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Active control of vibrations and noise transmission of double wall composite
cylindrical shells using pairs of spatially discrete piezoelectric actuators is
investigated. The velocity feedback and sound pressure rate feedback control
procedures are developed. The inner and outer shells which are separated by a soft
core are modelled by Love’s thin shell theory for laminate composite materials and
the inputs are taken as stationary random pressures and/or random point forces.
A Galerkin-like procedure is used to obtain solutions of the governing
structural-acoustic equations. Parametric studies are performed to demonstrate
the effect of actuator placement, actuator size, control gains, spillover, structural
and acoustic damping characteristics.
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1. INTRODUCTION

Active control of vibrations and noise transmission/radiation has been a growing
interest for application to aircraft, space structures, automobiles, enclosures, etc.
[1-23]. Rapid development of high-speed microprocessors and piezoelectric/piezo-
ceramic materials provided alternative methods for vibration reduction and noise
attenuation [24-29]. Most of the recent applications of active vibration and noise
transmission/radiation control have been devoted to deterministic inputs where the
phase relationships between inputs, response and control forces can be established.

We present an analytical study of active control of vibrations and noise
transmission of double wall cylindrical shells to random inputs. The thin wall
shells are made of fiber reinforced composite materials and the core separating the
two shells is soft so that bending effects in the core can be neglected. Love’s thin
shell theory is used to model coupled vibrations of inner and outer shells [30, 31].
The equations of motion are solved using a Galerkin-like procedure [31]. Results
are presented to illustrate the superiority of sound pressure rate feedback over
the velocity feedback control for noise transmission. The differences of vibration
and noise transmission control for random point force inputs and uniformly
distributed sound pressure inputs are demonstrated. Parametric studies are
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performed to show the sensitivity of actuator size, placement and voltage gain on
the performance of active control.

2. THE FORMULATION OF EQUATIONS OF MOTION AND SOLUTION
PROCEDURE

2.1. DOUBLE WALL CYLINDRICAL SHELL

The sandwich shell system is composed of two simply supported cylindrical
shells and a soft viscoelastic core, as shown in Figure 1. Each shell is constructed
from layers of fiber-reinforced laminate [30, 31]. The fibers are basically the load
carriers. The orientation of fibers is defined in Figure 1 with respect to the chosen
co-ordinates. The exterior shell is exposed to random loads. Two different
piezoelectric element configurations, surface-bonded and embedded, are
considered in this study. In Figure 2, an active piezoelectric system, where pairs
of discrete piezoelectric elements are attached/embedded to inner and outer shells,
is shown. The collocated piezoelectric sensors/actuators are assumed to be placed
symmetrically with respect to the middle surface of each shell. The polling
direction of the top and bottom piezoelectric actuators is in the same direction.
However, the external electric fields are applied in opposite directions. Thus, under
this action the substrate will deform in bending. Consider first surface-bonded
actuators and a single shell.

By neglecting all components of rotary inertia, the equations of equilibrium are

aNx + a]v,\'@

+ f = mui, (1)
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Figure 1. A double wall laminate composite circular cylindrical shell and co-ordinate system.
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Figure 2. Actuator placement on a double wall shell construction, polling and external electric
field directions.
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where f., fy and f. are the components of the external loads acting on the shell and
a dot indicates time derivative.

Following Love’s first approximation theory of thin shells [32], the in-plane
force and moment resultants in matrix form are

(N} = (4] + ¢[4"] + z[AD{€} + ([B] + z[B] + z[BD{x}, (4)
(M} = ([B] + «[B"] + 1[BD{€} + (D] + x[D] + x[DD{x} — y[M],  (5)

in which a and b represent the piezoelectric actuator and the bonding layer
between the actuator and the shell; matrices [A], [B] and [D] are given in reference
[33]. The position function y(x, 0) is defined as

if actuators exist,
otherwise.

1(x. 0) = {}) ©)
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The strain {€} and curvature change {k} vectors are

~
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The actuator induced moment vector {M‘} is
dSIEZ
(M} = [BRdnE.}, (8)
0

in which d;, and ds, are the piezoelectric strain constants, E. is the electric field
applied to the piezoelectric actuator in the z-axis direction, and [B*] is the coupling
stiffness matrix. The piezoelectric strain constant matrix [d] is [34]

0 0 0 0 ds 0
[d=|0 0 0 d 0 0 9)
d31 d32 d33 0 0 0

For a thin piezoelectric patch with poling direction perpendicular to the patch,
only the constants d¢;; and d;, are needed.

In the present study, it was assumed that external electric fields are always
applied in the opposite direction to a pair of discrete actuators shown in Figure 2.
Thus, for thin cylindrical shells the effect of active in-plane forces, {N“}, can be
neglected. However, when polling and applied electric fields are in the same
direction, in-plane forces in the circumferential direction are the dominant
components for membrane action control [19-22]. Furthermore, the discrete
patches of thin piezoelectric actuators distributed over both sides of inner and
outer shells, shown in Figures 1 and 2, do not contribute much to the overall shell
stiffness.

