derivati
of the natural modes in directions orthogonal to the edg
pointing outside the triangular surface, plus the amplitude
the modes at the tip vertices multiplied by the appropri
excitation coefficients given, respectively, in Eqs.~15a!,
~15b!, ~15d!, that is,

Fnc,s~v!5
hs

2
~m2e31

0 1e32
0 !H E

vs1

vs3 ]cn~x,y!

]nls1
dls1

1E
vs2

vs3 ]cn~x,y!

]nls2
dls2J

1
hs

2
e31

0 E
vs1

vs2 ]cn~x,y!

]nbs
dbs

24
hs

2
me31

0 cn~xsv3 ,ysv3!, ~16!

wherevs j5(xvs j ,yvs j) indicates the coordinates of the ve
tices of the triangular patch as given above andnls1 ,nls2 ,nbs

are the normal unit vectors to the lateral and base ed
pointing outside the triangular surface of the actuator. Eq
tion ~16! does not account for the two forces acting at t
base vertices of the triangular patches because the pan
simply supported and therefore does not allows transv
excitations along its perimeter.

The time-averaged total kinetic energy of the pane
given by

E~v!5
rphp

4 E
0

l xpE
0

l yp
uẇ~x,y,v!u2 dx dy, ~17!

whereẇ(x,y,v) is the phasor of the transverse velocity ov
the panel surface. This expression can be approximate
the summation of the kinetic energies of each element
which the panel has been subdivided so that

E~v!5
Me

4
we

H~v!we~v!, ~18!

where Me5rphpl xel ye is the mass of each element andH
denotes the Hermitian transpose. The time-averaged
sound power radiation by a baffled panel can be derived
integrating the product of the phasor of the nearfield so
pressure,p0(x,y,v), on the radiating surface and the phas
of the transverse velocity of the panel,ẇ(x,y,v), so that
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Wr~v!5
1

2 E0

l xpE
0

l yp
Re@ẇ~x,y,v!* p0~x,y,v!#dx dy,

~19!

where* denotes the complex conjugate. For the baffled
plate considered in this paper, the acoustic press
p0(x,y,v) can be written in terms of the surface veloci
using the Rayleigh integral1

p0~x,y,v!5
j vr0

2p E
0

l xpE
0

l yp
ẇ~x8,y8,v!

e2 jk0r

r
dx8 dy8,

~20!

wherer 5A(x2x8)21(y2y8)2 is the distance between th
point (x,y) where the sound pressure is estimated and vib
tion velocity positions on the panel (x8,y8) and r0

51.21 kg/m3 is the density of air. Substituting Eq.~20! in
~19!, the time average total sound radiation is found to
given by a quadruple integral:

Wr~v!5
vr0

4p E
0

l xpE
0

l ypE
0

l xpE
0

l yp
ẇ~x,y,v!* ẇ~x8,y8,v!

3
sink0r

r
dx8 dy8 dx dy. ~21!

The quadruple integral in Eq.~21! can also be approximate
by summing the radiation contributions of all the eleme
into which the panel has been subdivided, so that the tim
averaged total sound power radiation can be expressed16

Wr~v!5
Ae

2
Re@we

H~v!pe~v!#, ~22!

whereAe5 l xel ye is the area of each element andpe(v) is the
vector with the phasors of the sound pressure terms in f
of the panel at the center positions of the grid of elemen

pe~v![H pe1~v!

pe2~v!

A
peR~v!

J . ~23!

Following Ref. 16, Eq.~12! can also be written as

Wr~v!5
Ae

2
Re@we

H~v!Z~v!we~v!#

5we
H~v!R~v!we~v!, ~24!

whereZ~v! is the matrix with the point and transfer acous
impedance terms over the grid of points into which the pa
has subdivided:12 Zi j (v)5( j vr0Ae /2pr i j )e

2 jk0r i j , with r i j

the distance between the centers of thei -th and j -th ele-
ments. The matrixR is defined as the radiation matrix whic
is given by12
2051. Gardonio and S. J. Elliott: ASAC panels with anechoic edges



R~v!5
Ae

2
Re@Z~v!#5

v2r0Ae
2

4pc0 3
1

sin~k0r 12!

k0r 12
¯

sin~k0r 1R!

k0r 1R

sin~k0r 21!

k0r 21
1

¯ ¯ ¯ ¯ 4 . ~25!
sin~k0r R1!

k0r R1
1

o

no
th

tri

e

s
th
u
e

c

u
d
e

ity
m-

of
-

n-
en-
e

ed-
eed-

lly
y re-

r
el and
k

ity

lant
Since the primary excitation is an acoustic wave, the ratio
the time-averaged total sound power radiated,Wr(v), to the
time-averaged incident sound power,Wi(v), which is
termed the sound transmission ratio;

T~v!5Wr~v!/Wi~v!, ~26!

has been used to describe the sound transmission phe
enon. The time-averaged incident sound power due to
plane acoustic wave is given by45

Wi~v!5upi~v!u2l xpl yp cos~u!/2r0c0 . ~27!

