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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 4<4 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 actuai65®©
Acoustical Society of AmericaDOI: 10.1121/1.1863092

PACS numbers: 43.40.Vn, 43.50.KKAC] Pages: 2046—-2064

I. INTRODUCTION actuator pairs which are arranged in such a way as to control

- 0-12 i
In general, the low-frequency broadband sound trans.[ad'atlon modes of panét>**and, second, SISO or mult

mission through a lightly damped and lightweight panel,mpL,:t rgr}ultlr-]output (MLMO)t. modertnt feedblauik contr(;)l
such that its response is characterized by well separated resgloems where H or H.. optimum state regulators are de-

nances below the critical frequency, is controlled by the re_s,lgned in a LQR/LQG framework, with a state observer

sponse of the panel itself at the resonance frequencies and ggsed on radiation filterS~** The advantage of the classic

the radiation efficiencies of the resonant mot@te sensi- plroaf:h IIS %'_Ven ?y :jhbe p;)ssmlhtyl/ |0f |mpLementlgg rela-
tivity to the radiation efficiencies arises from both the acous{!V€!Y Simple direct feedback control loops that produce ac-

tical excitation and sound radiation mechanis.order to  tive damping and thus reduces the response of the panel at

control low-frequency sound transmission through a panel ithe low resonance frequencies without sound radiation spill-

. . . . 6 -
is therefore necessary to either move up its first few reso®Ve' effects.” However, several problems have been encoun

nance frequencies by stiffening the panel or to apply damptered in the development of truly collocated and 8dalis-

ing treatments to the panel in such a way as to reduce it§iPuted sensor-actuator pairs which WOU'% guarantee
response at resonance frequendiBsth types of treatments Unconditionally stable feedback control lodps*In con-
require substantial variations to the structure of the panéfast the modern approach uses much simpler arrays of sen-
which have several drawbacks such as, for example, theors and actuators but rather complicated control systems
change of geometry and weight of the partition and increasiith a state observer that inherently limits the control effec-
of costs. Alternatively, active control techniques could betiveness as well as the robustness of the controfief*>in
used, the most attractive of which have the actuators angummary the development of SISO classic feedback control
sensors integrated onto the partition itself in such a way as t8ystems is held back by the difficulties encountered to de-
create a smart panel for the implementation of active strucvelop collocated and dual distributed sensor-actuator pairs
tural acoustic contralASAC).2"® The control system linking whose response functions have real part positive definite so
these actuators to these sensors increasingly uses a feedb8eit unconditionally stable direct feedback loops could be
rather than feed-forward arrangement, because of its abilitymplemented:” In contrast the development of SISO or
to deal with broadband random or transient disturbanceMIMO modern feedback control systems is held back by the
without an external reference sigfal. necessity of developing complicated state observers which
During the past decade a lot of research work has beeshould be robust to changes of the response of the panel due,
carried out to develop ASAC systems to be embedded ofor example, to variations of temperature, pressure loading,
thin partitions in order to form compact and possibly light- tensioning effects, etc.
weight smart panels® Several configurations have been In this context Petitiean and Legradfrhave considered
studied that could be grouped into two main families: first,the possibility of simplifying the architecture of a MIMO
single input single outpufSISO classic feedback control feedback controller for a smart panel with &8 array of
systemd’ using collocated and ddl distributed sensor- closely located piezoelectric patch sensor-actuator pairs by
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implementing decentralized feedback control loops with

fixed control gains. In particular they compared the control

effectiveness of the decentralized control system with that of Tricidant ccaisie
a fully coupled MIMO feedback controller and found com-  piane wave
parable control results for the two systems. Like a number of
authors Elliottet al*° have shown that, provided the sensors
and actuators are arranged in collocated and dual pairs, un-
conditionally stable decentralized feedback loops with fixed
gains could be implemented. They have also shown that, if
the control systems are arranged to implement active damp-
ing, for example with direct velocity feedback loops, then as
the control gains are raised up to an optimal value as the | | " ]
response of the panel at resonance frequencies is damped o
down so that the low-frequency broadband sound transmis- | o o z% 7 .
sion is monotonically reduced. References 40 to 42 present Sound radiated
the development study of a smart panel with>a4 array of into free field
decentralized MIMO direct velocity control units which are gig. 1. physical arrangement considered in a simulation study, in which the
formed by a square piezoelectric patch actuator with an acvbration of a simply supported panel is excited by a plane acoustic wave on
celerometer sensor at its center. With this arrangement quit&e side and radiates sound into an anechoic half space on the other side of
good damping levels have been obtained in the low®Pane!

frequency resonances of the panel, which have produced re-

ductions of the averaged vibration of the panel between gonfigurations is considered for both types of smart panels

and 8 dB for the third octave bands up to 1 kHz. However Where the sum of the sixteen velocity outputs is feedback to

the feedback control gains had to be limited to relatively low!h® Sixteen actuators via a fixed gain SISO controller. The
values since the decetralized control systems are only condP€NSOr-actuator response functions are studied both in fre-
tionally stable as the accelerometer sensor and piezoelect/f€ncy domain and with the Nyquist plots in order to assess
actuator behaves as a collocated and dual pair only at loW'€ Stability of the MIMO-decentralized and SISO control

frequencies such that the bending wavelength is larger thafPnfigurations. _
the dimensions of the piezoelectric paféh. The paper is structured into four parts. In Sec. Il we

In this paper, we present a new type of smart panel witfPresent the analytical model used to predict the response and

sixteen decentralized active damping control units which aréound transmission through the smart panel when it is ex-

composed of triangularly shaped piezoelectric patch actuacrItecl by a plane acoustic wave. In Sec. lll the implementa-

tors, with the base edges aligned along the borders of thifon of MIMO-decentralized or SISO direct velocity feed-

panel, and accelerometer sensors placed at the vertices Op[ﬁ(?-Ck go\r)t:ﬁl Ioop_s IS mE[)dIeIfed tand dISfCtuhSS?d. Fmall;: n Selcs.
site to the base edges of the actuators. The sixteen contr\( an € main control features ot the two smart panels

units are evenly spaced along the four edges of the panel sfcfel an(ialyz%d grgc;: ofntrzztedkwnh [ef;arenchgttotMlMO decen-
that they both look like and work like “active wedges.” The ralized an eedback control architectures, respec-

triangular shape of the actuator generates bending momenqgely'

along the edges plus a transverse point force at the vertex

opposite to the base edgevhich results to be collocated and IIl. RESPONSE AND SOUND TRANSMISSION

dual with the linear velocity measured by the acceleromete}l—HROUGH THE SMART PANELS

sensor. This makes the sensor actuator pair able to have bet- The steady state flexural response and sound radiation of
ter collocation and duality features than the one with thesmart panels which, as shown in Fig. 1, are excited by a
square piezoelectric patch actuator. As a result, larger contrélarmonic acoustic plane wave, will be used as a model prob-
gains could be implemented in a direct velocity feedbackem to illustrate the effects of the two sensor-actuator ar-
loop which should then produce larger active damging. rangements and control architectures shown in Fig. 2. The
Thus, these control units can indeed be considered to befast arrangement is made by a<4t array of square piezo-
sort of structural active wedges whose damping effect reelectric patch actuators with at the centers velocity sensors
duces reflections of incident flexural waves to the edges oévenly distributed over the surface of the panel. The second
the panel which could then be considered to be anechoic. larrangement is instead made by sixteen triangularly shaped
order to better highlight the control mechanisms and contropiezoelectric patch actuators, with the base edges evenly dis-
effects of this type of smart panel with triangularly shapedtributed along the perimeter of the panel, and velocity sen-
piezoelectric actuators, the theoretical study presented in thisors at the vertices opposite to the base edges. The panel is
paper contrasts its flexural response and sound radiation withade of aluminum, with dimensionsl,,x1,,=278
those of a smart panel with a>44 array of MIMO- X247 mm and thickness,=1 mm and it is assumed to be
decentralized direct velocity feedback control units evenlybaffled and simply supported along the perimeter. The mate-
distributed over the panel surface which are formed by aial and geometrical properties of the panel are summarized
square piezoelectric patch actuator with an accelerometén Table I. The far-field sound radiation is determined by the
sensor at its center. Also, the effectiveness of simpler contrdime-averaged total sound power radiated by the panel while

Smart panel
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(a) MIMO-decentralised (b) SISO TABLE I. Geometry and physical parameters for the panel.