For a laminate composite the extensional stiffnesses 4;;, the extensional-bending
stiffnesses B; and the bending stiffnesses D; can be obtained from [30, 31]

N
4= CPevr—z), 1,j=1,2,6 (10)
k=1
N
Bi/:% Z C{('/(()(leJrl_Z/%), la]: 132a 6) (11)
k=1
N
D!'I':% Z Cl(/'k)(zli-%—l _22)5 l?J: 1925 63 (12)
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in which C{ are the elastic constants of the kth lamina [35] and z, z.,, are
distances measured from the reference surface, as shown in Figure 1. The mass
per unit area is calculated from

n M
m=Y pihi+ 2 x(puhy + poha), (13)
k=1 j=1

in which N is the number of laminate layers and M is the number of actuators
bonded to the shell surface.

The matrices [4%], [B“] and [D“] are extensional, coupling and bending stiffnesses
of the piezoelectric actuators

[4] :J [Cldz,  [B1] :J [Clzdz,  [D9] :J [Cz2dz, (14-16)

in which [C“] is the elastic constant matrix of the piezoelectric actuators.

The matrices [4’], [B”] and [D’] are extensional, coupling and bending stiffness
matrices of the bonding layer. These matrices can be obtained in a similar fashion
as equations (14)—(16), where matrix [C“] is replaced with the elastic constant
matrix [C’] of the bonding layer and integrations are across the thicknesses of the
bonding layers.

For the embedded actuator configuration, the laminate substrate needs to be
cut-out to accommodate the piezoelectric actuators. It is assumed that the strains
developed in the actuators are compatible with the strains of the surrounding
media. Furthermore, it is assumed that stiffness and mass of the laminate
composite do not change by much after the installation of the embedded actuators.
Thus, the force and moment resultants can be calculated from

(N} = [4]{e} + [B]{x}, (17)
{M} = [Bl{€} + [DI{x} — x[M"]. (18)

By applying equations (1)—(18) to both inner and outer shells shown in Figure
1, the equations of motion of a double wall sandwich shell system can be
developed. In the present paper, the core is assumed to be soft so that bending
effects in the core can be neglected. Then, the equations of motion for the external
shell can be written as

m,

i, (19)

Lfiuz + Livg + Liwe + k. (ug — uy) +ff = <mE + n:;l()uE +

me

S, (0)

Liug + Lbvg + Liwe + ko(ve — v;) +_f(§ +. = <mE + n;[>UE +

Lfll/lE + L3EZUE + LﬁWE + kZ(WE — W]) +}GZE +f;E = <mE + n;)WE + % WI, (21)
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in which ff, /7 and f* are the components of the random loads acting on the
external shell, /** and f** are the components of the actuation forces produced on
the external shell by piezoelectric actuators. In equations (19)—(21), k., and k, are
the shear spring constants, k. is the extensional spring constant, the superscripts
and subscripts of /, £ and C denote the inner shell, the outer shell and the core,
respectively. In the present approach, it is assumed that displacements vary linearly
in the core. The terms which contain m,/3 and m./6 represent the apportioned
contributions of the mass of the core to both face shells. The differential operators
L; are given in reference [33]. A similar set of equations to these, given in equations
(19)—(21), can be developed for the inner shell by interchanging the superscripts
and subscripts denoted by E with [.
The solution for a simply supported cylindrical shell can be written as

0 0 1

ug(x, 0,0) = 3 3 Y, Unu(x, 0)q. (1), (22)
m=1n=0a=0
0 0 1

UE(.X, 99 [): Z Z Z Vrll:;mc(xv H)qlﬁmc([); (23)
m=1n=0o0=0
0 0 1

we(x, 0,0)= % > Y Whu(x, 0)qn.(1), (24)
m=1n=00=0

in which ¢, (7) are the generalized co-ordinates of the outer shell, U.,,(x, 0),
VE . (x,0) and WE, (x, 0) are the shell modes

Ul,(x,0)= UE, cos (’T) cos <n0 — 72T>’ (25)
VE (x,0) = VE sin ("T) sin <n9 — ;) (26)
Wia(x, 0) = Wi, sin ("“Z’“) cos <ne - a’;), @27)

where o is an adjustment index to identify the ring-type modes, and U%,, V%, and
WE, are the modal amplitudes. Since the closed end shell considered in this paper
does not show preference for the orientation of its ring-type modes, it is necessary
to specify the preference to obtain a complete solution of the forced vibration
problem. An index « is used for the two ring-type modes cos (n0) and sin (10)
which have the same natural frequency and modal amplitude.

The components of the actuation forces fi*(x, 6, t) and f**(x, 0, t) are

1 oGMi")

E __
JE= "R, R0 @8)
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(M) | P(MGF)
E _ I
ﬁ - { axz + R%agz ) (29)

where M¢* and M;* can be obtained from equation (8). The discrete pairs of
actuators shown in Figure 2 are polled in the same direction while the external
electric fields are applied in opposite directions. For thin shells, this type of
actuation does not produce any significant circumferential membrane force
component, N/, to equation (28). However, for the general shell theory considered
in the present study, some actuation force in circumferential direction is produced
through moment M;". If the external electric field is applied in the same direction
to each pair of actuators, a control force, N!, will be induced in the circumferential
direction [19-22]. However, the surface area of each pair of discrete actuators
shown in Figures 1 and 2 that are distributed over the shell surface is assumed
to be relatively small in comparison to the overall surface area of the shell. Thus,
even for this type of control action, we should not expect that significant
contributions will result in membrane control force, N’, from these small
actuators. The position function y(x, 0) can be defined as

N,

206, 0) = 3 (H(x = x,) = Hx — x)}HO — 0,) — HO = 0;)},  (30)

r=1

in which H is the unit step function, x, , x,, 0, , 0, are the co-ordinates of the
four edges of the pth actuator pair and N, is the number of the piezoelectric
actuator pairs. The first and second derivatives of the unit step function can be
defined as delta and doublet functions, respectively. A doublet function can be
used to represent a concentrated moment. Thus, equations (28) and (29) can be
used as counteracting line moments at the edges of the piezoelectric actuators.