III. DIRECT VELOCITY FEEDBACK CONTROL

The phasors of the output error signal~s!, i ce(v), from
theE velocity error sensors can also be derived with a ma
relation of the type

ic~v![Ycp~v!pi~v!1Ycc~v!vc~v!, ~28!

where ic(v) is the column vector with the phasors of th
error sensor signal~s!:

ic~v![H i c1~v!

i c2~v!

A
i cE~v!

J , ~29!

and vc(v) is defined in~4!. Assuming the velocity sensor
used in the smart panels of Fig. 2 to be ideal transducers
measure the transverse velocity at the centers of the sq
patches or at the tips of the triangular patches, then the
ments of the two matrices in Eq.~28! could be derived with
a finite modal expansion considering the modal amplitude
the detection points (xe ,ye)5(xcs ,ycs) or, (xe ,ye)
5(xvs3 ,yvs3), respectively, for the square and triangular a
tuators, so that44

Ycp
r ~v!5 j v (

n51

N
cn~xs ,ys!Fnp~v!

rphpl xpl yp~vn
22v21 j 2znvvn!

, ~30!

Ycc
r ,s~v!5 j v (

n51

N
cn~xs ,ys!Fnc,s~v!

rphpl xpl yp~vn
22v21 j 2znvvn!

. ~31!

For the two panels typesb andd in Fig. 2, where in order to
implement a SISO velocity feedback loop the sensors o
puts are summed up and the same control signal is fee
the control actuators, the total current output is still deriv
with Eq. ~28! where the two mobility matricesYcp andYcc

are pre-multiplied by a 13E vectore of unit terms and the
matrix Ycc is also post-multiplied by anS31 vectors of unit
2052 J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005
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terms so that they become two scalar termsYcp andYcc .
The general block diagram of a multi-channel veloc

feedback control system is shown in Fig. 4. If an equal nu
ber of actuators and velocity sensors is used, the matrix
plant responses,Ycc(v), is square and the matrix of feed
back control filters,H( j v), is also square. Provided the co
trol system is stable, the vector with the phasors of the s
sor~s! current output~s!, ic(v), is related to the phasor of th
incident plane acoustic wave,pi(v), by the expression

ic~v!5@ I1Ycc~v!H~v!#21 Ycp~v!pi~v!. ~32!

Also the vector of control inputs to the actuators,vc(v), is
given by

vc~v!52H~v!@ I1Ycc~v!H~v!#21Ycp~v!pi~ j v!.
~33!

For single input single output control~SISO! the vectors and
matrices reduce to scalars and thus the stability of the fe
back control loop could be assessed using the classic f
back control theory.3,7,47In particular, Balas9 has shown that,
if the sensor-actuator pair is collocated and dual,8 then the
SISO direct velocity feedback control loop is unconditiona
stable. Indeed in this case the sensor-actuator frequenc
sponse function is real positive definite7 so that its Nyquist
plot occupies the right hand side quadrants asv varies from
2` to 1` and thus the Nyquist instability point (21 j 0) is
never encircled whatever is the control gain.

For multi-input multi-output~MIMO ! decentralized con-
trol, Ycc(v) is a fully populated matrix of input and transfe
responses between the actuators and sensors on the pan
H~v! is a diagonal matrix which, for direct velocity feedbac
control, is assumed to have equal fixed gains so thatH(v)
5h I , whereh is the feedback gain. In this case the stabil

FIG. 4. Multichannel feedback control system, which for a passive p
response,Ycc( j v), and a passive controllerH( j v), is unconditionally
stable.
P. Gardonio and S. J. Elliott: ASAC panels with anechoic edges
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FIG. 5. Total kinetic energy~left! and sound transmission ratio~right! of the panel excited by a plane acoustic wave with no control~solid line! and with a
434 grid of closely located velocity sensors and square piezoelectric patches actuators~type a in Fig. 3! MIMO decentralized feedback controllers wit
feedback gains of 10~dashed line!, 102 ~dotted line!, 103 ~dash–dotted line! and 104 ~faint line!.
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of the MIMO decentralized control system can be det
mined by examining whether the locus of the determinan
@ I1Ycc( j v)H( j v)# encloses the origin48,49asv varies from
2` to 1`. Alternatively the fact that the determinant of
matrix is the product of its eigenvalues can be used to de
a series of polar plots, each of which are analogous to
single channel Nyquist criteria. As found for the SISO co
trol case, if collocated and compatible transducers are us8

then the real part ofYcc(v) must be positive definite an
Ycc(v) can be described as being passive. IfH~v! is also
passive, e.g., when it is equal toh I and h.0, then the
control system is unconditionally stable.39,48,49

When the SISO or MIMO decentralized velocity fee
back control systems are implemented, the total kinetic
ergy and sound transmission ratio given in Eqs.~18! and~24!
can be derived after combining Eq.~3! with Eq. ~33! so that

we~v!5Yep~v!pi~v!2Yec~v!H~v!@ I1Ycc~v!H~v!#21

3Ycp~v!pi~ j v!. ~34!

It is important to underline that in the following sections t
stability properties of the MIMO and SISO control system
in Fig. 2 will be discussed only at a qualitative level. The
fore the control effectiveness of the studied control syste
are derived without taking into account whether it would
possible or not to implement the necessary gains with
generating instabilities in the control loops.