— Parameter Value

- Dimensions lxpXlyp=278X247 mm
Thickness h,=1mm
- Mass density pp=2720 Kg/n?
Young’s modulus E,=7x 10" N/m?
Poisson ratio vp,=0.33
Modal damping ratio £,=0.02

between the centers of the base edges aligned along the
(c) MIMO-decentralised (@ siso =0/, borders of the panel are given by, = (I,,—2a)/3
\:2“ VAVAVAV/ =65.7 mm. Also, the centers of the base edges of the outer
= I - ' | patches aligned along the=0,,, borders of the panel are
=
<
N ALALAL S

h
mH
L
L

D
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, « located at a distancé;,+a=70.6 mm from thex=0],,
border while the centers of the base edges of the outer
patches aligned along the=0,,,, borders of the panel are
A ATA A A located at a distancaé=25 mm from they=0,,, border. In
e this way, as shown in the two bottom schemes of Fig. 2, the
vertices of the sixteen triangular patches define a rectangle of
dimensions I,—2a)X(ly,—2a). The material and geo-

FIG. 2. Smart panels with a>4 grid of closely located ideal velocity  \\atical properties of the square and triangular piezoelectric,
sensors and square piezoelectric patch actuators or sixteen closely located

ideal velocity sensors and triangular piezoelectric patch actuators with th&Z T (lead zirconate titanale patches are summarized in
base edges evenly aligned along the four edges of the panel which arable Il.

arrapged either in MIMO-decentralizétype a and ror SISO(type b and The steady state response of the panel has been derived
d direct feedback loops. assuming the incident acoustic plane wave to be harmonic
with time dependence of the form Rep(wt)} wherew is
its time-averaged total kinetic energy is used to represent thihe circular frequency angi=+—1. The mechanical and
near-field sound radiation which is determined by bothelectrical functions used in the model have therefore been
strong and weakly radiating mod&s. taken to be the real part of counterclockwise rotating com-
The square piezoelectric patches, which have dimenplex vectors, e.g., phasors, given in the far(w)e'“! where
sionsa, X a,=25x25 mm and thicknes8p,y=0.2 mm, are v(w) is the phasor at=0. A harmonic acoustic wave is
taken to be evenly distributed over the panel surface so thatssumed to excite the panel with azimuthal and elevation
the distance between the centers of two adjacent patches asigles of¢p=45° and§=45° so that it excites all the struc-
given by dgy,ds,=1y,/4,1,,/4=69.5,61.7 mm and the dis- tural modes of the panel. The sound pressure fi(d,y,t)
tances of the centers of the external patches with the bordens the plane of the plate is therefore given by
of the panel are given by,,/2,d,/2=34.8,30.9 mm. The _ ot —kox—k
square piezoelectric patches, wh)i/ch have base and height di- pi(x,y,t)—Re{pi(w)el( " yy)}’ @
mensionsh,a= 40,25 mm and thickneds.,t=0.2 mm, are where p;(w) is the phasor of the incident wavek,
instead taken to be evenly distributed along the edges of the-k, sin(§)cos(®) and k,=k, sin(f)sin(¢) are the acoustic
panel so that the distances between the centers of the basave numbers inx-and y-directions wherek,= w/c, and
edges aligned along the=0],, borders of the panel are c,=343 m/s are, respectively, the acoustic wave number and
given by di=(Ix,—2a)/5=45.6 mm while the distances speed of sound in air.

H

Ch
mH
\VARVA

P
P

T
mH

TABLE Il. Geometry and physical parameters for the piezoelectric, RZAd zirconate, titanatepatches.

Parameter Value
Dimensions of the square patches a,Xa,=25x25 mm
Base and height dimensions of the triangular patches b,a=40,25 mm
Distances between the centers of two square patches dsx=69.5 mm,dg,=61.7 mm
Distances between the centers of the base edges dix=45.6 mm,d;,=65.7 mm

aligned either along thg=0,,, or x=0/,,
borders of the panel

Thickness of the square and triangular patches hpzr=0.2 mm
Density ppzr= 7600 kg/ni
Young’s modulus Epyr=6.3X 10'° N/nv?
Poisson ratio vpzr=0.29
d$,=166x 102 m/vV
PZT strain/charge constants d$,=166x10 2 m/V
d3e=0
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Both the time-averaged total kinetic energy and time-wave and to the secondary flexural excitations generated by
averaged total sound power radiated have been derived tBither thes-th square ors-th triangular piezoelectric patch
dividing the panel into a grid of quadrilateral elements whosecontrol actuators bonded on the panel. The modal primary
dimensions have been taken to hg=1,,/(4N;) andl,  excitation termsF,,(w), are obtained by integrating the
=l,,/(4N,), whereN; andN, are the higher modal orders pressure field generated over the panel surface, that is
used in the calculations. The phasors of the complex trans- Lo (]
verse velocitiesye (), at the centers of these elements Fop(®)= pi(w)J pj P (xy)e 1Tk dxdy
have been grouped into the following column vector: o Jo

Wey (@) =4 pi(w)lnllnzlxplypi 9
W)= We2:(w) . (29 Wwhere, if njm#Esindcosd(wlp/cy) and  npm

o *sin#sing(wlyp/cy),

Wer(®)

n177|_1_ ( _ 1)nlefj sin 6 cos¢(wlxp/c0)J

The flexural vibration of the smart panel under study is given  |,;= —— 5 (103
by the superposition of the acoustic primary excitation gen- [nym]"=[sind cosg(wlyp/Co)]

erated by the incident plane wave and the structural seconémnd

ary excitations generated by the control transducers bonded ( A\Npa—] Sin A sind(wly/co)

on the panel. Thus, assuming the system is linear, and assum- _ npm1-(—-1)"e el (10b)

ing the radiated pressure has no effect on the panel vibration, "> [Nam]*=[sin@sing(wly,/co)]?
then the vector with the phasors of the velocities at the cenzng if

Ny 7= *Sin 6 cos¢(wly,/ and n
ters of the elementsy,(w), can be derived with the follow- L7 HohplCo) 27

= *singsi lyo/Co),
ing matrix relation: singsin g(wlyp/co)
Ih1=(j/2)sgn(sin 6§ cos 11
W) =Yy )P () Yoo 0)Ve( ), € = (f2)sgnsing cose) (Ha
where v (w) is a vector with the phasors of the complex and
input voltage signalsy (), to the S control piezoelectric 2= (j/2)sgr(singsing¢). (11b
transducers:

The modal secondary excitation terms, (), are derived
ver(w) by integrating the bending excitation fields generated by the
Ve w) control actuators over the panel surface. According to Ref.

