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ABSTRACT

This paper analytically studies the hybrid active and passive control of sound radiation through
a simply-supported beam mounted with an infinite rigid baffle. A harmonic point force is applied
to the structure as the primary source (disturbance). A concentrated mass, a passive element, s
added to the structure to restructure the modal properties. The piezoelectric actuator bonded to
the structure surface is applied as the secondary source (control force), while the PVDF film is
used as the near-field structural sensor. Active control is performed in conjunction with the use of
LMS feedforward control algorithm. A minimization process is employed to calculate the optimal
control voltage applied to the actuator. Both the passive element and active control are applied
simultaneously and termed as the hybrid control. The radiated power verse excitation frequencies
s plotted to evaluate the effectiveness of passive, active and hyrid control. Results show that active
control can provide sufficient control for excitation near the resonance. With the proper selection
of pasive element, hybrid control can achieve better sound radiation control than passive or active
control alone. This work demonstrates the feasibility to combine the active control mean and passive
element applied to structural sound radiation control.
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1. INTRODUCTION

Structural vibration and sound radiation control has been a great deal of interest. -
ther passive or active control are generally applied to suppress the structural vibration so
as to reduce the structural radiated sound. Passive noise control (PNC) is usually applied

by adding mass, damping treatment or stiffening the structure [1.2]; however, the effective-
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ness of PNC is generally inadequate for low frequency noise control application. Due to
the development of fast processible personal computer, active noise cancellation methods
have been drawn much attention. Steven and Ahuja (3] gave a good overview of active
noise control (ANC). It is well known that ANC can achieve significant noise reduction at
low frequencies. Upon the progress of sensor and actuator technology, the use of ”"smart”,
adaptive” or ”intelligent” structures involving distributed actuators, sensors and pc-based
control algorithm can effectively control the sound radiation through vibrating structures.
One of the frequently used distributed actuators and sensors is piezoceramic materials. The
finite length of piezoelectric patch can be bonded to the surface of the structure and applied
to induce or measure structural motion. Many works have been devoted to the applications
of such a distributed acturator and sensor to vibration control of large structure [4-6] and

to the control of structurally radiated noise [7-9].

Previous work by the author [10] applied piezoelectric actuators and accelerometers as
€ITor sensors in conjunction with the use of the concentrated mass, i.e.. a passive control
element, to perform hybrid structural vibration control. Results show that hybrid control
performs better vibration control than passive or active control individually. This paper
generally extracts this idea of hybrid active and passive control to attenuate the structurally
radiated sound. A simply-supported beam mounted with an infinite baffled subjected to a
harmonic point force is considered. A concentrated mass is added to the structure to pas-
sively reduce the structural motion and sound radiation as well. Active control is performed
with the use of piezoelectric actuator and PVDF sensor in conjunction with the LMS feed-
forward control algorithm. Hybrid control is then applied by combining the passive control
element and active control mean simultaneously. The radiated sound pbwer verse excitation
frequencies is shown to evaluate the effectiveness of passive, active and hybrid control. The
beam displacement distribution and radiation directivity are also shown to study the control
mechanism as well as the wavenumber analysis. This work demonstrates that hybrid control
can provide better acoustical control than active or passive control and also lead to providing
an efficient way to the design of intelligent material structﬁre system applied to structural

sound radiation control.

2. THEORETICAL ANALYSIS
2.1 Lateral Vibration of Uniform Beam

As shown in Figure 1, a concentrated mass, M. is located at zp. The equation of

motion can then be derived as follow:
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dw
Ebl— + [pbbtb + M5($ - :L’M) o

2z = p(z, 1) (1)

where w is the beam displacement; £, the Young’s modulus of the beam; I the moment
of inertia; p; the beam density; ¢, the beam thickness; b the beam width; p(z,t) the force
function. Note that the damping effect is assumed small and can be neglected for simply
application. The boundary conditions for a simply-supported beam are the bending moment

and displacement being equal to zero at both ends.

| .
M(0,t) = M(L,t) = Eblé—lg =0 (2)

w(0,t) = w(L,t) =0 (3)