IV. DECENTRALIZED MIMO DIRECT VEOCITY
FEEDBACK CONTROL

In this section the control effectiveness of the smart p
els with sixteen decentralized MIMO control units type~a!
and type~c! in Fig. 2, which have either sixteen square p
ezoelectric patch actuators or sixteen triangular piezoele
patch actuators, is investigated. The stability of the two
centralized control systems is also analyzed to some ex
by considering Bode and Nyquist plots of the sensor-actu
frequency response function of one of the sixteen decen
ized control systems in the two smart panels. Although
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stability of MIMO control systems should be assessed w
reference to the locus of the determinant of@ I
1Ycc( j v)H( j v)#, for decentralized control, the stability o
each control unit could also be evaluated independently
ing the classic feedback control theory3,7,47 which provides
an indication of whether the decentralized MIMO contr
system is to be only conditionally stable. Moreover, if t
smart panel is sufficiently damped and the control units
well separated from each others, then an indication about
gain or phase margins for each individual controller cou
also be derived.

A. Control effectiveness

The two plots in Fig. 5 show, respectively, the total k
netic energy and the sound transmission ratio of the sm
panel with the 434 array of square piezoelectric patch a
tuators with the center velocity sensors’ MIMO decentraliz
control system. The solid line on the left hand side plot
the total kinetic energy highlights the typical response o
panel which is characterized by a series of resonances w
amplitudes gradually roll off as the frequency rises. In p
ticular the peaks of the first few resonances are relativ
high and sharp because of the low damping effects at lo
frequencies. The solid line on the right hand side plot for
sound transmission ratio shows a similar behavior, altho
there are almost no peaks for the resonances due to the e
even or even-odd natural modes of the panel which h
relatively low sound radiation efficiency.1

The dashed and dotted lines in the two plots of Fig
show that as the gains of the sixteen control systems
raised the resonance peaks are flattened down. This is d
the active damping effect50 generated by the sixteen DVFB
control systems that indeed increase the overall dampin
the lower-frequency resonant modes of the smart panel.39,40

However when relatively higher control gains are imp
mented this trend is inverted and, as shown by the da
dotted and faint lines in the two plots of Fig. 5, the tot
kinetic energy and the sound transmission ratio are o
more characterized by a new set of low-frequency re
2053. Gardonio and S. J. Elliott: ASAC panels with anechoic edges



MO
FIG. 6. Normalized total kinetic energy~left! and sound transmission ratio~right!, integrated between 0 Hz and 1 kHz, plotted against the gain in the MI
detentralized velocity feedback controllers, h, for the 434 grid of closely located velocity sensors and square piezoelectric patches actuators~solid line, type
a in Fig. 2! and the 16 closely located velocity sensors and triangular piezoelectric patches actuators~faint line, type c in Fig. 2!.
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nances whose amplitudes are similar, if not higher, th
those of the panel with no control. This is a typical cont
spillover phenomenon where, as discussed in Ref. 51,
large control gains produces a pinning effect at the con
positions so that the response of the smart panel is rearra
into that of a lightly damped panel which is pinned at t
sixteen control positions.

This type of behavior is summarized by the solid lines
the two plots of Fig. 6 which show how the normalized~nor-
malized to the total kinetic energy when there is no contr!
total kinetic energy and normalized~normalized to the sound
transmission ratio when there is no control! sound transmis-
sion ratio, integrated from 0 Hz to 1 kHz, vary with th
feedback gain. Indeed both plots indicate that as the con
gains are raised from zero as the frequency-averaged
sponse and sound radiation of the smart panel monotonic
falls down and reductions of the normalized total kine
energy and normalized sound transmission ratio, resp
tively, of 17 dB and 9 dB could be achieved. If the contr
2054 J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005
n
l
he
l
ed

l

ol
re-
lly

c-
l

gains are pushed farther up then, because of the pinning
fect described above, the response of the smart pane
brought back to the levels with no control while its sou
radiation is even increased by about 6 dB than in the cas
no control. This is due to the fact that the new reson
modes of the smart panel generated by the pinning effec
the sixteen control positions have relatively higher sou
radiation efficiency than the lower order modes of the unc
strained simply supported panel.1

The two plots in Fig. 7 show the total kinetic energy a
the sound transmission ratio of the smart panel with sixt
triangularly shaped piezoelectric patch actuators with vel
ity sensors at the vertices opposite to the base edges M
decentralized control system. From a qualitative point
view these two plots indicate that the sixteen control un
with triangular actuators arranged along the perimeter of
panel produces similar effects than the sixteen control s
tems with square actuators distributed over the surface of
panel. The most important difference is found when re
ck

FIG. 7. Total kinetic energy~left! and sound transmission ratio~right! of the panel excited by a plane acoustic wave with no control~solid line! and with 16
closely located velocity sensors and 16 triangular piezoelectric patches actuators~type c in Fig. 2! MIMO decentralized feedback controllers with feedba
gains of 10~dashed line!, 102 ~dotted line!, 103 ~dash–dotted line! and 104 ~faint line!.
P. Gardonio and S. J. Elliott: ASAC panels with anechoic edges
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FIG. 8. Deflection shapes of the panel at the first s
resonance frequencies with no control.
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tively high control gains are implemented in which case
resonances of the new modes of the smart panel, which
generated by the pinning effect of the triangular actuat
scattered along the perimeter of the panel, occur at relati
higher frequencies than those due to the pinning effect of
square actuators distributed over the surface of the pane