: 4) 46 and as shown in Fig(8), if the principal axex’,y’,z" of
ves( @) the piezoelectric material are aligned along xh,z axes of
the panel, thes-th square piezoelectric patch actuator pro-
duces moment excitations,

Ve(w)=

The elements in the two matrices of E®) have been de-
rived with a finite modal expansion so tfat

h
N S 0
X; .V, F m, (X , bH=*+—e t), (12a
Yg';(w)=jw2 il rz)ir) an(-w) 5 s(Xest 3 Yest,3 2 32V cs(t)
n=1 pphplyplypl@n— 0+ ]2 0wy) ]
N —4+_5a0
X, ,V,)F My(Xew 4,Ye 4:t) = T 5 €310c4(1), (12b
chs(w):wa Un(Xe 2 Yr) nc,s(w) ©6) ysite € 2 cs

=1 pohylyplyp(@3— 0+ j2 ’ . . : ,
1=1 Ppfplplyp(@n = @™+ ]2¢nwwn) respectively along the horizontal edges 1, 3, with coordinates

where p, and h, are the density and the thickness of theX.s— a,/2<Xqq 3=Xcst a/2 and yeq 3=Ycs+3a,/2, and
smart panel, is the modal damping ratio, which was taken along the vertical edges 2, 4, with coordinates, 4= X.s

to be 0.01 for all modes in these simulations, and *a,/2 andy.s— a,/2<Y.ps<Ycst a,/2. The indices 1 to
Yn(x,y) are, respectively, the-th natural frequency and 4 indicate the four edges in anticlockwise order starting from
natural mode, which for a simply supported panel are giverthe bottom horizontal edge and, as given in Tablea}l,a,

by are the dimensions of the patches whilg,y. are the center
2 5 coordinates of thes-th patch. Also, as shown in Fig.(&,
_ [ Pp |7 Nam point forces,
wn + , (7)
Pphp L\ Ixp lyp h
—9 r( nlﬂ'X) , ( nzwy) o fo(Xps2.4 Y24 1) = = (X103, Yos1,3:1) = Esegesvcs(t),
Pa(X,y) =2si TS (®) (129
whereD = Ephg/12(1— vf)) is the bending stiffness of the are exerted at the four vertices of coordinates{z,y,s1,2
smart panel, witfE, and v, the Young’s modulus of elastic- = (Xcs+ ay/2,Ycs+ ay/2), and Kos2.4:Yos2.4) = (Xcs

ity and Poisson'’s ratio, ana, , n, are the two modal integers *+a,/2,y.s+a,/2) of each patch. In Eq$1239—(120), hg is

for the n-th mode. FinallyF, () andF.s(®) are the two the total thickness of the panel and piezoelectric patch, that is

modal excitation terms which are due, respectively, to thérs=h,+hpzr. The piezoelectric stress/charge parameters,
: ; - - 0 A0 0 ; ; . 46,

primary acoustic excitation generated by the incident plane3,, e, andeds, are derived from the following relatioff:
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(a)

rectangular patch actuator

triangular patch actuators

FIG. 3. Panels with squakéop) or triangular(bottom piezoelectric patches.

Epzr vpztEPZT 0
&0 (1- V%ZT) (1- VIZDZT)
eﬁl _ vpztEpzT Epzr 0
32( — ( 1— 1}2 ) ( 1— 1}2 )
ege PZT PZT
Epzr
0 0 o E—
L 2(1+ vpzy) |
d3;
x{ da (13
d3

where the Young’s modulus of elasticip,, the Poisson’s
ratio, vpz7, and the piezoelectric strain/charg,, d3, and
dg6, parameters of the piezoelectric PA€ad zirconate, ti-

JXUSZ a¢n(X1Yesl) dx
Xps1 ﬂy

_ fxvs4 ﬁ{//n(xvyvs3) dx
Xys3 (}]y

h
Fnc,s("-’) = ESEgZ{ +

hs

_fva?’ a¢n(xeﬁ’y)d
X i

fva4 ﬁwn(xesﬁlvy) d
X y

Yus1

(14

Yys2

The bending excitation field generated by a triangular piezo-
electric patch has been derived in Ref. 43. Considering the
triangular patches shown in Fig(l8, which are bonded in
such a way as their base edgasare aligned with either the

X- or y-borders of the panel and assuming that the principal
axesx’,y’,z" of the piezoelectric material are aligned in
such a way ax’ andy’ are parallel, respectively, to the
heighta and basé of the triangular patches, then tketh
triangular piezoelectric patch actuator produce moment exci-
tations along the base edge of ampliude,

h
mbs(xbsvybs-t) = Eseglv cs(t)i (156)

and moment excitations along the two lateral edges of am-
plitude,

L PRCI 15b
Mis1 A Xis1,2:Yis1,2:t) 5 (M e3;+e3)vcs(t). (15b)

The positions of the triangular patches have been defined
with reference to the middle points of their base edggs
andys. Thus the coordinates of the base edge ofdta
triangular piezoelectric patch actuator are eitkge— b/2
<Xps<Xmst B/2, Yps=0Jlyp OF Xps=0/pp, Yms— B2y
<Ymst b/2 depending whether the base is aligned along the
y=0,[y, or x=0J,, borders of the panel. Also, the coordi-
nates of the lateral edges of teeth triangular piezoelectric
patch actuator with the base aligned along yRe0 |, , bor-
ders of the panel are, respectivelys; ,= * M[Xjs1 2~ (Xms
Fb/2)] andyq; .= F M| X512~ (XmsT+ b/2)] With Xp,— b/2
SX151=Xms AN X< Xj52<Xmst+ b/2. Finally the coordi-
nates of the lateral edges of theth triangular piezoelectric
patch actuator with the base aligned along xke0 |, bor-
ders of the panel are, respectivelys; ;= = M[ Y51 2~ (Yms
+b/2)] and Xis1,2= +MY|s1,2~ (Yms™ b/2)] with yps— b/2
<VY1s1=Yms aNAdY<VYiso=YmsT b/2. As listed in Table II,
b,a are, respectively, the base and high of the triangular

tanaté material considered in this paper are given in Table Il.patch andn=Db/2a is the slope of the lateral edges. Finally
Since the piezoelectric material considered in this paper haas found for the square piezoelectric patchies=h,
e26=0, then there are no force excitations at the four verti-+hpzr. Also three point forces are generated at the vertices
ces. Therefore the secondary modal excitation terms foof thes-th triangular piezoelectric patch actuator,

square piezoelectric patch actuatdfge s(w), are given by

the sum of the integrals along the four edges of the piezo-
electric patch of the first derivatives of the panel natural

modes in directions orthogonal to the edges, pointing outside

the square surface, multiplied by the appropriate excitation

coefficients given in Eq9123a), (12b) that is,
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where the vertices of the-th triangular piezoelectric patch
actuators with the base aligned along yhe0,l,, borders of
the panel are, respectively,si ;=Xms+b/2, Y,51,=0ly

1 (e (e . N
Wi(w)= [ [ Ry, 0)* po(xy, o) Tdx dy
19

and X,s3=Xms, Yps3=a,(ly,—a) while the vertices of the

S'.th triangular piezoelectric patch actuators with the bas(?Nhere* denotes the complex conjugate. For the baffled flat
aligned along thex=0,,,, borders of the panel are, respec-

tively, X,c1= 01y, Yoo o= ymeT b2 and x, =2, (I~ a) plate considered in this paper, the acoustic pressure
y 3=,y ”Slvzm sﬁmrﬁ;lrf/ thne]s secondary v?%oda,\l ):-:‘xcitalltion Po(X,y,w) can be written in terms of the surface velocity
vS ms+

terms for triangularly shaped piezoelectric patch actuat0r§jSIng the Rayleigh integrel
with the base edge aligned along the perimeter of the panel,
Fncs(w), are given by the sum of the integrals along thepo(x,y,w)
three edges of the piezoelectric patch of the first derivatives

of the natural modes in directions orthogonal to the edges,
pointing outside the triangular surface, plus the amplitudes of

the modes at the tip vertices multiplied by the appropriatevherer = \(x—x’)?+ (y—y’)? is the distance between the
excitation coefficients given, respectively, in Eqd5a), point (x,y) where the sound pressure is estimated and vibra-
(15b), (150, that is, tion velocity positions on the panelx{(,y’) and pg
=1.21 kg/n? is the density of air. Substituting Eq20) in
(19), the time average total sound radiation is found to be

jwpo
21

o (1 e Ikor
J "J Pwx'y' o) dx’ dy’,
0 0

r
(20)

h vs3 d X, . . .
Fres(®)= ?5"(mzecs>le egz)[ f 3%(“51 given by a quadruple integral:
Us1 Isl
vs3 Jihn(X,Y) ] wpo (xp (yp [Mxp (!
+ AL ST _ @po Xprprpfyp. e
LSZ N s2 W, () T jo o Jo 1y W(X,y,w)*w(x',y", w)
hs j”sz In(X,y) sinkor
— ————db 0 ’ ’
2 Ca1 ve OMps s X . dx' dy’ dx dy. (21