The governing equations of motion in terms of generalized co-ordinates ¢, (¢)
and ¢},,(¢) can be developed by substituting the assumed modal solution for u,
vg, Wg, Ur, vyand w;into equations (19)—(21) and using the orthogonality condition.
The same procedure is repeated for the governing equations of the interior shell.
Damping can be introduced by simply replacing the elastic constants Cj in
equations (10)—(12) by the complex elastic constants of the form Cj (1 + ju;),
where #;; are the damping factors of the composite material. Damping could also
be introduced in the soft core by replacing the constants k., k, and k. with
k.(1 4+ jn.), ke(1 + jne) and k.(1 + ju.), respectively, where 5., 1o and »5. are the
damping coefficients of the core material.

The generalized forces corresponding to the actuating forces are obtained from

L (2n
F’;lﬁy(l‘) = J’ J\ (ngerl;;not +f?b Wrﬁm{) dx RE d@, (31)
0 JO

in which Rj is the shell radius referenced to the shell layer to which the actuator
is laminated. The actuation terms f;* and f** are functions of the actuator induced
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moments M and M;*. These moments can be obtained from equation (8). For
a uniformly distributed electric field,

VP

:7:’
h;

E? (32)

in which V7* and i2F are the applied voltage and thickness of the pth piezoelectric
actuator. From equation (31), the actuating generalized forces can be written as

NE

Fik (1) = 21 V(D). (33)
where
(Birdy + B;fQ@),,(}}g)(szLﬁ) sin <’”§LL> WE.(x,,0,),  if n=0;
[(an dﬂBazdaz)p<4”;’zRE>
S (Bhdy + Bgzdn)p(n%)(l + n’%ﬂ
X <hl{j> sin (mzn LL ’l") sin (;g}i) Wi (x,, 0,), otherwise;

(34)

in which L2 and Lj are the lengths of the pth actuator pair in the longitudinal and
circumferential directions, and (x,, 0,) denotes the local co-ordinates of the pth
actuator.

The inputs to the double wall shell considered in this study are random point
loads and uniformly distributed random pressure. Thus, response solutions in the
form of spectral densities need to be developed. Taking the Fourier transformation
on the time variable of the governing equations of motion and using random
process theory [36], the response spectral densities of the transverse displacement
of the inner and the outer shells are

© 0 1 0 o 1
Sﬁ'w(xa 07 w) = Z Z Z Z Z Z {(I([mlw)(rs[i)Hﬁlmclil{:[l

E 1E 1E* 7 7
(mnoar) Hmnoz Hr:/i ) Wmnx I/I/rs/i }9 (3 5)

e 0 1 o0 se) 1
an‘(xa 9,(0): Z Z Z Z Z Z {(I(lii;my)(m/j’)HlﬁmcH%i;

m=1n=00=0r=15s=0pf=0

1 El ET* E E
+ (mmv,)(txs'/i)l_lmna I{rsﬁ ) VI/mny rsp }a (3 6)
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in which H},,(w) and H,, (w) are the frequency response functions of the inner
and the outer shell, H/.,(w) and HE (w) are the cross-terms of the frequency
response functions, an asterisk denotes a conjugate quantity, I{,,..s(®) and
I,m0sp (@) are the cross-spectral densities of the generalized random input forces.
If the random inputs to the inner shell are zero, equations (35) and (36) can be
simplified by setting I, (@) = 0. The expressions for the frequency response
functions and generalized random forces are very lengthy and they are not
presented in this paper. However, these expressions can be found in reference [33].

2.2. NOISE TRANSMISSION INTO A CYLINDRICAL SHELL

After the response spectral densities of shell vibrations are known, the noise
transmitted through the double wall shell system can be obtained. The flexible shell
is supported by rigid end caps forming a closed cylindrical enclosure. It is assumed
that noise is only transmitted through the elastic shell and the entire surface of
the acoustic enclosure is absorbent.

The acoustic pressure p inside the cylindrical enclosure satisfies the wave
equation [31]

1. .
Vip = ab+ pp. (37)

where ¢, is the speed of sound, f is the acoustic damping coefficient and

2 10 10 &

2 -
Vo= Ftrat e T o (38)
The boundary conditions to be satisfied by equation (37) are

W _ P _ R

0r = —poW; — ZAp, on r= Rl, (39)
P_ = +55.  on x=0: (40)
ax b b
P_ P p on x=1L; 41)
ox  Z,7 ’

in which p, is the air density inside the enclosure and Z, is the frequency dependent
acoustic point impedance of the acoustic absorbent material [37, 38].