Moving to a quantitative analysis the faint lines of th
two plots in Fig. 6 indicates that the sixteen control syste
with triangular actuators evenly distributed along the per
eter of the smart panel generates slightly larger control
fects than those due to the square actuators evenly distrib
over the surface of the smart panel. In fact the maxim
reduction of the normalized total kinetic energy is increas
from 17 dB to 19 dB while the maximum reduction of th
normalized sound transmission ratio is increased from 9
to 11 dB. As for the smart panel with square actuators eve
distributed over the surface of the smart panel, when r
tively large control gains are implemented, the pinning
fects at the vertices of the triangular actuators generate a
set of lightly damped resonant modes, which, however,
produce a reduction of about 5 dB of the normalized kine
energy since in this case the vibrating surface of the pan
reduced to virtual edges defined by the control positions
the tips of the triangular actuators arranged along the ed
of the panel. The frequency-averaged sound radiation of
panel is instead brought back to the case with no cont
probably because the reduction of the response of the s
panel is balanced by the increased radiation efficiencie
the new resonant modes generated by the pinning eff
along the perimeter of the smart panel.

In order to analyze in detail the different behaviors
the two smart panels, the deflections shapes of the pane
correspondence to the first six resonances, which as show
Fig. 8 are closely linked to the first four natural modes of t
panel, have been considered. Figures 9 and 10 show
these six deflection shapes varies when either the opt
control gains, that give the best control effects, or when v
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large control gains are implemented in the smart panels w
either the sixteen decentralized control systems made
square actuators~left hand side plots! or the sixteen decen
tralized control systems made by triangular actuators~right
hand side plots!. Since the deflection shapes occur over
wide range of amplitudes, the plots in Figs. 8 to 10 ha
been normalized to have the same maximum deflections

Comparing the two plots in Fig. 9 with that of Fig. 8,
is found that, when the optimal control gains are imp
mented, then the response of the panel at the first six r
nance frequencies is generally modified in such a way
the deflection shapes of the smart panel are not anym
controlled by the co-respective natural modes of the pa
This confirms the active damping action which indeed ten
to reduce the contribution of the resonant modes so that
residual response is controlled by nonresonant modes o
panel. It is important to note that the sixteen control un
arranged along the perimeter of the smart panel produces
damping action exactly along the borders of the panel wh
at frequencies below the critical frequency, are indeed
portions of the panel which generates the sound radiati1

Thus the idea of scattering the control units along the per
eter of the smart panel is not convenient just for cont
stability issues, as discussed in the following section, or
practical matters such as the fact that the central part of
panel is not occupied by the control systems which are
stead located near the borders of the panel where it is m
easier to arrange the electronics of the sixteen control
tems. On the contrary the control units located along
perimeter of the panel generate active damping exactly o
the portion of surface of the smart panel that primarily cau
sound radiation. Thus the triangularly shaped control act
tors arranged along the edges of the panel could indee
referred as ‘‘active structural wedges’’ that reduce the refl
tion of incident flexural waves. It is therefore realistic
presume that when localized structural excitations are ge
ated on the panel then even bigger control effects should
2055. Gardonio and S. J. Elliott: ASAC panels with anechoic edges
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FIG. 9. Deflections shapes of the panel at the first six resonance frequencies when the optimal feedback control gains are implemented in the 434 grid of
closely located velocity sensors and square piezoelectric patches actuators~left, type a in Fig. 2! and the 16 closely located velocity sensors and triangu
piezoelectric patches actuators~right, type c in Fig. 2!.
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obtained than those found for the incident acoustic w
disturbance.

When very large control gains are implemented in
sixteen control loops then, as shown in the two plots of F
10, the deflection shapes relative to the first six new re
nance frequencies clearly show the pinning actions of
control units which, as shown on the left hand side p
occurs on the 434 grid of control points for the system wit
the square piezoelectric patch actuators or, as shown on
right hand side plot, are located along the perimeter of
panel for the system with the traingular piezoelectric pa
actuators. As highlighted by Fahy,1 a periodically supported
panel better radiates sound than a one bay panel since
periodic constraints generates new ‘‘edges’’ around wh
extra sound is radiated. This is why the frequency-avera
sound radiation of the smart panel constrained by the 434
grid of control systems with the square piezoelectric pa
2056 J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005
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actuators that implement large control gains is about 5
higher than that of the unconstrained one-bay panel. In c
trast, the sixteen control units with triangular actuators t
implement large control gains produce a pinning effe
around the edges of the panel such that the deflection sh
are still characterized by a central part which is not co
strained. As a result the frequency-averaged sound radia
is about the same to that of the one-bay panel. Essenti
the right hand side plot in Fig. 6, indicates that it is just
little lower probably because the radiating surface of the
tively constrained smart panel is smaller than that of
unconstrained panel.