(16)  The quadruple integral in E¢g21) can also be approximated
by summing the radiation contributions of all the elements
into which the panel has been subdivided, so that the time-

averaged total sound power radiation can be expresséd as

hg 0
_4Eme,?,1l/ln()(5v3 lysv3)v

wherev ;= (X,sj,Y,sj) indicates the coordinates of the ver-
tices of the triangular patch as given above apg,nis>,Nps
are the normal unit vectors to the lateral and base edges
pointing outside the triangular surface of the actuator. Equa-
tion (16) does not account for the two forces acting at the
base vertices of the triangular patches because the panel is
simply supported and therefore does not allows transversehereA.=l,d . is the area of each element anq ») is the
excitations along its perimeter. vector with the phasors of the sound pressure terms in front

The time-averaged total kinetic energy of the panel isof the panel at the center positions of the grid of elements:
given by

Ae
W,(0) = > REWE(0)pe(w)], (22)

h Pei()
p o (Typ, .
B =22 [ My ooy, an pywy=] P 23
Per(®@)
wherew(X,y, ) is the phasor of the transverse velocity over
the panel surface. This expression can be approximated IFollowing Ref. 16, Eq(12) can also be written as
the summation of the kinetic energies of each element into
which the panel has been subdivided so that Ao
Wi(@) = 5 REWE(0)Z(@)We(w)]
Me
B(w)= 7 Welw)we(w), (18 —WH(0)R(0)We(w), (24

where M= pphplydye is the mass of each element aRd ~ whereZ(w) is the matrix with the point and transfer acoustic
denotes the Hermitian transpose. The time-averaged totahpedance terms over the grid of points into which the panel
sound power radiation by a baffled panel can be derived bfias subdivided? Zij(w)z(jwper/ZWrij)e*Jkorii, with ry;
integrating the product of the phasor of the nearfield soundhe distance between the centers of thth and j-th ele-
pressurepy(X,Y,w), on the radiating surface and the phasorments. The matriR is defined as the radiation matrix which
of the transverse velocity of the panel(x,y,w), so that is given by?
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[ 1 sin(Kor 1) sin(Kor 1R) ]
Kor 12 Kol 1r
sin(Kqr 57)
R( )=ER€[Z( )]=w2p°Ag K fo 2 ' (25)
w)= 1) P of 21
sin(Kor r1) 1
Kol r1 i

Since the primary excitation is an acoustic wave, the ratio oferms so that they become two scalar teffigg and Y.

the time-averaged total sound power radiai®(w), to the
time-averaged incident sound poweW,(w), which is
termed the sound transmission ratio;

The general block diagram of a multi-channel velocity
feedback control system is shown in Fig. 4. If an equal num-
ber of actuators and velocity sensors is used, the matrix of
plant responsesy.(w), is square and the matrix of feed-

T(w)=W(@)/Wi(), (26) pack control filtersH(j w), is also square. Provided the con-
has been used to describe the sound transmission phenotel system is stable, the vector with the phasors of the sen-
enon. The time-averaged incident sound power due to thsor(s) current outpuss), i.(w), is related to the phasor of the
plane acoustic wave is given by incident plane acoustic wavg;(w), by the expression

Wi(@)=|pi(@)[?xplypCOS )/2p0Cq - (@) =[14Yc(@)H(@)] ™ Yep(w)pi(w). (32)
Also the vector of control inputs to the actuatovg(w), is
given by

Ve(@)=—=H(@)[1+Yc(@)H(®)] Y c(0)pi(jo).
(33

(27)

IIl. DIRECT VELOCITY FEEDBACK CONTROL

The phasors of the output error sigf®l ice(w), from
the E velocity error sensors can also be derived with a matrix

relation of the type ) ) )
) For single input single output contr@BISO the vectors and
ic(@)=Y¢p(w)pi(w) +Yc(@)Ve(w), (289 matrices reduce to scalars and thus the stability of the feed-
wherei.(w) is the column vector with the phasors of the back control loop could be assessed using the classic feed-
. 7,47 :
error sensor sighé): back control theory:.”*"In particular, Balahas shown that,
if the sensor-actuator pair is collocated and dudden the

!01(“’) SISO direct velocity feedback control loop is unconditionally
i ()= ic2(®) (29) stable. Indeed in this case the sensor-actuator frequency re-
¢ : ' sponse function is real positive defiritso that its Nyquist
ice() plot occupies the right hand side quadrantsvagaries from

and v () is defined in(4). Assuming the velocity sensors — * 10+ and thus the Nyquist instability point{1j0) is

used in the smart panels of Fig. 2 to be ideal transducers thAEVEr encircled whatever is the control gain.

measure the transverse velocity at the centers of the square  FOF Multi-input multi-outputMIMO) decentralized con-
patches or at the tips of the triangular patches, then the eld®©! Ycc(®) is @ fully populated matrix of input and transfer
ments of the two matrices in E€28) could be derived with responses between the actuators and sensors on the panel and
a finite modal expansion considering the modal amplitude af!(¢”) 1S @ diagonal matrix which, for direct velocity feedback

the detection points XG,Yo)=(Xee,Yed OF (XesYe) control, is assgmed to have equ_al flxed'gams SO fthad) N

= (X,3,Yvs3), respectively, for the square and triangular ac-zh I, whereh is the feedback gain. In this case the stability

tuators, so th4t

N
r . lﬂn(xsays)an(w) \I/p"(w)
Yep(®) 1‘””21 poNplxplyp(Wh— 02+ 2L ww,) 30
U e Yo Faes(@) e
Vel Zio 2 Dol (Z;Zij;isjzg wan) Y LU+
= PP Xpyptn n n V@) Y. (@) 3 i(0)
For the two panels typds andd in Fig. 2, where in order to
implement a SISO velocity feedback loop the sensors out-
puts are summed up and the same control signal is feed to “H(e) K |
the control actuators, the total current output is still derived

with Eq. (28) where the two mobility matrice¥ ., andY .
are pre-multiplied by a X E vectore of unit terms and the
matrix Y .. is also post-multiplied by aBXx 1 vectors of unit

FIG. 4. Multichannel feedback control system, which for a passive plant
response,Y . (jw), and a passive controllef(jw), is unconditionally
stable.
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FIG. 5. Total kinetic energyleft) and sound transmission ratidght) of the panel excited by a plane acoustic wave with no cortgwolid line) and with a
4x 4 grid of closely located velocity sensors and square piezoelectric patches acftigiera in Fig. 3 MIMO decentralized feedback controllers with
feedback gains of 1(dashed ling 107 (dotted ling, 10° (dash—dotted lineand 1@ (faint line).