Solving equation (37) for hard wall boundary conditions, i.e., dp/dr = 0 at
r=R; and dp/dx =0 at x =0 and L, the acoustic modes of the cylindrical

enclosures are
T Ak
Wiru (x, 0, 1) = cos ( 17 >cos <j9 2>J,-<£I>, (42)

in which J; is the Bessel function of the first kind of order j and A, are the values
of the kth zero of the first derivative of J, i.e., {d[J;(r)]/dr},_;, = 0. The solution
for interior acoustic pressure can be obtained by expanding the pressure in terms
of acoustic modes given in equation (42) and satisfying equation (37) by a
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Galerkin-like procedure. Furthermore, applying Green’s second identity [39], the
homogeneous acoustic equation with non-homogeneous boundary conditions can
be transformed into a non-homogeneous equation with homogeneous boundary
conditions. Then, the acoustic modal equations can be written as

2
Poco Ay \ 5 A2
P, <25uA Wi + 7V P + i Py
AV ijku

2 ®

C < l .
= _K;IO Z Z Z B(mna()(ijky)qmm(; (43)

kit =1 n=0a=0

in which &;, are the acoustic modal damping coefficients and wj; are the acoustic

modal frequencies
in\ A\
ik
Wj = Co <L> + <R//> . (44)

The acoustic—structural coupling coefficients Bi,.ux,y are

2m€n5m5w 1 . .
syt T(Gp)RL, if (m — i) odd

By = { m° i (4c) R if (m — 1) odd, (45)
0, otherwise,

in which ¢, =2forn=0,¢,=1forn+#0;d,=1forn=jand 6, =0 for n #j.
The coefficients Vi, and A, can be obtained from

L (21 (R
Vikn = f f J Vi (x,0,r)dxR, d0 dr, (46)
0 0 0
L 2
Aifky = J\ J lljl-z,-kﬂ(x, 0, R[) dx R[ d0
0 0

2n (*R;
+ f J {¥5,.00,0,r)+ V5. (L,0,r)} R, dO dr. 47)
0 0

Then, taking the Fourier transformation of equation (43) and using the theory of
random processes [36], the spectral density of the acoustic pressure inside the
cylindrical enclosure is

o0

0 0 1 0 0 0 1
Sp(x, 0,r,0) =3 % > > > > D Z Liaen Hiseu Hier Wi ¥ aves »

i=0j=0k=0pu=0a=0b=0c=0v=

(48)
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in which Hy, (w) are the acoustic modal frequency response functions of the cavity
and can be obtained from

—(poci/ Vi)
Hl“» - 7 - B . 4
i () o — 0 + joQEwh + (poCs Ay | Z4 Vi) (49)

The terms Lywen(®) involving the acoustic—structural coupling are

0 © 1 0 0 1
L(Ukﬂ)(('bl"’)(w) = Z Z Z Z Z Z {I(IH‘I}’IOC)(I‘.\'[})HI:HIO(H){.&‘/?

m=1n=00=0r=1s5=0p=0

E 1E 1E*
+ I(mnx)(/‘s/ﬁ) Hmmc H’sl} }B(mna)(i/ku) B(fSﬁ)(ab<?") s (50)

in which I}, and L,...p are the cross-spectral densities of the generalized
random forces of the inner and outer shells and are given in reference [33].

After the spectral density of the interior acoustic pressure is known, the
band-filtered sound pressure levels (SPL) and the Sound Pressure Level (SPL) can
be calculated from

Spp(x, 0,1, w)Aw
2
ref

SPL(x, 0, ) = 10 log ,  dB, (51)

Wy

S, (x,0,r, w)dw

SPL(x, ) = 10 log — . dB, (52)

pfef
in which p,. is the reference sound pressure, p,., = 20 uPa for airborne sound, Aw
is the selected frequency bandwidth, and w, is the upper cut-off frequency.

3. ACTIVE CONTROL OF VIBRATIONS AND NOISE TRANSMISSION

The application of active control to vibration suppression and noise
transmission attenuation is aimed to large-scaled shells and wide-band random
inputs. Thus, a large number of sensors/actuators will be needed to obtain the
required solutions. The control scheme is designated to be multiple independent
single-input/single-output feedback controllers. Two active control mechanisms
are considered in this paper: direct velocity feedback and sound pressure rate
feedback [23].

3.1. VELOCITY FEEDBACK
For the velocity feedback control, the shell transverse velocity measured at

location (x,, 0,) is inverted and fed to the pth piezoelectric actuator pair as voltage
with a control gain G;. Then, the voltage can be written as

© 0 1

VPE(t) = —Givp(x,, 0,, ) = —GF Y. Y > Wha(X, 0,)dm.(2).  (53)

m=1n=00=0
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It can be shown that active modal damping factors (},, are
NE
o= Y GEQIEWE,(x,.0,). (54)
p=1

For collocated sensors/actuators, the active modal damping factor given in
equation (54) can be incorporated as positive damping into the governing
equations of shell vibrations and response spectral densities. A similar expression
of the active modal damping factor can be obtained for the inner shell. Thus, the
random vibration response of the double wall shell system is reduced due to
increase in system damping from piezoelectric actuators.