B. Control stability of a single control unit

The stability properties of the two independent cont
units in Figs. 2~a! and 2~c! are examined using the class
ctric

FIG. 10. Deflection shapes of the panel at the first six new resonance frequencies generated by very large feedback gains in the 434 grid of closely located
velocity sensors and square piezoelectric patches actuators~left, type a in Fig. 2! and the 16 closely located velocity sensors and triangular piezoele
patches actuators~right, type c in Fig. 2!.
P. Gardonio and S. J. Elliott: ASAC panels with anechoic edges



FIG. 11. Frequency response functions of a closely located velocity sensor and square piezoelectric patch actuator control unit~left, type a in Fig. 2! and a
closely located velocity sensor and triangular piezoelectric patch actuator~right, type c in Fig. 2!.
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feedback control theory for SISO feedback cont
systems.3,7,47 The Bode and Nyquist plots of one senso
actuator feedback loop frequency response function of
two control systems are shown in Figs. 11 and 12.

The left hand side amplitude plot in Fig. 11 highligh
the typical feature of square strain actuators which more
ficiently excite the panel at higher frequencies so that
amplitude of the sensor-actuator frequency response func
grows as the frequency rises.52 In contrast the right hand sid
amplitude plot in Fig. 11 shows that the excitation genera
by a triangularly shaped piezoelectric patch is modulated
frequency. This is probably due to a cancellation effect of
moment excitations generated along the lateral edges o
triangular patch in which case the actuation principally o
curs via the transverse force generated at the tip of the tr
gular patch.

The left hand side phase plot of Fig. 11 indicates that
frequency response function generated by the square p
electric patch actuator with the velocity sensor at its cente
J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005 P
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positive definite up to about 10 kHz. Thus this control sy
tem is only conditionally stable.3,7,47Indeed, the Nyquist plot
on the left hand side of Fig. 12 suggests that this con
system would be unstable even with small feedback con
gains since the higher-frequency part of the frequency
sponse functions, with the larger amplitude, would encir
the stability point211 j 0. The right hand side phase plot o
Fig. 11 indicates that the frequency response function ge
ated by the triangular piezoelectric patch actuator with
velocity sensor at its tip is positive definite only up to abo
2.5 kHz where a sudden phase drop to about2540° occurs.
Therefore this control system is also only conditiona
stable. However in this case the Nyquist plot on the rig
hand side of Fig. 12 suggests that for this control system
relatively large gain margin is available since the left ha
side of the plot is about five times smaller than the loops
the right hand side. This effect is due to the modulation
the excitation in frequency which combined with th
complementary phase drops generates a Nyquist plot
FIG. 12. Nyquist plots for the frequency response functions of a closely located velocity sensor and square piezoelectric patch actuator control unit ~left, type
a in Fig. 2! and a closely located velocity sensor and triangular piezoelectric patch actuator~right, type c in Fig. 2!.
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FIG. 13. Total kinetic energy~left! and sound transmission ratio~right! of the panel excited by a plane acoustic wave with no control~solid line! and with a
434 grid of closely located velocity sensors and square piezoelectric patches actuators~type b in Fig. 2! SISO feedback controller with feedback gains of 1
~dashed line!, 102 ~dotted line!, 103 ~dash–dotted line! and 104 ~faint line!.
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the left hand side squeezed towards the imaginary axis.
modulated excitation of the triangularly shaped actuator
pends on the angle of the lateral edges. A trial and e
approach has been used in this study to find that the
stability effects are generated by a triangular patch with b
b540 mm and heighta525 mm.

The design of the closely located sensor-actuator con
units is an important issue that has been briefly introduce
this section in order to contrast the intrinsic properties
sensor-actuator pairs made with either a square or a tria
lar strain actuator and an ideal velocity sensor. In practice
local dynamics effects of the sensor should also be taken
consideration as well as the mass and stiffening effects of
piezoelectric patch actuator. A detailed study of these iss
is presented in Refs. 41, 53, 54 for a square piezoelec
patch actuator with a velocity sensor at its center.

V. SISO DIRECT VEOCITY FEEDBACK CONTROL

In this section the control effectiveness of the smart p
els with SISO control units type~b! and type~d! in Fig. 2,
which have either sixteen square piezoelectric patch ac
tors or sixteen triangular piezoelectric patch actuators dri
by a single input signal, is investigated. In this case the
bility of the two SISO control systems is fully analyzed b
considering Bode and Nyquist plots of the sensor-actu
frequency response function.3,7,47

A. Control effectiveness

The two plots in Fig. 13 show, respectively, the to
kinetic energy and the sound transmission ratio of the sm
panel with the SISO control system using the 434 array of
square piezoelectric patch actuators at the center velo
sensors. As found with the MIMO control arrangement,
dashed and dotted lines in the two plots of Fig. 13 show t
as the SISO control gain is raised up to an optimal con
gain as the active damping generated by the feedback
levels down most of the resonance peaks. However, in
case the SISO control system does not damp down the r
nances due to natural modes of the panel which have
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volumetric vibration component since the sum of the sixte
sensors outputs goes to zero and thus the SISO control
becomes ineffective. For example, no damping is introdu
on the second, third and fourth resonances which are rel
to the ~2,1!, ~1,2! and ~2,2! natural modes of the panel. Be
yond the optimal control gain, this trend is inverted and,
shown by the dash–dotted and faint lines, a new set of lo
frequency resonances emerge whose amplitudes are sim
if not higher, than those of the panel with no control. Also
this case this phenomenon results from the control spillo
effect where a large control gain tends to pin the smart pa
at the control positions so that the response of the sm
panel is rearranged into that of a lightly damped panel wh
is pinned at the sixteen control positions.