of the MIMO decentralized control system can be deterstability of MIMO control systems should be assessed with
mined by examining whether the locus of the determinant ofeference to the locus of the determinant @f
[1+Y.(jw)H(jw)] encloses the origfi“*°asw varies from  +Y (jw)H(jw)], for decentralized control, the stability of
— to +. Alternatively the fact that the determinant of a each control unit could also be evaluated independently us-
matrix is the product of its eigenvalues can be used to deriving the classic feedback control thedfy*” which provides

a series of polar plots, each of which are analogous to than indication of whether the decentralized MIMO control
single channel Nyquist criteria. As found for the SISO con-system is to be only conditionally stable. Moreover, if the
trol case, if collocated and compatible transducers are tisedsmart panel is sufficiently damped and the control units are
then the real part o .((w) must be positive definite and well separated from each others, then an indication about the

Y.(w) can be described as being passiveHlkw) is also  gain or phase margins for each individual controller could
passive, e.g., when it is equal tol and h>0, then the 3|so be derived.

control system is unconditionally stabfe?®4° ,

When the SISO or MIMO decentralized velocity feed- A Control effectiveness
back control systems are implemented, the total kinetic en-  The two plots in Fig. 5 show, respectively, the total ki-
ergy and sound transmission ratio given in E48) and(24)  netic energy and the sound transmission ratio of the smart
can be derived after combining EGQ) with Eq. (33) so that  panel with the 4« 4 array of square piezoelectric patch ac-

Wal() =Y o (D (@)=Yl H(T+ Yo (0 H(w)]~L tuators with the center velocity sensors’ MIMO decentralized
@) =Yegl@)Pilw) = Vedw)H{w)l ol @)H(w)] control system. The solid line on the left hand side plot for
XY ¢plw)pi(jw). (34 the total kinetic energy highlights the typical response of a

It is important to underline that in the following sections the Pan€l which is characterized by a series of resonances whose
stability properties of the MIMO and SISO control systems@MmPplitudes gradually roll off as the frequency rises. In par-
in Fig. 2 will be discussed only at a qualitative level. There-ticular the peaks of the first few resonances are relatively
fore the control effectiveness of the studied control system&igh and sharp because of the low damping effects at lower
are derived without taking into account whether it would befrequencies. The solid line on the right hand side plot for the
possible or not to implement the necessary gains withou$ound transmission ratio shows a similar behavior, although
generating instabilities in the control loops. there are almost no peaks for the resonances due to the even-
even or even-odd natural modes of the panel which have
relatively low sound radiation efficiendy.

The dashed and dotted lines in the two plots of Fig. 5
show that as the gains of the sixteen control systems are

In this section the control effectiveness of the smart pan¥faised the resonance peaks are flattened down. This is due to
els with sixteen decentralized MIMO control units tyf®  the active damping effet generated by the sixteen DVFB
and type(c) in Fig. 2, which have either sixteen square pi- control systems that indeed increase the overall damping of
ezoelectric patch actuators or sixteen triangular piezoelectrithe lower-frequency resonant modes of the smart pRrl.
patch actuators, is investigated. The stability of the two deHowever when relatively higher control gains are imple-
centralized control systems is also analyzed to some extemented this trend is inverted and, as shown by the dash—
by considering Bode and Nyquist plots of the sensor-actuatalotted and faint lines in the two plots of Fig. 5, the total
frequency response function of one of the sixteen decentrakinetic energy and the sound transmission ratio are once
ized control systems in the two smart panels. Although themore characterized by a new set of low-frequency reso-

IV. DECENTRALIZED MIMO DIRECT VEOCITY
FEEDBACK CONTROL
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FIG. 6. Normalized total kinetic enerdieft) and sound transmission ratioght), integrated between 0 Hz and 1 kHz, plotted against the gain in the MIMO
detentralized velocity feedback controllers, h, for the4 grid of closely located velocity sensors and square piezoelectric patches actsalidrne, type
a in Fig. 2 and the 16 closely located velocity sensors and triangular piezoelectric patches adfaatblime, type c in Fig. 2

nances whose amplitudes are similar, if not higher, thamains are pushed farther up then, because of the pinning ef-
those of the panel with no control. This is a typical controlfect described above, the response of the smart panel is
spillover phenomenon where, as discussed in Ref. 51, thkerought back to the levels with no control while its sound
large control gains produces a pinning effect at the controtadiation is even increased by about 6 dB than in the case of
positions so that the response of the smart panel is rearrangad control. This is due to the fact that the new resonant
into that of a lightly damped panel which is pinned at themodes of the smart panel generated by the pinning effects at
sixteen control positions. the sixteen control positions have relatively higher sound
This type of behavior is summarized by the solid lines inradiation efficiency than the lower order modes of the uncon-
the two plots of Fig. 6 which show how the normalizewr-  strained simply supported parfel.
malized to the total kinetic energy when there is no control The two plots in Fig. 7 show the total kinetic energy and
total kinetic energy and normalizédormalized to the sound the sound transmission ratio of the smart panel with sixteen
transmission ratio when there is no contrebund transmis- triangularly shaped piezoelectric patch actuators with veloc-
sion ratio, integrated from 0 Hz to 1 kHz, vary with the ity sensors at the vertices opposite to the base edges MIMO
feedback gain. Indeed both plots indicate that as the contraecentralized control system. From a qualitative point of
gains are raised from zero as the frequency-averaged reiew these two plots indicate that the sixteen control units
sponse and sound radiation of the smart panel monotonicallyith triangular actuators arranged along the perimeter of the
falls down and reductions of the normalized total kineticpanel produces similar effects than the sixteen control sys-
energy and normalized sound transmission ratio, respet¢ems with square actuators distributed over the surface of the
tively, of 17 dB and 9 dB could be achieved. If the control panel. The most important difference is found when rela-

Kinetic energy (dB)
Sound transmission ratio (dB)

-100 1 1 L 1 -90 1 | 1 L
0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency (Hz) Frequency (Hz)

FIG. 7. Total kinetic energyleft) and sound transmission ratinght) of the panel excited by a plane acoustic wave with no corigalid line) and with 16

closely located velocity sensors and 16 triangular piezoelectric patches actogbers in Fig. 2 MIMO decentralized feedback controllers with feedback
gains of 10(dashed ling 107 (dotted ling, 1¢° (dash—dotted lineand 1@ (faint line).

2054 J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005 P. Gardonio and S. J. Elliott: ASAC panels with anechoic edges



f, =725 Hz i,=1675 Hz
al 2

FIG. 8. Deflection shapes of the panel at the first six
resonance frequencies with no control.