To solve the above equation, Fourier Analysis with the eigenfunctions of homogeneous
beam vibration forming the basis for spatial expansion will be performed [11]. The beam

lateral idsplacement is assumed as follow:

w(z,t) = ™! Z W, sin o, (4)

n=1

where w is the excitation frequency; o, = nw/L, is the structural wavenumber; and W,
is the n-th modal amplitude depending on the external force function. Here, the point force
is applied as the disturbance input, and piezoelectric actuator is applied as the disturbance
input, and piezoelectric actuator is applied as the control input; therefore, the force function
can be considered as the sum of both. By substitutiong the spatial expansion of beam lateral
displacement Equation (4) into Equation (1) and applying the orthogonal properties of the

eigenfunctions, the equation of motion is multiplied by Z sin a,, ¢ and integrated over the

m=1
beam, then the equation of motion become
bty 5. L Mo?
Z Z{W 4 Pglb 2)55,”,1 ———Eg)—I—Wnsinaansiname}
n=1m=1 b b
> F CoA
T 7 m T 7 Ym m - m D
,:L;:l{Eb] sin mf+Eb[oz (cos Qpxy — COS Ay T2)} (5)

where F' and s are the magnitude and location of the point force; CoA is the resultant
moment induced by the piezoelectric actuator pair; Cy is a function of material properties;
A is the free strain of piezoelectric actuator pair subject to a voltage input; x; and z, are
the coordinates of the piezoelectric actuator; and 8, is the Kronecker delta. For numerical
solution purpose, the infinite series of the above equation can be approached by considering

only the first few modes. In the following numerical examples, the first ten terms arc
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included. It is found to provide adequate convergence of beam displacement response. The

above equation can then be rewritten in matrix form as follows:

[R]an{w}nxl = {p}mxl (6)

where [R], if m = n, is a symmetric modal coefficient matrix including both the beam
stiffness and mass effect; {w} is the modal amplitude vector depending on the form of force
function; {p} is the modal force vector which consists of the modal component of the point
force disturbance and piezoelectric actuator. A typical element of [R], {w} and {P} can be

shown as follow:

an = Anm - w2Bnm (7)

w, =W, (8)

Py = L(Pf + P2) (9)
TR T

where A,,,.., Bnn, P/ and P¢

m m

are given in [10] and omitted for brevity. For free vibration

analysis, Equation (6) can be reduced to the following form:

(AW} = w*[BI{W} = {0} (10)

One can easily solve the above generalized eigenvalue problem. Therefore, the natural
frequencies of the beam with the concentrated mass can be obtained. To numerically solve
Equation (6), Equation (6) can be decomposed into two independent linear system equations

for both point force disturbance and piezoelectric actuator respectively as follow:

[B{w’} = {p},  [Rl{w*} = {p°) * (11)

where {w/} and {w°} are the modal amplitude vactors for the point force and piezoelec-
tric actuator which are to be determined; {p/} and {p°} are the modal force vectors for the
point force and piezoelettric actuator. The modal amplitude vectos can chen be determined
by solving the abover linear system equations. The beam lateral displacement due to the
excitation of the point force and piezoelectric actuator can be obtained by substituting the
corresponding modal amplitude vectors into Equation(4). Finally, the lateral displacement

of the beam with a concentrated mass can be obtained by supefposition method.

2.2 PVDF sensors’ equations

For a PVDF film arranged as shown in Figure 1, the shape function can be expressed

as follow:
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[(z) =u(z —z5) —u(z — x5) (12)

where u(z) is the step function; z,; and z,, are the coordinates of the PVDF film. The

sensor’s equation can then be derived as follows [12]:

ty + 1, L 0%*w
g(t) = Tbsem/() M(e) 5 de (13)

>

where b, is the sensor width; ¢, the sensor thickness; e3; the piezoelectric field intensity

constant. By substituting w(z, t) and'integrating over the beam length,

ly + 1

5 e31h) Z a, Wy (cos apzsy — COS anTsy) (14)

n=1

q(t) = e

The generated voltages can then be expressed as:

q(t)

R

ts (15)

where € is the permittivity of PVDF films: A is the sensor area. It is noted that the generated
voltage is proportional to the slope difference detween the two edges of a PVDF film.