The two plots in Fig. 14 indicate that, as the control ga
is raised as the normalized total kinetic energy and norm
ized sound transmission ratio, integrated from 0 Hz to 1 kH
monotonically fall down and reach maximum reductions,
spectively, of 12 dB and 8 dB. Therefore the SISO cont
arrangement is not able to replicate the 17 dB reduction
the total kinetic energy produced by the equivalent MIM
control system. In contrast it nearly generates the 9 dB
duction of the sound transmission ratio produced by
equivalent MIMO control system. This is due to the fact th
the error signal used in the SISO feedback control loop
proportional to the volumetric vibration of the smart pan
which generates most of the sound radiation at l
frequency.12,16When relatively high control gains are imple
mented then the pinning effect generated at the control p
tions brings the response of the smart panel back to the le
with no control while its sound radiation is increased
about 2.5 dB than in the case of no control. This is due to
increased sound radiation efficiency of the new reson
modes compared to that of the lower order modes of
unconstrained simply supported panel.1

The two plots in Fig. 15 show the total kinetic energ
and the sound transmission ratio of the smart panel with
SISO control system using the sixteen triangularly sha
piezoelectric patch actuators, with the base edges evenly
P. Gardonio and S. J. Elliott: ASAC panels with anechoic edges



ISO
FIG. 14. Normalized total kinetic energy~left! and sound transmission ratio~right!, integrated between 0 Hz and 1 kHz, plotted against the gain in the S
velocity feedback controllers, h, for the 434 grid of closely located velocity sensors and square piezoelectric patches actuators~solid line, type b in Fig. 2!
and the 16 closely located velocity sensors and triangular piezoelectric patches actuators~faint line, type d in Fig. 2!.
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tributed along the perimeter of the panel, and velocity s
sors at the vertices opposite to the base edges. Comparin
dashed lines in these two plots with those of Fig. 13 it can
noticed that this SISO control system produces at the l
frequency resonances larger damping effects than the S
control system using the sixteen square actuators. Howev
still does not generate damping effects at the resonance
quencies related to the natural modes of the panel with
volumetric component. Also, when large control gains, w
above the optimal one, are implemented then the SISO c
trol system with the sixteen triangular actuators genera
new resonance frequencies some of which occurs at ra
different frequencies than those obtained with the SISO c
trol system using square actuators.

This type of behavior is confirmed by the faint lines
the two plots in Fig. 14 which indicates that the SISO
rangement with sixteen triangular actuators brings the m
mum reduction of the normalized kinetic energy at 14.5
and the maximum reduction of the normalized sound tra
J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005 P
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mission ratio at 10 dB in comparison to the 12 dB and 8 d
respectively, obtained with the SISO control system us
the sixteen square actuators. However, as found for the S
system with square actuators, the SISO arrangement
sixteen triangular actuators is not able to replicate the 19
reduction of the normalized kinetic energy obtained with t
equivalent MIMO control system. In contrast it closely ge
erates the 11 dB reduction of the normalized sound transm
sion ratio produced by the equivalent MIMO control syste
Again this is due to the fact that the error signal used in
SISO feedback control loop is proportional to the volumet
vibration of the smart panel which generates most of
sound radiation at low frequency.12,16 When relatively high
control gains are implemented, then the pinning effect at
sixteen control positions close to the edges of the panel
duces a response of the smart panel which is about 5
lower than in the case of no control since the vibrating s
face has been reduced to that delimited by the sixteen con
positions. The frequency-averaged sound radiation of
FIG. 15. Total kinetic energy~left! and sound transmission ratio~right! of the panel excited by a plane acoustic wave with no control~solid line! and with 16
closely located velocity sensors and 16 triangular piezoelectric patches actuators~type b in Fig. 2! SISO feedback controller with feedback gains of 10~dashed
line!, 102 ~dotted line!, 103 ~dash–dotted line! and 104 ~faint line!.
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FIG. 16. Deflection shapes of the panel at the first six resonance frequencies when the optimal feedback control gain is implemented in the 434 grid of
closely located velocity sensors and square piezoelectric patches actuators~left, type b in Fig. 2! and the 16 closely located velocity sensors and triangu
piezoelectric patches actuators~right, type d in Fig. 2!.
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panel is instead reduced by just 2 dB, probably because
reduction of the response of the smart panel is balanced
the increased radiation efficiencies of the new reson
modes generated by the pinning effects along the perim
of the smart panel.

Figures 16 and 17 show the deflections shapes of
panels in correspondence with the first six resonances w
either the optimal control gain, that give the best cont
effects, or when a very large control gain is implemented
the smart panels with either the SISO control system m
with sixteen square actuators~left hand side plots! or the
SISO control system made with sixteen triangular actua
~right hand side plots!. Also in this case, because the defle
tion shapes occurs over a wide range of amplitudes, the p
in Figs. 16 and 17 have been normalized to have the s
2060 J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005
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maximum deflections which are also equal to those in Fig
to 10.