3.2. SOUND PRESSURE RATE FEEDBACK

The direct velocity feedback control developed in section 3.1. is aimed at
reducing vibrations of the double wall shell system. However, for cases where the
acoustic resonances dominate the interior noise, velocity feedback might not be
effective in reducing noise transmission to acceptable levels. The active control by
sound pressure rate feedback could provide additional acoustic damping thereby
suppressing the acoustic resonances [23]. This can be achieved by making the
applied voltage to the piezoelectric actuators proportional to the sound pressure
rate inside the cavity as

o0 0 )

Vf([) = Gpp(xpv Hpa Tp, t) = GP Z Z i

i=1j=0k=0

1
Z 'Pij/m(xpv Hps rp)PijkM (t) (55)
n=0

Substituting the above expression into equation (33) and solving the governing
equations for double wall shell vibrations which contain piezoelectric actuators,
the active acoustic damping factors {;;, can be obtained:

N’_. 0 © 1
ijkp = — P ijku ps Ypstp mno. mna A (mnor) (ik )
¢ G (x), 00, 1)) (or.,)'H},,B
=1 m=1n=00=0
NE 0 0 1
+ Z Gf lIIij/cy (-xpEa Hfa rf) z Z Z (Q{:my )E}L{ﬁxB(mna)([jky)}- (56)
p=1 m=1n=0o0=0

Then, the active acoustic damping effect enters equation (43) and subsequently
equation (49) as an additional *(;, damping term multiplied by Py, . Unlike the
direct velocity feedback scheme, the sound pressure rate feedback does not
guarantee that active damping factors {;, will be positive. Positive damping can
be guaranteed by using appropriate filters for control gain G, and G;.
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4. NUMERICAL RESULTS

Numerical results are obtained for uniformly distributed random pressure and
for random point loads acting on the exterior shell. The random pressure is taken
as homogeneous truncated Gaussian white noise for which the spectral density is

e )So, for 0<f< /.,
e = {0, otherwise, (57)

in which S, is a selected parameter to represent different random pressure loadings,
f is the frequency and f, is the upper cut-off frequency. For example,
So = 40 Pa’/Hz for sound pressure level input of 110 dB and 140 dB overall level
when f, = 1000 Hz. The random point loads are represented by two independent
random forces acting on the exterior shell, as shown in Figure 3. The spectral
densities of these point forces are also taken as truncated Gaussian white noise
with the spectral density

2
=Y S0~ x) 3 50— 0), (55)
i=1 E

in which ¢ denotes a delta function. Numerical results are obtained for
_ « _ JION?/Hz, for 0<f<f,
Si=25= {0, otherwise. (59)

For an upper frequency cut-off of 1000 Hz, the root-mean-square value of each
input force is 100 N.

The dimensions of a double wall cylindrical shell shown in Figure 1 are: L =
6m, R,=16m, Rp=165m, h.=50mm, s, =2-5mm, and hr =2 mm. The
inner and outer shells consist of ten and eight layers of multi-directional
T300/N5208 Graphite/Epoxy laminate with the material properties: E, =
181 GPa, E, = 10-3 GPa, G\, = 717 GPa, v, = 0-28, and p = 1600 kg/m’. Each
lamina has a thickness of 0-25 mm and stacking sequences starting from the
bottom layer are [0°/45°/90°/—45°/90°/90°/—45°/90°/45°/0°] for the inner shell and

1.5m
fi(t)
\
| ]
% % f1(t) fo(t)
I |
A
fa(t) —60° 60°
1.5m 0°

Figure 3. Locations of the point loads.
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TABLE 1
Empirical constants for glass fiber materials [38]

Ax = 0-025 a ar a3 [en b] bz bz b4

A< A, 0-396  0-135 0-:0668  0-196 0-458 0646 0707 0-549
A=A, 0-179  0-102  0-0235 0-0875 0-674 0-705 0-887  0-770

[0°/45°/—45°/90°/90°/—45°/45°/0°] for the outer shell. The damping factors of the
shells and the core are taken as 5, = nk,, = 0-02 and 7, = 0-1, respectively.

The vibrations of a double wall shells system with a relatively soft core include
flexural (in-phase) and dilatational (out-of-phase) motions [31]. The numerical
results were obtained including all the modes for the selected frequency range of
0-1000 Hz. To cover this frequency range, 9940 structural modes (4970 flexural
and 4970 dilatational) with m=1,2,...,70 and n =0, 1, ...., 70, are needed.
For convenience, the displacement level DL is defined as

DL = 10 log (0047 - g, (60)

in which S,, is the displacement response spectral density of either the inner or
outer shell and / is the respective shell thickness.

The normal acoustic point impedance Z, of the sound absorbing materials at
the inner shell surface and the end caps can be taken as [37]

Z.

