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Active control of acoustic pressure in a cylindrical cavity with a flexible cylindrical panel
using a pair of piezoelectric actuator and sensor, which is one part of the cylindrical panel, is
simulated. Model expansion method is used in the establishment of the state equation of the
system. The active vibration control of the cylindrical panel and the interior noise reduction
are performed by applying the linear quadratic Gaussian (LQG) control theory to the
structural acoustic coupled system. Two cases of different external forces acting on the
cylindrical panel are illustrated. The results demonstrate that such a control system can
efficiently reduce the structural-borne noise. © 2001 Academic Press

1. INTRODUCTION

The nuclear submarine would be in danger if its sound were transmitted too far as it is easy
to be detected by the enemy. So far, the reduction of sound transmission has been an
important objective in many fields. One means of attempting to decrease the noise level has
been through the use of passive noise control techniques such as the sound insulation and
the vibration insulation, which relied on the use of stiffened and heavy materials with high
damping ratio, or by redesigning the structure. This does not meet the requirements for the
aircraft manufacture. Attention has turned toward active noise control technologies. In
earlier active noise control techniques, an appropriate secondary sound source, which
optimally interferes with the primary noise source, has been used to effect sound
cancellation. The commonly used actuator for noise control applications is the traditional
loudspeaker. Although this is a highly reliable sound source, it tends to become quite bulky
and heavy at low frequencies where active noise control is most effective [1]. Recently,
efforts have been focused on the structural-borne noise control technique by controlling
vibrations of the radiating structure. The structure itself may be a noise source or the noise
source can be enclosed by a structure such that the acoustic energy of the noise is
transferred to the vibration energy of the structure and then reradiate. It is possible to
control the radiated sound fields by suppressing those vibration modes of the structure,
which are the most efficient radiators. The earliest work in the field of active structural
acoustic control was published by Jones [2] and Fuller [3]. Fuller [4, 5] demonstrated
through analytical and experimental investigations that the narrowband acoustic radiation
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Actuator

Figure 1. Configuration of a cylindrical cavity with a flexible cylindrical panel.

from the plate can be controlled by applying the active point forces to the radiating plate.
This research was expanded by Clark and Fuller et al. [6-8] utilizing piezoceramic
actuators with similar results. Sun [9] studied the shell interior noise control by neglecting
the interior acoustic loading on the shell wall. The emergence of intelligent materials and
structures cut a new way for the active structural acoustic control. The modelling and
analysis of adaptive structural acoustic control represent a high level of sophistication and
complexity. Moreover, the development of admissible mechanics for the numerical model as
well as a sophisticated control algorithm for the active structural acoustic control poses
a great challenge.

In this paper, the cylindrical cavity with a flexible cylindrical panel on some part of its
wall is considered, as shown in Figure 1. The length and radius of the cavity is denoted by
L and R. The cylindrical panel is made of aluminum, and a pair of piezoelectric actuator
and sensor is perfectly attached on its inner and outer side symmetrically. The cylindrical
panel covers the area a; < x < a,, oy < 0 < a,. The piezoelectric patches range over the
area by <b <b,, f; <0 <p, Meanwhile, a=a, —ay, « =0, —ay, b=>b, —b; and
p = p, — P are introduced. Since the piezoelectric actuator/sensor is very thin, its mass and
stiffness to the cylindrical panel are neglected. The active vibration control and interior
noise reduction can be achieved by applying optimal feedback voltage on the piezoelectric
actuator so as to produce bending moment and axial tensor on the cylindrical panel. For
the sake of simplicity, the cylindrical panel is assumed to be simply supported although it is
not practical in applications. In our study, the structural acoustic fully coupled property is
considered.

2. MODELLING OF THE STRUCTURAL ACOUSTIC FULLY COUPLED SYSTEM

For brevity, define the function s(a,,ay, s, 0q) as s(a,, aq, 0, aq) = [H(x — a,)
—H(x —ay)][H@O — ay) — H — oy)] where H(-) is the Heaviside function. For the
acoustic field with small amplitude, its velocity potential satisfies the wave equation with
uniform speed of sound ¢, [10]

' |: a¢:| _Clz (l) = - uré(r - R)S(Clz, ag, %, 0(1), (1)
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where () is the Dirac function, (*) = d(*)/dt and u, is the deflection of the cylindrical panel
in the r direction.