tively high control gains are implemented in which case thdarge control gains are implemented in the smart panels with
resonances of the new modes of the smart panel, which aedther the sixteen decentralized control systems made by
generated by the pinning effect of the triangular actuatorsquare actuator@eft hand side plotsor the sixteen decen-
scattered along the perimeter of the panel, occur at relativelfralized control systems made by triangular actuataght
higher frequencies than those due to the pinning effect of thband side plots Since the deflection shapes occur over a
square actuators distributed over the surface of the panel. wide range of amplitudes, the plots in Figs. 8 to 10 have
Moving to a quantitative analysis the faint lines of the been normalized to have the same maximum deflections.
two plots in Fig. 6 indicates that the sixteen control systems  Comparing the two plots in Fig. 9 with that of Fig. 8, it
with triangular actuators evenly distributed along the perim-is found that, when the optimal control gains are imple-
eter of the smart panel generates slightly larger control efmented, then the response of the panel at the first six reso-
fects than those due to the square actuators evenly distributednce frequencies is generally modified in such a way that
over the surface of the smart panel. In fact the maximunthe deflection shapes of the smart panel are not anymore
reduction of the normalized total kinetic energy is increasedtontrolled by the co-respective natural modes of the panel.
from 17 dB to 19 dB while the maximum reduction of the This confirms the active damping action which indeed tends
normalized sound transmission ratio is increased from 9 dBo reduce the contribution of the resonant modes so that the
to 11 dB. As for the smart panel with square actuators evenlyesidual response is controlled by nonresonant modes of the
distributed over the surface of the smart panel, when relapanel. It is important to note that the sixteen control units
tively large control gains are implemented, the pinning ef-arranged along the perimeter of the smart panel produces the
fects at the vertices of the triangular actuators generate a nedamping action exactly along the borders of the panel which,
set of lightly damped resonant modes, which, however, stilat frequencies below the critical frequency, are indeed the
produce a reduction of about 5 dB of the normalized kineticportions of the panel which generates the sound radidtion.
energy since in this case the vibrating surface of the panel i$hus the idea of scattering the control units along the perim-
reduced to virtual edges defined by the control positions agter of the smart panel is not convenient just for control
the tips of the triangular actuators arranged along the edgestability issues, as discussed in the following section, or for
of the panel. The frequency-averaged sound radiation of thpractical matters such as the fact that the central part of the
panel is instead brought back to the case with no controlpanel is not occupied by the control systems which are in-
probably because the reduction of the response of the smastead located near the borders of the panel where it is much
panel is balanced by the increased radiation efficiencies afasier to arrange the electronics of the sixteen control sys-
the new resonant modes generated by the pinning effectems. On the contrary the control units located along the
along the perimeter of the smart panel. perimeter of the panel generate active damping exactly over
In order to analyze in detail the different behaviors of the portion of surface of the smart panel that primarily causes
the two smart panels, the deflections shapes of the panels sound radiation. Thus the triangularly shaped control actua-
correspondence to the first six resonances, which as shown fars arranged along the edges of the panel could indeed be
Fig. 8 are closely linked to the first four natural modes of thereferred as “active structural wedges” that reduce the reflec-
panel, have been considered. Figures 9 and 10 show hotion of incident flexural waves. It is therefore realistic to
these six deflection shapes varies when either the optimgiresume that when localized structural excitations are gener-
control gains, that give the best control effects, or when veryated on the panel then even bigger control effects should be
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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 gndhaf 4
closely located velocity sensors and square piezoelectric patches actigftotgpe a in Fig. 2 and the 16 closely located velocity sensors and triangular
piezoelectric patches actuatdright, type c in Fig. 2.

obtained than those found for the incident acoustic wavectuators that implement large control gains is about 5 dB
disturbance. higher than that of the unconstrained one-bay panel. In con-
When very large control gains are implemented in thetrast, the sixteen control units with triangular actuators that
sixteen control loops then, as shown in the two plots of Figimplement large control gains produce a pinning effect
10, the deflection shapes relative to the first six new resoaround the edges of the panel such that the deflection shapes
nance frequencies clearly show the pinning actions of thare still characterized by a central part which is not con-
control units which, as shown on the left hand side plot,strained. As a result the frequency-averaged sound radiation
occurs on the X4 grid of control points for the system with is about the same to that of the one-bay panel. Essentially,
the square piezoelectric patch actuators or, as shown on thiee right hand side plot in Fig. 6, indicates that it is just a
right hand side plot, are located along the perimeter of thdittle lower probably because the radiating surface of the ac-
panel for the system with the traingular piezoelectric patchtively constrained smart panel is smaller than that of the
actuators. As highlighted by Fahya periodically supported unconstrained panel.
panel better radiates sound than a one bay panel since the
periodic constraints generates new “edges” around whic
extra sound is radiated. This is why the frequency-average
sound radiation of the smart panel constrained by thet4 The stability properties of the two independent control
grid of control systems with the square piezoelectric patchunits in Figs. 2a) and 2c) are examined using the classic

. Control stability of a single control unit

1,=202.5 Hz 1,=2026 Hz f,=28756 Hz
al 2 v 2

FIG. 10. Deflection shapes of the panel at the first six new resonance frequencies generated by very large feedback gaing grithef&losely located
velocity sensors and square piezoelectric patches actugdtstype a in Fig. 2 and the 16 closely located velocity sensors and triangular piezoelectric
patches actuator@ight, type c in Fig. 2.
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FIG. 11. Frequency response functions of a closely located velocity sensor and square piezoelectric patch actuator cgefrolypeita in Fig. 2 and a
closely located velocity sensor and triangular piezoelectric patch actimior, type c in Fig. 2.

feedback control theory for SISO feedback controlpositive definite up to about 10 kHz. Thus this control sys-
systems:’4’ The Bode and Nyquist plots of one sensor-tem is only conditionally stablg’#’Indeed, the Nyquist plot
actuator feedback loop frequency response function of then the left hand side of Fig. 12 suggests that this control
two control systems are shown in Figs. 11 and 12. system would be unstable even with small feedback control
The left hand side amplitude plot in Fig. 11 highlights gains since the higher-frequency part of the frequency re-
the typical feature of square strain actuators which more efsponse functions, with the larger amplitude, would encircle
ficiently excite the panel at higher frequencies so that thehe stability point— 21+ j0. The right hand side phase plot of
amplitude of the sensor-actuator frequency response functidrig. 11 indicates that the frequency response function gener-
grows as the frequency ris&sln contrast the right hand side ated by the triangular piezoelectric patch actuator with the
amplitude plot in Fig. 11 shows that the excitation generatedelocity sensor at its tip is positive definite only up to about
by a triangularly shaped piezoelectric patch is modulated ir2.5 kHz where a sudden phase drop to abe&#%0° occurs.
frequency. This is probably due to a cancellation effect of thelherefore this control system is also only conditionally
moment excitations generated along the lateral edges of thetable. However in this case the Nyquist plot on the right
triangular patch in which case the actuation principally oc-hand side of Fig. 12 suggests that for this control system a
curs via the transverse force generated at the tip of the triarrelatively large gain margin is available since the left hand
gular patch. side of the plot is about five times smaller than the loops on
The left hand side phase plot of Fig. 11 indicates that thehe right hand side. This effect is due to the modulation of
frequency response function generated by the square piezthe excitation in frequency which combined with the
electric patch actuator with the velocity sensor at its center isomplementary phase drops generates a Nyquist plot with
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FIG. 12. Nyquist plots for the frequency response functions of a closely located velocity sensor and square piezoelectric patch actuatot @efifrylpeni
a in Fig. 2 and a closely located velocity sensor and triangular piezoelectric patch adfigtor type c in Fig. 2.
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FIG. 13. Total kinetic energyleft) and sound transmission ratioght) of the panel excited by a plane acoustic wave with no cortgalid line) and with a
4% 4 grid of closely located velocity sensors and square piezoelectric patches actyg®is in Fig. 2 SISO feedback controller with feedback gains of 10
(dashed ling 1 (dotted ling, 10° (dash—dotted lineand 10 (faint line).

the left hand side squeezed towards the imaginary axis. Theolumetric vibration component since the sum of the sixteen
modulated excitation of the triangularly shaped actuator desensors outputs goes to zero and thus the SISO control loop
pends on the angle of the lateral edges. A trial and errobecomes ineffective. For example, no damping is introduced
approach has been used in this study to find that the besi the second, third and fourth resonances which are related
stability effects are generated by a triangular patch with basg the (2,1), (1,2) and(2,2) natural modes of the panel. Be-
b=40 mm and heigha=25 mm. yond the optimal control gain, this trend is inverted and, as
The design of the closely located sensor-actuator contradhown by the dash—dotted and faint lines, a new set of low-
units is an important issue that has been briefly introduced ilﬁequency resonances emerge whose amplitudes are similar,
this section in order to contrast the intrinsic properties ofif not higher, than those of the panel with no control. Also in
sensor-actuator pairs made with either a square or a triangehjs case this phenomenon results from the control spillover
lar strain actuator and an ideal velocity sensor. In practice thgffect where a large control gain tends to pin the smart panel
local dynamics effects of the sensor should also be taken intg; the control positions so that the response of the smart
consideration as well as the mass and stiffening effects of thgane| is rearranged into that of a lightly damped panel which
piezoelectric patch actuator. A detailed study of these issugg pinned at the sixteen control positions.
is presented in Refs. 41, 53, 54 for a square piezoelectric

i X _ The two plots in Fig. 14 indicate that, as the control gain
patch actuator with a velocity sensor at its center.