ZA=m> (61)

in which d is the thickness of the sound absorbing acoustic material, and Z, and
I', are the characteristic impedance and propagation constant [38]:

Za = Zo{l + al/l_h‘ — jaz/l_hz}, Fg = ko{a3/1_h3 +_](1 + a4A_b“)}, (62, 63)

in which Z, = py¢, is the air characteristic impedance, ko = w/c, is the acoustic air
wave number, A = pof/R;, Ry is the flow resistivity, and ai, @, as, as, by, ba, b,
by are empirical constants. Noise transmission is calculated for d = 12:5 mm glass
fiber blanket with R, = 18-4 kN - s/m* and for empirical constants given in Table
1. The acoustic modal damping coefficients &, in equations (43) and (49) were
set equal to zero. Numerical results were obtained using all acoustic modes in the
frequency range of 0-1000 Hz.

The displacement levels and root-mean-square displacements at x = 3 m and
0 = 90° are shown in Figures 4 and 5 for uniform random pressure and random
point force inputs. These results are for the cases without active vibration control.
For a uniformly loaded shell, only the modes with » = 0 and odd m are excited.
The peaks in Figure 4 are the breathing flexural and dilatational modes for n = 0.
Thus, the response in the low frequency range is very low since there are no modes
excited in this frequency range. For point force inputs, the shell response is
dominated by low frequency modes and a large number of modes are excited.
Thus, the effectiveness of active vibration control by piezoelectric actuators could
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Figure 4. Displacement levels at x = 3 m for uniform random pressure with SPL = 110 dB:
——, inner shell, rms w;/h;=0-00155; ----- , outer shell, rms w;/h; = 0-00988.

be significantly different for these two types of inputs. Different active control
designs might be required to accommodate distinctly different inputs.

A wide variety of piezoelectric materials is available. Since the structure selected
in this study is of large-scale and is relatively stiff, the major concern is the
limitation of the actuation ability of these materials. Piezoelectric actuators with
high modulus, large piezoelectric strain constant, and large applied electric field
can achieve significant actuation capability. Numerical results are obtained for the
following geometric and material properties of the piezoelectric actuators:
E,=63GPa, p,=7650kg/m’, v,=03, dy=dn=—180x10"m/V,
1?2 =60mm, Lj=60mm, and h,=1mm. The adhesive used for bonding
actuators is assumed to be isotropic with the following properties: £, = 10 GPa,
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Figure 5. Displacement levels at x = 3 m and 0 = 90° for two concentrated forces:
shell, rms w,/h; = 0-06134; ----- , outer shell, rms w;/h; = 0-07776.

, inner
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TABLE 2

The spatial-average response of controlled double wall sandwich shells with various
arrangements of piezoelectric actuators for uniform pressure and point force inputs

Uniform pressure Point forces
A A

r N N

Control  (Whe/h)ms  (Whe/hE)ms SPLaye (AB)  (Whe/hi)ms  (Wie/hg)ms SPLaye (dB)
None 0-00180 0-00767 119:6 0-0531 0-0680 1161
Inner shell  0-00144 0-00775 118-7 0-0154 0-0215 113-5
Outer shell  0-00195 0-00715 122-0 0-0446 0-0572 1161
Both shells  0-00158 0-00724 119-8 0-0115 0-0151 112-5

p» = 1000 kg/m’, v, = 0-33, and A, = 0-1 mm. In addition, numerical results were
also obtained for several different sizes of piezoelectric actuators.

To control shell vibrations and noise transmission, 270 pairs of actuators on the
inner shell and 270 pairs of actuators on the outer shell were used. The actuators
were arranged on the shell surface as follows: a total of 15 actuator rings are
distributed longitudinally at 0-25-m intervals in the space from x = 1-25m to
x = 4-75 m, where each ring contains 18 actuators uniformly distributed around
the circumference.

Local vibration response and local interior noise pressure could vary
significantly from one location to another. To evaluate the feasibility of active
vibration and noise transmission control, it is more meaningful to define spatial
average quantities in terms of spectral densities, root-mean-square values, and
overall noise levels. The spatial average spectral densities are defined as

. 1 L 2 ,
; = — . R 4
Sive IARL ! S (x, 0, /) dx R, d0, (64)
sty ==L [ 7 st (0. dx Ry (65)
a\/g anEL 0 0 ww b b b
1 L 21 Ry
She(f) = KL £ £ £ S,p(x,0,r,f)dx R, d6 dr. (66)

The spatial-average root-mean-square vibration response and overall sound
pressure levels are given in Table 2 for various velocity feedback control
arrangements. The inputs are 110 dB uniform pressure and two point loads with
spectral densities prescribed in equations (58) and (59). The control gains of the
piezoelectric actuators are all set to G = 5 x 10°. These results indicate that active
control is most effective when piezoelectric actuators are installed either on both
shells or only on the inner shell. Installing piezoelectric actuators only on the outer
shell could reduce vibrations of the outer shell, but has almost no effect on noise
transmission. Since the vibrations of both shells are coupled, controlling vibrations
of one shell might not always guarantee the best results.
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TABLE 3

The spatial-average response of inner shell control with various sizes of piezoelectric
actuators for uniform pressure and point force inputs

Uniform pressure Point forces
Actuator p A N A N
size Whe/hD)ms  (Whia/hE)ms SPLave (AB) (Whe/hr)ms  (Whe/hg)ms SPLuy (dB)
None 0-00180 0-00767 119-6 0-0531 0-0680 116-1
80 x 80 mm 0-00144 0-00775 118-7 0-0154 0-0215 113-5
160 x 160 mm 0-00092 0-00790 1129 0-0078 0-0143 109-7
240 x 240 mm  0-00060 0-00803 109-9 0-0051 0-0136 106-5