Fliigge’s equation is used to describe the motion of the cylindrical panel with a pair of
piezoelectric actuator and sensor in cylindrical co-ordinates [11]:

Lll(ux) + L12(u0) + L13(ur) - Cl/ix - phux = —(x _fxa
Ly (uy) + L (ug) + Las(u,) — ctig — philg = — qo — fo,
L31(ux) + L32(u0) + L33(ur) - Cl’ir - phur = —q _f;' + pf d;(ra 95 X, t)|r:Rs (2)

where the differential operator L;; (i, j = 1,2, 3) are defined as

M o2 | =y o 14+u 0
Lo=c| S +a+r) -1 —c Tk
n=Claa T K5e 592]’ 2= YR axae’
[u 0 0 1—pu 08 uﬁz 1 0°
Lo=cC|® % _kr(Z 22K Lyy=C| (143K e
p=ClRax T <ax3 R axopr) [ L= e 2R
1 0 3—u 03
Ly;=C *% KTW s Ly =Ly Lisy=—Lis, L3z =— Ly,

L Da4+2 a4+1a4+202+1 C
3 ox* T R%0x%00® T R*00* T R*00* T R*) R*

Here, C = Eh/(1 — u?), D = ER3/12(1 — %) and K = h?/12R?%. Young’s modulus, the
Poisson ratio, damping coefficient, thickness and density of the cylindrical panel is denoted
by E, u, ¢, h and p respectively. p, is the density of the fluid and — pfc[> (r, 0, x, t)|,=g 1s the
acoustic pressure on the cylindrical panel. q,, gy and g, are the external forces in the x, 6 and
r direction respectively. f., fo and f, are the equivalent forces generated by the piezoelectric
actuator, and can be expressed as follows:

0s(b,, by, 2, e31 0s(by, by, Ba,
fi= —es, (b, A1 B2, B1) V(). fy= €31 s(by, by, B2, B1) V(0),
0x R 00
_ h+h, 0%s(bs, by, B, B1) 1 0%s(b,, by, B2, f1) s(ba, by, B2, B1)
f= e [ 2 ( Py TR 202 - R e,

)]
where e;; and h, are the piezoelectric constant and thickness of the piezoelectric patch
respectively. The boundaries of the cylindrical cavity denoted by I' are taken to be hard
walls thus leading to the zero normal velocity boundary conditions:

Vo-i=0 (r,x,0)el. 4)
The boundary conditions of the simply supported cylindrical panel are

M99|x:a1,a2:07 Mxx|0:a1,x2:07

U, =uy=u,=0 onx=a; or x=a, or O=o; or 0=uoq,, (5)
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where
Mo = D(Kap + iKMo = D(Kox + 1iKog), and Kop = - (a“” - 62”;’>,
R*\ 00 06
0%u,
Kop= =27
The initial conditions of the structural acoustic system are
o, %, 0,8)i—0=0,  $r,x,0,0)|—o =0, (6)
ux(x, 0, t)|i=0 = 0, U (x, 0, 1)|=0 = 0,
ug(x, 0, t)|;=0 =0, ty(x, 0, t)|;=0 =0,
u(x,0,8));=0 =0, .(x, 0, 8)|;=0 =0. (7)

3. MODAL ANALYSIS OF A CYLINDRICAL PANEL

For a simply supported cylindrical panel, the fire vibration at a natural frequency w can
be assumed in the following form:

ux = UX(X’ 6) eiUJ’) u() = Uo (x’ 0) eiu}” ur = Ur (X’ g)ei(Ul7 (8)
where

mn(x — day) sin n(f — o)

>

U.(x,0) = A, cos
a o

mn(x — ay) cos n(0 — o)