Comparing the two plots in Fig. 16 with that of Fig.
indicates that when the optimal control gains of the SIS
control systems are implemented, then the response of
panel at some of the first six resonance frequencies is ge
ally modified in such a way as the deflection shapes of
smart panel are not anymore controlled by the co-respec
natural modes of the panel. This is due to the active damp
action which, as seen for the MIMO control systems, ten
to reduce the contribution of the resonant modes. Howe
as shown by the dashed lines on the left hand side plot
Figs. 13, the SISO control system with square actuators c
not damp down the resonances related to even-even or e
odd modes, such as those at 167.5 and 192.5 Hz relativ
ctric

FIG. 17. Deflection shapes of the panel at the first six new resonance frequencies generated by a very large feedback gain in the 434 grid of closely located
velocity sensors and square piezoelectric patches actuators~left, type b in Fig. 2! and the 16 closely located velocity sensors and triangular piezoele
patches actuators~right, type d in Fig. 2!.
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FIG. 18. Frequency response functions of the 434 grid of closely located velocity sensors and square piezoelectric patches actuators~left, type b in Fig. 12!
and 16 closely located velocity sensors and triangular piezoelectric patches actuators~right, type d in Fig. 2!.
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the ~2,1! and~1,2! modes, and thus the deflection shapes
these two resonance frequencies are exactly the sam
those when there is no control. A similar phenomenon
found for the SISO system with triangular actuators arran
along the perimeter of the panel, even though in this case
deflection shapes relative to the resonances at 167.5
192.5 Hz are similar to~2,1! and ~1,2! natural modes bu
rotated by an angle of 45°. This is probably due to the co
bined effects due to the azimuthal angle of the prim
acoustic wave and the spacing of the error sensors along
perimeter of the panel. Finally the deflection shapes rela
to the second three resonances generated by the system
square actuators and the deflection shapes relative to the
and sixth resoanances generated by the system with tria
lar actuators do not show any type of vibration pattern. T
is probably because, as show by the dotted lines on the
hand side plots of Figs. 13 and 15, the optimal control ga
tend to move up these resonance frequencies so that the
in Fig. 16 show an off-resonance deflection shape.

As shown in the left hand side plot of Fig. 13, when ve
large control gains are implemented in the SISO control s
tem with square actuators, a new set of resonance freq
cies is generated. This is because, as shown on the left
side plot of Fig. 17, the control actuators produce a 434 grid
of pinning points that slightly modify the characteristic d
flection shapes of the first six resonance frequencies of
unconstrained panel, which are shown in Fig. 8. The
hand side plot in Figs. 15 shows that when very large con
gains are implemented in the SISO control system with
angular actuators the new set of resonance frequencies
curs at much higher frequencies. This is because the pin
effect generated by the control actuators generates hi
order modes as one can deduce from the deflection shap
the first six new resonances shown on the right hand side
of Fig. 17.

B. Control stability

The stability properties of the two SISO control syste
which, as shown in Figs. 2~b! and 2~d!, are formed either by
J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005 P
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a sixteen square piezoelectric patch actuator at the ce
velocity sensors or by sixteen triangularly shaped piezoe
tric patch actuator with velocity sensors at the vertices
investigated using the classic feedback control theory
SISO feedback control systems.3,7,47 The Bode and Nyquist
plots of the sensor-actuator open loop frequency respo
functions for the two control systems are therefore shown
Figs. 18 and 19. As found for a single control unit with
square actuator used in the decentralized MIMO control s
tem, the left hand side amplitude plot in Fig. 18 highligh
the typical rising trend due to the higher frequency excitat
efficiency of square strain actuators52 although in this case
there is a drop of the amplitude in the frequency range
tween 100 Hz and 1 kHz and the rising effect is less effect
above about 10 kHz. This is probably due to the fact t
between 100 Hz and 1 kHz and above 10 kHz the respo
of the panel is primarily controlled by structural modes w
little or no volumetric vibration component so that the su
of the sensor outputs from the sixteen velocity sensors
relatively low. Also, as found for a single control unit with
triangular actuator used in the decentralized MIMO cont
system, the right hand side amplitude plot in Fig. 18 sho
that the excitation generated by the sixteen triangula
shaped piezoelectric patches is modulated in freque
Moreover in this case there is not an overall rising trend
the excitation so that the amplitude of the sensor-actu
frequency response function in correspondence to resona
below 1 kHz is at least equal to or much higher than those
correspondence to the higher-frequency resonances. Th
probably due to a combination of effects where on one h
the excitation generated by the sixteen triangularly sha
actuators is reduced by local cancellation phenomena an
the other hand the sum of the sixteen control signals at
tips of the triangular actuators is also reduced by cancella
phenomena due to the contribution of higher order mode
the panel with a nonvolumetric vibration component.