is raised as the normalized total kinetic energy and normal-
ized sound transmission ratio, integrated from 0 Hz to 1 kHz,
V. SISO DIRECT VEOCITY FEEDBACK CONTROL monotonically fall down and reach maximum reductions, re-

In this section the control effectiveness of the smart pan_spectwely, of 12 dB and 8 dB. Therefore the SISO control

els with SISO control units typéb) and type(d) in Fig. 2 arrangement is not able to replicate the 17 dB reduction of
which have either sixteen square piezoelectric patch actua‘be total kinetic energy proqluced by the equivalent MIMO
tors or sixteen triangular piezoelectric patch actuators driveﬁom,rOI system. In contrast it r_1equy generates the 9 dB re-
by a single input signal, is investigated. In this case the stgduction of the sound transmission ratio produced by the
bility of the two SISO control systems is fully analyzed by equivalent MIMO control system. This is due to the fact that

considering Bode and Nyquist plots of the sensor-actuatof’® €ror signal used in the SISO feedback control loop is
frequency response functioi:*’ proportional to the volumetric vibration of the smart panel

which generates most of the sound radiation at low
frequency->®When relatively high control gains are imple-
The two plots in Fig. 13 show, respectively, the total mented then the pinning effect generated at the control posi-
kinetic energy and the sound transmission ratio of the smaiions brings the response of the smart panel back to the levels
panel with the SISO control system using the 4 array of ~ With no control while its sound radiation is increased by
square piezoelectric patch actuators at the center velocigbout 2.5 dB than in the case of no control. This is due to the
sensors. As found with the MIMO control arrangement, theincreased sound radiation efficiency of the new resonant
dashed and dotted lines in the two plots of Fig. 13 show thamodes compared to that of the lower order modes of the
as the SISO control gain is raised up to an optimal controlnconstrained simply supported pahel.
gain as the active damping generated by the feedback loop The two plots in Fig. 15 show the total kinetic energy
levels down most of the resonance peaks. However, in thiand the sound transmission ratio of the smart panel with the
case the SISO control system does not damp down the res8ISO control system using the sixteen triangularly shaped
nances due to natural modes of the panel which have npiezoelectric patch actuators, with the base edges evenly dis-

A. Control effectiveness
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FIG. 14. Normalized total kinetic enerdieft) and sound transmission ratidght), integrated between 0 Hz and 1 kHz, plotted against the gain in the SISO
velocity feedback controllers, h, for the<#4 grid of closely located velocity sensors and square piezoelectric patches actsalidriine, type b in Fig. 2
and the 16 closely located velocity sensors and triangular piezoelectric patches adfaatblime, type d in Fig. 2

tributed along the perimeter of the panel, and velocity senmission ratio at 10 dB in comparison to the 12 dB and 8 dB,
sors at the vertices opposite to the base edges. Comparing thespectively, obtained with the SISO control system using
dashed lines in these two plots with those of Fig. 13 it can béhe sixteen square actuators. However, as found for the SISO
noticed that this SISO control system produces at the lowsystem with square actuators, the SISO arrangement with
frequency resonances larger damping effects than the SIS€ixteen triangular actuators is not able to replicate the 19 dB
control system using the sixteen square actuators. Howeveriieduction of the normalized kinetic energy obtained with the
still does not generate damping effects at the resonance frequivalent MIMO control system. In contrast it closely gen-
guencies related to the natural modes of the panel with nerates the 11 dB reduction of the normalized sound transmis-
volumetric component. Also, when large control gains, wellsion ratio produced by the equivalent MIMO control system.
above the optimal one, are implemented then the SISO corAgain this is due to the fact that the error signal used in the
trol system with the sixteen triangular actuators generateSISO feedback control loop is proportional to the volumetric
new resonance frequencies some of which occurs at ratheibration of the smart panel which generates most of the
different frequencies than those obtained with the SISO consound radiation at low frequenéy® When relatively high
trol system using square actuators. control gains are implemented, then the pinning effect at the
This type of behavior is confirmed by the faint lines of sixteen control positions close to the edges of the panel pro-
the two plots in Fig. 14 which indicates that the SISO ar-duces a response of the smart panel which is about 5 dB
rangement with sixteen triangular actuators brings the maxilower than in the case of no control since the vibrating sur-
mum reduction of the normalized kinetic energy at 14.5 dBface has been reduced to that delimited by the sixteen control
and the maximum reduction of the normalized sound transpositions. The frequency-averaged sound radiation of the
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FIG. 15. Total kinetic energyleft) and sound transmission rafinght) of the panel excited by a plane acoustic wave with no corisalid line) and with 16

closely located velocity sensors and 16 triangular piezoelectric patches acttigiers in Fig. 2 SISO feedback controller with feedback gains of(d@shed
line), 107 (dotted ling, 10° (dash—dotted lineand 10 (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 igrithe#
closely located velocity sensors and square piezoelectric patches acfigftotgpe b in Fig. 2 and the 16 closely located velocity sensors and triangular
piezoelectric patches actuatdright, type d in Fig. 2.

panel is instead reduced by just 2 dB, probably because thmaximum deflections which are also equal to those in Figs. 8
reduction of the response of the smart panel is balanced ki 10.
the increased radiation efficiencies of the new resonant Comparing the two plots in Fig. 16 with that of Fig. 8
modes generated by the pinning effects along the perimeténdicates that when the optimal control gains of the SISO
of the smart panel. control systems are implemented, then the response of the
Figures 16 and 17 show the deflections shapes of thpanel at some of the first six resonance frequencies is gener-
panels in correspondence with the first six resonances wheally modified in such a way as the deflection shapes of the
either the optimal control gain, that give the best controlsmart panel are not anymore controlled by the co-respective
effects, or when a very large control gain is implemented innatural modes of the panel. This is due to the active damping
the smart panels with either the SISO control system madaction which, as seen for the MIMO control systems, tends
with sixteen square actuatofteft hand side plotsor the to reduce the contribution of the resonant modes. However,
SISO control system made with sixteen triangular actuatoras shown by the dashed lines on the left hand side plots in
(right hand side plobs Also in this case, because the deflec-Figs. 13, the SISO control system with square actuators can-
tion shapes occurs over a wide range of amplitudes, the plotsot damp down the resonances related to even-even or even-
in Figs. 16 and 17 have been normalized to have the samedd modes, such as those at 167.5 and 192.5 Hz relative to

1,=1626 Hz =167.6 Hz 1,=167.6 Hz 1,=16256 Hz
r1 r2 2l 2

= =
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FIG. 17. Deflection shapes of the panel at the first six new resonance frequencies generated by a very large feedback gaih grithef£&losely located
velocity sensors and square piezoelectric patches actug@fistype b in Fig. 2 and the 16 closely located velocity sensors and triangular piezoelectric
patches actuator@ight, type d in Fig. 2.
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FIG. 18. Frequency response functions of the4grid of closely located velocity sensors and square piezoelectric patches acfiedtotygpe b in Fig. 12
and 16 closely located velocity sensors and triangular piezoelectric patches acfuightrsype d in Fig. 2.