Uy(x, 0) = B,,, sin
a o

U,(x, 0) = C,, sin m”(xa_ ) G ””(9; %) )

Then substitution of equation (8) into equation (2) whose right-hand side is set to zero
yields:

phw2 — kll k12 k13 Anm
kiz phw® — ki ka3 By p = {0}, (10)
k13 k23 Phwz - k33 Cmn

where the constants k;; (i, j = 1, 2, 3) are given as

mm\> 1 —pu/nm\? 1+ pmnnn
"“—CKa) +(1+K)2R2<a> ] fe=—Cop 0

3 2
U mn mn 1 — umn (nn
kys = C | BMT L KR - ey
13 |:Ra + <<a> 2R? a<rx>>:|’
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1—p(mn 1 (nm\? 3—u/mr\’nn 1 [(nm\?
kya=C| (143K — (= kys=C| K2ZH(ME) 22 (27
R e R S G N L GV R o
f D mn+2 mnznn2+1nn4 2nn2+1+C
3T a R*\ a o R*\ a R*\ « R*) " R*

Setting the determinant of this matrix to zero for a non-trivial solution yields the
characteristic equation w® + 1;w* + 1,w? + 13 = 0, where the constants 4; (i = 1,2, 3) are
given as

1 1
Ay = —— (kg + kay + k33), Ay = —— (ky1k3z + kazkss + kyikap — ki, — k33 — kis),
ph (ph)

(k11k33 + kaokis + ksskis + 2kioky3kas — kyikaskss).

Ay =

(p h)3

The roots of the above equation can be written as

2 4
w? = —g./a%—3a2cosW—%, (11)
where W = arcos (2a; — 9a,a, + 27a3)/2/(a} — 3a,)>.

Thus, the modes of the cylindrical panel can be obtained as
Aun _ le(phwiz — k33) — kizkas
Cimn (Phwiz —ky 1)(Phwi2 — ki) — k%z
Biun ka3 (Phwiz —ki1) — ki2kqs

= — i=1,2, 3). 12
Cimn (thﬂi2 - k11)(Phwi2 —kyy) — k%z ( ) (12)

4. MODAL ANALYSIS OF THE INTERIOR ACOUSTIC FIELD

At a natural frequency @, the free vibration of the acoustic field in the cylindrical cavity
can be assumed as

b(r,x,0,1) = B(r, x, 0) ™, D(r, x,0) = [ (1) cos% cos g0, (13)
Substitution of the above equation into equation (1) yields the characteristic equation

: dr[ dg (r )} . [xf, _ ‘ﬂ f)=0 and f{0) is limited, (14)

where z; = (@/c,)* — (pn/L)%
The solution of equation (14) can be expressed in the g order Bessel function of the first
kind when y, is real as f(r) = H-J,(x,r), in this case ®* = (y; + (pn/L)?) ¢Z; when y,, is
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imaginary, set y, = 7,1, thus the solution of equation (14) can be written in the g order
modified Bessel function of the first kind as f(r) = H-1,(x, r), then ®* = ((pn/L)* — i3) ;.
Here, H is an arbitrary constant. The constant y, or j, is determined by the boundary
condition df(r)/dr = 0, that is,

4 - 5 q . -
_XpJq+1(XpR)+EJq(Xp R)=03 or XpIq-FI(XpR)—i_ﬁIq ()(I,R)=0 (15)

In addition, the orthogonal characteristics of the Bessel function of the first kind can be
expressed as

R 0) ij 75 Xpia
j Jo(pir) Iy (i) dr = ¢4 , e (16)
0 EJq (Xpi R) <R2 - _2>: ij = Xpi

Lpi

and the orthogonal relationship of the modified Bessel function of the first kind is

R ~ ~ 07 ;_{pj # Zpia
J Ly (pi ) Ly (pr) e dr = {4 L . P . . (17)
0 EIq (Xpi R) <R + _>> ij = Xpi-