The effect of using different sizes of piezoelectric actuators is demonstrated in
Table 3. In this case, the actuators are only located on the inner shell. These results
indicate that for the chosen shell geometry, increasing piezoelectric actuators’ size
can result in greater reduction of average inner shell response and average interior
noise. However, these observations should not be generalized since the
effectiveness of active control depends on many parameters and not just the size
of actuators. Furthermore, there are some practical limitations in the size of a
discrete piezoelectric patch. The large size of the piezoelectric patch may not be
commercially available. Furthermore, induced strains in piezoelectric actuators are
assumed to be constant. For a large size actuator, the resonant frequency of the
actuator may be close to the selected upper bound frequency range. Thus, induced
strains are no longer constant [40]. In addition, the large size piezoelectric actuator
may cause spillovers to the higher modes. The spillover is demonstrated in Figures
6 and 7. These results were obtained using 9940 structural modes. The spillover
phenomena can be observed from the active damping factor given in equation (54).
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Figure 6. The inner shell spatial-average response under inner shell control for various sizes of
piezoelectric actuators and uniform pressure: ——, no control; ----- 80 x 80 mm; ---
160 x 160 mm; ——, 240 x 240 mm.
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Figure 7. The inner shell spatial-average response under inner shell control for various sizes of
piezoelectric actuators for point force inputs: ——, no control; -+ , 80 x 80 mm; ---
160 x 160 mm; ——, 240 x 240 mm.

s

The parameters in this expression are all positive except for modal terms
sin (mnl2/2L) and sin (nL4/2R). For large values of L? and Lj, these terms could
become negative yielding negative active damping factors which cause the spillover
effect. For patch sizes satisfying mL2/2L < 1 and nLj/2R; < =, active damping
coefficients in equation (54) are all positive and no spillover to higher modes
occurs. Thus, patch sizes could be tailored to accommodate different shell
geometries with no spillover for the selected frequency range. The effect of
spillover may not be very significant at higher frequencies since higher-frequency
modes tend to have lower amplitudes and are more effected by damping.

The active damping factor in equation (54) is a function of control gain G. To
investigate the effect of control gain, four different cases have been considered. In
each case, a total of 270 pairs of piezoelectric actuators size 80 x 80 mm are
attached only to the inner shell. The results are given in Table 4. The results for
G = 0 correspond to the case where actuators are mounted to the inner shell but
no voltage is applied to the actuators. Only the structural dynamic characteristics

TABLE 4

The spatial-average response of inner shell control with various control gains for
uniform pressure and point force inputs

Uniform pressure Point forces
Control A N o 8 \
gain (M)alvg/hl)rms (wvaﬁzg/hl:‘)rms SPLavg (dB) (M)alvg/hl)rms (‘vag/hl:‘)rms SPLavg (dB)
None 0-00180 0-00767 119-6 0-0531 0-0680 116-1
G=0 0-00152 0-00777 119-3 0-0405 0-0528 1149
G=5x10" 000144 0-00775 118-7 0-0154 0-0215 113-5
G=5x10* 0-00126 0-00769 1169 0-0053 0-0135 109-8
G=5x10° 000091 0-00761 1131 0-0015 0-0149 1031
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(stiffness and mass) of the inner shell are affected by the presence of piezoelectric
actuators. As can be seen from these results, a larger control gain can achieve
larger reduction of shell vibration and noise transmission. However, the applied
electric fields to the piezoelectric actuators exceed the allowable electric field of
piezoelectric materials for G = 5 x 10°. For the actuator located at x = 0-5L and
0 = 60°, the feedback voltages are 63, 610 and 5084 V, for uniform pressure input,
and 108, 356 and 1032V, for point force inputs with control gains G of 5 x 10°,
5 x 10* and 5 x 10°, respectively. A voltage requirement of 5084 V would be too
large for practical implementation of piezoelectric materials and the results are
only included for comparison [40].

The performance of direct velocity feedback is relatively good to control
vibrations of the inner shell and a reasonable amount of noise reduction can be
achieved when inputs are random point forces. However, for a uniform random
pressure input only a modest amount of noise reduction was obtained. In this case,
only the modes for which n =0, m=1,3,5,... are present. The efficiency of
sound radiation from coupling of these shell modes to acoustic modes is high.
Vibration control introduced through localized bending moments from small and
discrete pairs of piezoelectric patches do not seem to be very effective for the shell
modes which involve uniform stretching around the circumference. Due to
practical limitations of the feedback voltage that can be applied to piezoelectric
actuators, direct velocity feedback control is not very effective in obtaining a
substantial amount of noise reduction for random pressure inputs that are
uniformly distributed over the shell surface.