The left hand side phase plot of Fig. 19 indicates that
frequency response function generated by the square pi
electric patch actuators with the velocity sensor at their c
2061. Gardonio and S. J. Elliott: ASAC panels with anechoic edges



ators
FIG. 19. Nyquist plots for the frequency response functions of the 434 grid of closely located velocity sensors and square piezoelectric patches actu
~left, type b in Fig. 2! and 16 closely located velocity sensors and triangular piezoelectric patches actuators~right, type d in Fig. 2!.
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ters is positive definite up to about 10 kHz so that this SI
control system is only conditionally stable.3,7,47 However,
since above 10 kHz the amplitude of the frequency respo
function is about 10 dB lower than those of the first fe
resonant modes and that in the frequency band betwe
kHz and 10 kHz, the left hand side of the Nyquist plot on t
left hand side of Fig. 19 is squeezed towards the imagin
axis so that a limited range of control gains could be imp
mented without the higher-frequency part of the frequen
response function encircles the stability point211 j 0. As
found for a single control unit used in the MIMO contr
system, the right hand side phase plot of Fig. 18 indica
that the frequency response function generated by the six
triangular piezoelectric patch actuators with the velocity s
sors at their tips is positive definite only up to about 2.5 k
where a sudden phase drop to2540° occurs which also
makes this SISO control system only conditionally stab
However, the fact that the amplitude of the sensor-actu
frequency response function above 1 kHz is modulated
frequency and relatively lower than at frequencies below
kHz gives the Nyquist plot shown on the right hand side
Fig. 19 which suggests that for this control system a re
tively large gain margin is available. Indeed the left ha
side of the Nyquist plot is about twenty times smaller th
the loops on the right hand side so that large control ga
could be implanted without generating instabilities. T
small circles on the left hand side of the Nyquist plot a
again due to the combination of periodic drops of the am
tude and co-respective drops of the phase of the sen
actuator frequency response function.

Therefore both SISO control system either with sixte
square control actuators and sixteen velocity sensors at
centers or with sixteen triangular control actuators and
teen velocity sensors at the vertices could be used to im
ment direct velocity feedback control. In particular, the s
tem with sixteen triangularly shaped actuators enables
implementation of relatively large control gains witho
causing instabilities.
2062 J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005
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VI. CONCLUSIONS

In this study the active structural acoustic control effe
tiveness of a new smart panel with sixteen triangula
shaped piezoelectric patch actuators having the base e
evenly distributed along the perimeter of the panel and
locity sensors at the vertices opposite to the base edges
been assessed and contrasted with that of a convent
smart panel made by a 434 array of square piezoelectri
patch actuators evenly distributed over the surface of
panel at the centers velocity sensors. For both systems
control effectiveness and stability issues of MIMO decentr
ized or SISO velocity feedback control architectures ha
been analyzed.

As summarized in Table III the MIMO system wit
square actuators and velocity sensors at their centers
tively large reductions of the integrated kinetic energy a
sound transmission ratio between 0 and 1 kHz can
achieved with a maximum value of, respectively,217 and
29 dB. However the MIMO system with triangular actu
tors and velocity sensors at the tips produces even la
reductions, respectively, of219 and211 dB. Therefore the
new system with triangular actuators and velocity sensor
the tips which are evenly distributed along the borders of
panel is not just able to replicate the results of the conv
tional smart panel with sixteen square piezoelectric pa
actuators and velocity sensors at their centers. On the
trary it produces larger control reductions in particular w
reference to the far field sound radiation. This is proba
due to the fact that the active damping action is genera
along the borders of the panel where indeed the sound ra
tion occurs at low frequencies below coincidence. The sa
type of behavior is obtained for the case where a SISO c
trol architecture is implemented except that the reduction
the integrated kinetic energy and sound transmission r
between 0 and 1 kHz go down, respectively, to212 and
28 dB for the system with square actuators and veloc
sensors at their centers and, respectively, to214.5 and
P. Gardonio and S. J. Elliott: ASAC panels with anechoic edges
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210 dB for the system with triangular actuators and veloc
sensors at the tips. Since for both control arrangements
error sensors are evenly spaced either over the surface o
panel or along its perimeter, then no control signal is gen
ated in correspondence to even–even or even–odd reso
modes which are therefore not controlled. Since the so
radiation efficiency of these modes is relatively low, then t
phenomenon has little effect on the overall reduction of
sound radiation but, as confirmed by the data in Table III
has relatively large effects on the vibration response of
panel and thus on its near field sound radiation.

The stability of one decentralized control unit for th
two control arrangements has also been assessed by co
ering the Bode and Nyquist plots of the sensor-actuator
quency response function. This analysis has indicated
the triangular actuator is less effective at higher frequen
than the square actuator. Also, the triangular shaping ge
ates a point force at the tip of the actuator where the p
velocity sensor is placed so that a better collocation effec
obtained than with the square actuator. These two phen

TABLE III. Maximum frequency-averaged reductions of the total kine
energy and sound transmission ratio with optimal feedback gains.
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ena makes the system with triangularly shaped actuators
velocity sensors at the tips to be relatively more stable so
direct velocity feedback control loops could be implemen
up to relatively large control gains. Similar type of resu
have also been obtained for the SISO control architectur
which case the stability is even enhanced by the fact that
sensor does not measure the vibration contribution of ev
even or even–odd resonant modes.
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