Lpi

5. ANALYSIS OF THE STRUCTURAL ACOUSTIC FULLY COUPLED SYSTEM

By using the modal expansion method, the forced vibration of the acoustic field is
assumed as

9o Pa da

G, x, 0, )= Y > Duu(r,x,0) (1), (18)

g=1p=14q=1

where @, (r, x, 0) = H,,,J, (1p") cos (prx/L)cos q0.
The forced vibration of the cylindrical panel are expressed in the following form:

Z Z Uxmn(x H)nmn( Up = Z Z Uﬂmn X, 9) nmn([) U, = mzp i (]rmn (X, Q)nmn([)

m=1n=1 m=1n=1 m=1n=1
(19)
Insertion of equations (18) and (19) into equation (1) yields
ngq( ) + wgpq Cgpq (t Z Z quqmn ﬁmn (t)’ (20)
m=1n=
where
F _ 4(«&2 Rcmn’yl’yZ Y = J‘alJra sin WITC(X - al)COSpTCx dx
o ngq Jq (Xp.q R) (R2 - qz/xlzag) nl’ ' a, a L ’

oy T o 0 —
Vs =J sinmcos q6do.
o

a1
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Insertion of equations (18) and (19) into equation (2) yields
. c 5 9o Po 4o .
nmn(t) + E ’7mn(t) + COmnnmn([) = qmn + Man V(t) + Z Z Z M(Dmngpqégpq( )9 (21)
g p 4
where Amn = (I/thmn) j:j ij (qx Uxmn + qBUGmn + qr Urmn) dx dg,
€31 o 1 a 1l ao h+h,(1an mao
My =——|Am—+Bp=—+Cp|l =————— | ——+——
Y phzmn|: e m"(Rmnnn 2 \RZma T an
(cos mn(b, — ay) — cos mn(b; — a1)> (COS nn(f, — o) — cos nm(fy — 0‘1)))
a a o o
—1
M pmngpq = phzm_n PrHypgdq (Apg B) Con¥172,
az %3 ao.
Yo = J J ph(U2,, + Udyw + U2, dxdO = (A2, + BE, + C,Z,,,,)?. (22)
The closed-circuit output charge of the piezoelectric sensor can be written as
0. = esiR || (ous-+ s e 23)

where

ou, ho*u, 1
e = 2SI gy = o (O/00 + ) — (W2R?) (/00 — 0%,/ 00°),

Thus, the output electric current of the sensor can be obtained as

o _do. e
le = dt = Z z Mannmn (t)a (24)
m=1n=1
where
mn nm (1 h 1 h (nn\?>  h/mn\?
Mo, =e31R| — A —By— | =—=—= | — ———— ) —=[—
omn = €31 |: ™ a "o <R 2R2> Con <R 2R2<o<> 2< a > >:|
<cos mn(b, — ay) — cos mn(by — a1)> <cos nm(f, — o) — cos nn(fy — 051)>m75 @.
a a o o a o
Then the model of the acoustic field can be cast in the state-space from as follows:
X = ApXe + Bolig, Vo = CyX + Dglig, (25)
where
af et S el 2ol
Xo =19 o1 s Us = {Timns> Ao = , Bg= , Co =10, I,
’ {{C} ’ {1 } ¢ - Q(ZD - 2€¢Q¢ ° ngqmn ¢

D, = [0], Q4 = diag(@,,,), ¢e is the damping ratio of the acoustic field.
Also, the model of the cylindrical panel is cast in the state-space form as follows:
Xep = AcpXep + Byt

cp> ycp = Ccpxcp + Dcp“cpa (26)
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where

xcp = {iz}i}? ucp = {Qf} + [Md)] {zgpq} + {MV} V(t)s !Qf} = {qmn}’ [M<P] = [Mcbmngpq]:

0 1 0
{MV} = {MVWI}’ ACP = 2 > ch = 5 Ccp = [O MQ]: Dcp = [0]7
02—y, I

Qcp = diag(wmn): CDL‘p = dlag <pch>» MQ = [Man:|~
6. CONTROLLER DESIGN

A linear quadratic optimal controller is designed to suppress the vibration of the
cylindrical panel and the acoustic pressure in the cavity, and it requires that all the states
should be available. In practice, only a few states can be measured. So, one should design an
observer to estimate the states from the measured signal. Among several proposed
observers, the Kalman filter is selected in this study, and it is an optimal state estimator for
a system contaminated with process and measurement noise [ 12]. The state-space equation
for a system with external noise can be written as follows:

Xep = AepXep + Bepte, + Gw, Vep = CepXep + Dy, + 0. (27)

Here, assume that G = B,,, process noise w and measurement noise v are both white noise.
Moreover, they are not correlated to each other. That is,

E{w} =0, E{v} =0, E{ww"} =0, E{w"} =R, E{w"} =0, (28)

where Q is a semi-positive-defined matrix and R is the positively defined matrix.
The Kalman filter dynamics can be written as

Xep = AepXep + Beptiey + L(y — Cop% — Depiiy), (29)

where X., is an estimated state and L is the Kalman filter gain to minimize the expected
value J = E {(x., — £.,)" (x., — X,)}. The filter gain L can be obtained form equation (30)
and the algebraic Riccati equation (31):

L=PCLR™!, (30)
AP + PAY, — PCLR™'C,,P + GOG" = 0. (31)

Active vibration control and noise reduction is achieved by applying the optimal voltage
V on the piezoelectric actuator. In order to design the optimal controller, the state equation
of the cylindrical panel excited only by the actuator equivalent forces is written as

xcp = Zcpxcp + Ecp V) ycp = C_cpxcp + ljcp Va (32)

where

_ 0 _ _
cp = Acpa Bcp = {Mv}’ Ccp = Ccpa Dcp = {0}

The objective function J for the vibration and noise reduction is chosen as J = limy_,
(1/27) |* | (x5,0xcp + VTRV)dr where Q is the performance weighting and R is the control
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effort penalty. Moreover, the control voltage must meet |max(V (t))| < V. Thus, the
optimal control voltage can be written as

V= — K& (33)

cp>

where K is the optimal gain. It can be obtained from equation (34) and the algebraic Riccati
equation (35):

K=R'BLP, (34)
ALP+ PA,— PB,R ‘BT P+ 0 =0. (35)

As discussed so far, a control procedure which uses a Kalman filter as an estimator and
a controller that minimizes an objective function of quadratic form is called an LQG
control method. In order to maintain the system as controllable and observable, the
location of the piezoelectric actuator and sensor must be optimized so that both My and
M, are not zero.

7. NUMERICAL SIMULATION

The configuration of the structural acoustic coupled system is shown in Figure 1. Its
geometrical and mechanical properties are given in Table 1.

Two cases of different forces acting on the cylindrical panel such as impulse and resonant
distributed force are illustrated in the following demonstration. From numerical tests, it was
found that the simulation can be fully resolved with the choise g, = 10, ps = 10, g, = 10,
me, = 8, n., = 8 and the following results were obtained with these values. It should be
noted that the acoustic pressure in these figures is at the point (r, 8, x) = (R/2, L/2, 0) and the
measured and estimated displacements in these figures are at the center of the cylindrical
panel.

TaBLE 1

Geometrical and mechanical properties

L (m) 1-5
R (m) 03
a; (m) 05
a, (m) 0-85
o, (rad) 0
o, (rad) /3
h (m) 0-001
b, (m) 0-53
b, (m) 0-79
B, (rad) n/15
h, (m 0-0003
B, (rad) n/4
E (Pa) 7-1 x 1010
u 03
p (kg/m3) 2700
c (kgm/s) 100
p, (kg/m?) 121
¢ 0-05
¢, (m/s) 343