For active control using the sound pressure rate feedback procedure,
piezoelectric actuators are assumed to be mounted only on the inner shell. A total
number of 270 pairs of actuators is used with the same arrangement as discussed
earlier. The pressure sensor (microphone) is located at x = 3 m, 6 = 0°. Successful
application of this approach relies on the design of feasible filters. The modal
feedback filters are chosen similarly as in reference [23]:

© o 1
[Gﬂ (w)]iikﬂ = —& 'Pl.'/'ku (x,,, Hpa r 1)) Z Z Z QﬁmH ,{:,,B(mmc)(iik#)’ (67)

m=1n=00=0

in which g, is the positive gain of the filter. Substituting equation (67) into equation
(56), the acoustic modal active damping factors are

2

0 el 1
Z Z Z Qr[;mot H:m( B(mna) (ijk )

m=1n=00=0

N.-
Cijky = i 8 Tizj/cy (xp7 91), }",,)

p=1

(68)

If the acoustic modal filters are chosen in the form of equation (67), acoustic
modal factors from equation (68) are all positive and the solution for interior
acoustic pressure is stable. However, these feedback filters need to be determined
numerically by solving the ijkv simultaneous equations. For a large number of
acoustic modes, these solutions require a significant amount of computation time.
However, if a single mode or only few modes dominate the acoustic response,
simplified expressions could be developed for feedback filters [23].
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Figure 8. Spatial-average sound pressure levels for uniform pressure with SPL = 110 dB and
different control gains: ----, no control; OASPL,,=122-6dB;, —, g,=1 x 10%,
OASPL,,, = 110-4 dB; ------- , g =1x10°, OASPL,, = 103-5dB.

The results presented in Figure 8 are the spatial-average sound pressure levels
for several different control gains g,. These results indicate that a larger gain can
achieve a larger amount of noise reduction. The results given in Figure 8 show
that active control of noise transmission by the sound pressure rate feedback
procedure could be very effective over a significant frequency range. Since
piezoelectric actuators are most effective in controlling resonant modal vibrations
of the shell, best noise reduction is achieved in the frequency range where both
structural and acoustic modes are present. The distinct peaks that appear in Figure
8 in the frequency range of 0-500 Hz are the sound pressure levels at the resonant
frequencies of acoustic modes. Since for uniform pressure input no structural
modes are excited in this frequency range, active control of shell vibrations by
piezoelectric actuators has no significant effect on noise transmission. However,
for the chosen interior acoustic conditions, the sound pressure levels at
these acoustic resonances do not contribute much to the overall interior sound
pressure.

5. SUMMARY AND CONCLUSIONS

The control effectiveness of discrete small piezoelectric actuator patches
installed on simply supported double wall composite cylindrical shells subject to
random excitation were studied. Direct velocity feedback and sound pressure rate
feedback schemes were developed for vibration and noise transmission control.
Random sound pressure and random point force inputs were considered. Modal
feedback structural and acoustic controlled damping ratios were obtained and
their effects were evaluated with respect to: actuator size, electric field gain and
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different random input conditions. Theoretical investigations carried out in this
study suggest the following:

1. Direct velocity feedback control could provide significant reduction of
vibrations for a double wall shell configuration. The discrete piezoelectric
actuators are more effective for frequency-ranges of low modal densities.

2. For the chosen geometry and the number of actuators, direct velocity
feedback control is not very effective in reducing noise transmission.
However, if transmitted noise is dominated by structural shell resonances,
velocity feedback control might provide the required levels of noise
attenuation.

3. For a double wall configuration, locating active control elements on the inner
shell gives more noise reduction than for an equivalent control system located
on the outer shell.

4. Increasing the size of discrete actuator patches, increases vibration reduction
and transmitted noise attenuation. However, for larger piezoelectric
actuators a modal spillover effect was observed.

S. Increasing voltage gain within the acceptable limits of piezoelectric
materials could increase actuation capability and decrease vibration and
noise levels.

6. The sound pressure rate feedback control is very effective in reducing noise
transmission in the frequency range where strong coupling between structural
and acoustic modes occurs. However, more research is required to assess the
feasibility of this approach for practical implementation: design of modal
filters, frequency regions of high structural and acoustic modal densities, shell
geometries which represent actual aircraft and other transportation vehicles,
realistic random inputs from turbulent boundary layer and powerplant noise,
and different geometries of piezoelectric actuators.

In conclusion, discrete pairs of collocated piezoelectric sensors/actuators
installed on the shell surface could provide reduction in vibrations and noise
transmission. Since the surface area that is covered by these actuators is relatively
small in comparison to the total surface area of the shell and the primary action
is local bending, their effectiveness in controlling circumferential membrane action
dominant modes will be less than those of active lamina layers which cover the
entire or large portions of the shell surface [19, 20].
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APPENDIX: LIST OF SYMBOLS

E\, E, moduli of elasticity of composite material

G shear modulus of composite material

h thickness

] —1

ke, ko, k. stiffnesses of core

L length of shell

M., My, M., moment resultants

m mass per unit area of shell

N., Ng, Ny force resultants

P, generalized co-ordinates of sound pressure

o out-of-plane shear resultant

R mean radius of shell

U, v, w shell displacement components

x,0,r cylindrical coordinates

z shell co-ordinate measured outward from reference surface
Viz Poisson’s ratio

p material density

O natural frequencies of shell
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Subscripts and superscripts

actuator

bonding layer

core

outer shell

inner shell

indices of acoustic modes

indices of shell modes

matrix transpose

component in longitudinal direction
component in transverse direction
component in circumferential direction
complex conjugate

N AR

52
S o=
R =

* DN K g3