the (2,1) and(1,2) modes, and thus the deflection shapes fora sixteen square piezoelectric patch actuator at the center
these two resonance frequencies are exactly the same wslocity sensors or by sixteen triangularly shaped piezoelec-
those when there is no control. A similar phenomenon igric patch actuator with velocity sensors at the vertices are
found for the SISO system with triangular actuators arrangeéhvestigated using the classic feedback control theory for
along the perimeter of the panel, even though in this case thgISO feedback control systeé*” The Bode and Nyquist
deflection shapes relative to the resonances at 167.5 apibts of the sensor-actuator open loop frequency response
192.5 Hz are similar tq2,1) and (1,2) natural modes but functions for the two control systems are therefore shown in
rotated by an angle of 45°. This is probably due to the comfigs. 18 and 19. As found for a single control unit with a
bined effects due to the azimuthal angle of the primarysquare actuator used in the decentralized MIMO control sys-
acoustic wave and the spacing of the error sensors along them, the left hand side amplitude plot in Fig. 18 highlights
perimeter of the panel. Finally the deflection shapes reIativg?qe typical rising trend due to the higher frequency excitation
to the second three resonances generated by the system Wifliciency of square strain actuatdrslthough in this case
square actuators and the deflection shapes relative to the fikgfere is a drop of the amplitude in the frequency range be-
and sixth resoanances generated by the system with triangizeen 100 Hz and 1 kHz and the rising effect is less effective
lar actuators do not show any type of vibration pattern. This;pve about 10 kHz. This is probably due to the fact that

In Fig. 16 shovy an oﬁ-resonan_ce deflectlo_n shape. of the sensor outputs from the sixteen velocity sensors is
As shown in the left hand side plot of Fig. 13, when very . . S
relatively low. Also, as found for a single control unit with a

large qontrol gains are implemented in the SISO control Sys'Eriangular actuator used in the decentralized MIMO control
tem with square actuators, a new set of resonance frequen-

S o sgstem, the right hand side amplitude plot in Fig. 18 shows
cies is generated. This is because, as shown on the left harﬂwat the excitation qenerated by the sixteen trianqularl
side plot of Fig. 17, the control actuators producexa#4grid 9 y 9 y

of pinning points that slightly modify the characteristic de- shaped piezoelectric patches is modulated in frequency.

flection shapes of the first six resonance frequencies of thMoreovgr n this case there is n_ot an overall rising trend of
unconstrained panel, which are shown in Fig. 8. The Iefghe excitation so that the amplitude of the sensor-actuator

hand side plot in Figs. 15 shows that when very large Controirequency response function in correspondence to resonances
below 1 kHz is at least equal to or much higher than those in

gains are implemented in the SISO control system with tri- ! -
angular actuators the new set of resonance frequencies cgorrespondence to the higher-frequency resonances. This is

curs at much higher frequencies. This is because the pinningfoPably due to a combination of effects where on one hand
effect generated by the control actuators generates highdi€ €xcitation generated by the sixteen triangularly shaped
order modes as one can deduce from the deflection Shapesqﬁtuators is reduced by local cancellation phenomena and on

the first six new resonances shown on the right hand side pidfi€ other hand the sum of the sixteen control signals at the
of Fig. 17. tips of the triangular actuators is also reduced by cancellation

phenomena due to the contribution of higher order modes of
the panel with a nonvolumetric vibration component.
The left hand side phase plot of Fig. 19 indicates that the
The stability properties of the two SISO control systemsfrequency response function generated by the square piezo-
which, as shown in Figs.(B) and 2d), are formed either by electric patch actuators with the velocity sensor at their cen-

B. Control stability
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FIG. 19. Nyquist plots for the frequency response functions of thel 4rid of closely located velocity sensors and square piezoelectric patches actuators
(left, type b in Fig. 2 and 16 closely located velocity sensors and triangular piezoelectric patches actughorsype d in Fig. 2

ters is positive definite up to about 10 kHz so that this SISOVI. CONCLUSIONS
control system is only conditionally stablé:*” However,
since above 10 kHz the amplitude of the frequency response In this study the active structural acoustic control effec-
function is about 10 dB lower than those of the first fewtiveness of a new smart panel with sixteen triangularly
resonant modes and that in the frequency band betweenshaped piezoelectric patch actuators having the base edges
kHz and 10 kHz, the left hand side of the Nyquist plot on theevenly distributed along the perimeter of the panel and ve-
left hand side of Fig. 19 is squeezed towards the imaginarjocity sensors at the vertices opposite to the base edges has
axis so that a limited range of control gains could be imple-been assessed and contrasted with that of a conventional
mented without the higher-frequency part of the frequencysmart panel made by a>44 array of square piezoelectric
response function encircles the stability pointl+j0. As  patch actuators evenly distributed over the surface of the
found for a single control unit used in the MIMO control panel at the centers velocity sensors. For both systems the
system, the right hand side phase plot of Fig. 18 indicatesontrol effectiveness and stability issues of MIMO decentral-
that the frequency response function generated by the sixtedzed or SISO velocity feedback control architectures have
triangular piezoelectric patch actuators with the velocity senbeen analyzed.
sors at their tips is positive definite only up to about 2.5 kHz ~ As summarized in Table Il the MIMO system with
where a sudden phase drop #540° occurs which also square actuators and velocity sensors at their centers rela-
makes this SISO control system only conditionally stablelively large reductions of the integrated kinetic energy and
However, the fact that the amplitude of the sensor-actuatogound transmission ratio between 0 and 1 kHz can be
frequency response function above 1 kHz is modulated ichieved with a maximum value of, respectivelyl7 and
frequency and relatively lower than at frequencies below 1—9 dB. However the MIMO system with triangular actua-
kHz gives the Nyquist plot shown on the right hand side oftors and velocity sensors at the tips produces even larger
Fig. 19 which suggests that for this control system a relareductions, respectively, of 19 and—11 dB. Therefore the
tively large gain margin is available. Indeed the left handnew system with triangular actuators and velocity sensors at
side of the Nyquist plot is about twenty times smaller thanthe tips which are evenly distributed along the borders of the
the loops on the right hand side so that large control gainganel is not just able to replicate the results of the conven-
could be implanted without generating instabilities. Thetional smart panel with sixteen square piezoelectric patch
small circles on the left hand side of the Nyquist plot areactuators and velocity sensors at their centers. On the con-
again due to the combination of periodic drops of the amplitrary it produces larger control reductions in particular with
tude and co-respective drops of the phase of the sensoieference to the far field sound radiation. This is probably
actuator frequency response function. due to the fact that the active damping action is generated
Therefore both SISO control system either with sixteenalong the borders of the panel where indeed the sound radia-
square control actuators and sixteen velocity sensors at thdion occurs at low frequencies below coincidence. The same
centers or with sixteen triangular control actuators and sixtype of behavior is obtained for the case where a SISO con-
teen velocity sensors at the vertices could be used to impldrol architecture is implemented except that the reductions of
ment direct velocity feedback control. In particular, the sys-the integrated kinetic energy and sound transmission ratio
tem with sixteen triangularly shaped actuators enables theetween 0 and 1 kHz go down, respectively,-td2 and
implementation of relatively large control gains without —8 dB for the system with square actuators and velocity
causing instabilities. sensors at their centers and, respectively,-t@4.5 and
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TABLE Ill. Maximum frequency-averaged reductions of the total kinetic ena makes the system with triangularly shaped actuators and
energy and sound transmission ratio with optimal feedback gains. velocity sensors at the tips to be relatively more stable so that
direct velocity feedback control loops could be implemented

Change in . . o
. up to relatively large control gains. Similar type of results
Change in sound . . !
lGietic eer RSN have also been obtained for the SISO control architecture in
gy : which case the stability is even enhanced by the fact that the
Smart panel dB ratio dB

sensor does not measure the vibration contribution of even—
even or even—odd resonant modes.
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