€3y (c/m?) —52
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TABLE 2

Natural frequencies of the cylindrical panel (Hz)

n m=1 m=2 m=23 m=4 m=>5 m=26 m=7 m=38
1 1162-3 20527 23899 25437 2641-6 2730-8 2834-3 2966-8
2 463-4 12128 1764-1 2110-8 23424 25230 2691-4 2871-8
3 3253 772-0 1271-3 1684-3 20083 22746 25151 2754-6
4 430-8 6537 10192 1402-7 1754-4 2071-5 23679 2660-4
5 6387 7586 999-5 1311-3 1643-3 1973-7 23002 2629-1
6 9067 989-7 1156-8 1399-6 1690-8 2007-9 23406 26871
7 1226-7 1296-3 14282 16254 1877-7 21711 2494-9 2844-0
8 1596-7 1661-0 1776-8 1948-3 21729 24437 27535 3096-8

0-00030
i U, -Uncoupled U, -Coupled
0-00025 - 0-0003 -
o 000020 i
3 - § 00002 -
=, 000015 2
E - g_ L
< 0 |
0-00010 I < 00001
0-00005 :J |
0-00000 0-0000
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (s) Frequency (Hz)

Figure 2. Uncoupled and coupled frequency response of displacement u, to a centered impact.

8-00E—008
2-00E— 020 U, -Uncoupled i Uy-Coupled
6-00E—008 |-
1-S0E—020 L
3 g
3 = 4-00E—008 -
£ 1-00E—020 =
£ g I
< 5.00E—021 2-00E—008 [~
0-00E+000 ey 0-00E+000
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Frequency (Hz) Frequency (Hz)

Figure 3. Uncoupled and coupled frequency response of displacement u, to a centered impact.

7.1. SYSTEM DYNAMICS

The cylindrical panel is excited by an impulse g, = d(x — (a; + a,)/2) (0 — (o + o,) /2) O(¢),
q. = qo = 0 at its center. The natural frequencies of the cylindrical panel are listed in
Table 2. For brevity, not all the resonant frequencies of the interior acoustic field are
included here, but the first four ones are 354-0, 405-6, 479-5 and 5669 Hz respectively. The
responses of the fully coupled system and the system without the structural acoustic
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6-00E—021 1-50E-009
- U, -Uncoupled U, -Coupled
5-00E—021 |- L
g 400E-021 g 1-00E—009 -
E] r E
E" 3-00E—021 - % L
< 2:00E-021 |- < 5-00E—010 [
1-00E- 021 [ L
0-00E+000 = . L L 0-00E-+000
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Frequency (Hz) Frequency (Hz)

Figure 4. Uncoupled and coupled frequency response of displacement u, to a centered impact.

25
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Figure 5. Uncoupled and coupled frequency response of acoustic pressure to a centered impact.
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Figure 6. The MATLAB/Simulink mode for LQG vibration and noise control.
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Pressure without control Pressure with control
25 2.5
2:0 20
1-5 15+
< 10 ~ 10F
£ E o
Zz 05 Z 05
x w0
2 05 Zz -0st
<] I
A& -1-0 a -1:0F
-1-5 -1-5F
=20 2.0}
2.5 ! ! ! ! ! ! 1 2.5 ] ! ! ! 1 1 1
0 0-02 0-04 0-06 0-08 0-10 012 0-14 016 0 002 0-04 0-06 0-08 0-10 0-12 0-14 016
Time (s) Time (s)

Figure 7. Acoustic pressure at the point (r, 0, x) = (R/2, L/2, 0) without/with control.

Measured displacement without control Measured displacement with control
%107 X107
8
6 -
- ~ 4F
g E
i
5 SO B
< 2 _~sL
£ 2N E
A il A 4L
, _6 I~
— 1 1 1 1 1 1 1 -8 ] ] 1 1 1 1 ]
0 0-02 0-04 0-06 0-08 0-10 0-12 0-14 0-16 0 0-02 0-04 0-06 0-08 0-10 0-12 014 0-16
Time (s) Time (s)

Figure 8. Measured displacement u, at the center of the cylindrical panel without/with control.

coupling are simulated in this case. Note that in the system without structural acoustic
coupling, the response of the panel can be transferred into the acoustic pressure, but the
interior acoustic loading on the panel is neglected. The uncoupled and coupled frequency
responses of the displacements u,, uy and u, are plotted in Figures 2, 3 and 4 respectively. It
can be seen that the fully coupled system responses are at slightly lower frequencies than the
one without the structural acoustic coupling. For example, the responses of displacement u,
at 322:09 Hz is slightly lower than the uncoupled natural frequency 325.69 Hz. The
uncoupled and coupled frequency response of the cavity is plotted in Figure 5. It indicates
that some resonant peaks of the acoustic pressure oscillation in the fully coupled system are
enhanced due to the oscillation of the cylindrical panel while some resonant peaks of the
acoustic pressure oscillation are decreased by the oscillation of the cylindrical panel. The
same situations remain in the oscillation of the cylindrical panel.

7.2. RESONANT EXCITATION

As both the cylindrical panel and the acoustic field are resonant in the frequency
range from 3253 to 3540 Hz, the exciting force is chosen as ¢,=¢qy=0,
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Estimated displacement without control Estimated displacement with control
%107 x 107
8
6 =
~ 4r
g
g 2T
L
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Time (s) Time (s)

Figure 9. Estimated displacement u, at the center of the cylindrical panel without/with control.

Measured displacement without control Measured displacement with control
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Figure 10. Measured displacement u, at the center of the cylindrical panel without/with control.
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Figure 11. Estimated displacement u, at the center of the cylindrical panel without/with control.
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Figure 12. Measured displacement u, at the center of the cylindrical panel without/with control.
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Figure 13. Estimated displacement u, at the center of the cylindrical panel without/with control.

g, = 100sin (2-17 x 325-3¢). In addition, the process noise covariance is 0 = 0-001Q and the
measurement noise covariance R = 0-001. Control was implemented via a piezoelectric
actuator bonded on the cylindrical panel and the optimal control voltage is determined by
the optimal gain and all the states of the cylindrical panel which can be estimated from the
output of the piezoelectric sensor using the Kalman filter. The simulation results are
obtained from the model developed in section 5 and the MATLAB/Simulink model as
shown in Figure 6. The acoustic pressure at the center of the cavity without/with control is
plotted in Figure 7. Figures 8 and 9 show the responses of the measured and estimated
displacement u, at the center of the cylindrical panel without/with control respectively. It
can be seen from Figures 7-9 that the acoustic pressure and the vibration of the cylindrical
panel can be reduced considerably by applying the optimal control voltage on the
piezoelectric actuator. The responses of the measured and estimated displacement u, at the
center of the cylindrical panel without/with control are plotted in Figures 10 and 11.
Figures 12 and 13 show the measured and estimated displacement u, at the center of the
cylindrical panel without/with control. Figures 10-13 indicate that the responses of the
displacement u, and u, is enhanced by the optimal control voltage. The measured and
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Figure 14. Measured output current of sensor without/with control.
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Figure 15. Estimated output current of sensor without/with control.
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Figure 16. Optimal control voltage.
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estimated output currents of the piezoelectric sensor without/with control are shown in
Figures 14 and 15. It can be seen from Figures 8-15 that all the states can be estimated
through the Kalman filter from the signal measured by the piezoelectric sensor. This is
because the system as described by the state-space equation (27) is observable and stable;
moreover, the measurement noise is much less than the sensor output. The optimal control
voltage is shown in Figure 16. It should be noted that the magnitude of controlling voltage
remains less than 10 V which is a physically reasonable voltage to put into the piezoelectric
actuator. In order to keep the piezoelectric patch working in its safe voltage range, the
performance weighting and the control effort penalty should be set reasonably. In order to
maintain the system as controllable and observable and to reduce the structural borne noise
more effectively and achieve high performance of the system, the number, sizes, locations of
the piezoelectric actuators and sensors should be optimized in designing piezoelectric active
structures for noise control [13-18].

8. CONCLUSION

This paper continued the active vibration and noise reduction of the structural
acoustic coupled system. The numerical simulations are illustrated. The results
demonstrate that such an LQG control system can significantly reduce the structural borne
noise.
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