2.3 Sound Radiated in the Far-Field

The far-field sound pressure radiated from a vibrating surface at a point in the acoustic
field, as shown in Figure 2, is given by the Rayleigh integral [13]:
kR

R

P(F.t) = =L [ (7)<

27 s

ds (16)

where 7' is the position vector of the observbation point; 7 is the position vector of the
elemental surface ds; w(75) is the normal velocity of ds; R is [F — 75|; p is the fluid density;
and k = w/c is the acoustic wavenumber. Here, the acoustic medium is air, and thus there is
no feedback of the fluid motion into the structure. By substituting the beam velocity derived
from Equation (4) into the Rayleigh integral, the sound pressure radiated to the far-field can
be obtained [14]:

p(r,0,6,1) = ¢ S Wig, ()
n=1
where ' _ 5
pch ke 1 — (=1)"e™ ™, 1 —e™
= — W — 18
9 e o, 2r | L+ (a/nm)? I g ] (18)
a = kL sinfcos ¢ (19)
3 = kbsin0sin ¢ ' (20)

i
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Under the assumption of superposition, the total radiated sound pressure can be the

sum of sound pressures due to the disturbance and control inputs

Pt = py —}—pczethZ(WT{-f-W;)qn (21)

n=1

The total radiated sound power defined as the integral of the square of the radiated

sound pressure over the hemisphere of the radiating field can then be obtained:

1 9 7-2 2r pw/2 9 .
¢, = ———/lpt, dS = ———/ / |p¢|” sin 0dOd ¢ (22)
2pc Js 2pcJo Jo

The total radiated sound power can be an index to eveluate the effectiveness of sound

radiation control.

2.4 Wavenumber Analysis

The beam velocity distribution can be taken Fourier integral transrform in & -plane.

Viks, ky)= / - / " (a )it da dy (23)

where
Kz = ksinf cos ¢ (24)
Ky = ksin @ sin ¢ (25)

therefore, the velocity transform can be expressed as:

V(ke, £y) = wy W,V (26)

n=1

where : :
1 — (_l)ne—me emyb -1

2 2
an K;z K;y

Vi =1a,] ] (27)

It is noted that the least mean square {LMS) value of the velocity transform, i.e., |V|%, is
proportional to the radiated sound power [13]. Only the wavenumber components satisfying
K2+ fzf/ < &? contribute to sound radiation into the far-field and are termed as supersonic
waves. Others wavenumber components do not radiate into the far-field and are termed

subsonic waves.

6
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2.5 Cost Functions
For the use of N, PVDF sensors, the cost function can be defined as the sum of the

mean square voltages measured from the PVDF films:

N,
v, =3 |Vl (28)
=1
The linear quadratic optimal control theory (LQOCT) can then be applied to minimize
the cost function so as to find the optimal control volages input to the piezoelectric actuators.
The full analysis can be referred to [15] and omitted here for brevity. The brevity. The

vibrating energy of the beam can be expressed as follow:

L N
®, = / |2 de (31)
0
which can be used as an index to evaluate the effectiveness of vibration control.

3. NUMERICAL RESULTS AND DISCUSSIONS

A steel beam with lenght of 0.38 m, width of 0.04 m, and thickness of 2 mimn is used in
the simulations. The first few natural frequencies are 33.2 Hz, 128.8 Hz, 289.9 Hz, 515.4 Hz,
805.3 Hz and 1159.6 Hz. It is noted that no damping was included in the following analysis.
The optimal process is suitable for controlling multiple parimary sources; however, only one
harmonic point force with input parameters, F' = 0.1 N and z; = 0.067 m, was considered
for the following analysis. The piezoelectric patch (G-1195) [16] and PVDF films (LDT-
28 p K) [17] are are respectively used. The piezoceramic patch is located at z; = 0.285
m, o = 0.3485 m, and the PVDF film is located at X;; = 0.10 m, z,, = 0.14 m. The
mass is assumed to be 50 g. In order to calculate the beam response and radiated sound
pressure, it was necessary to truncate the modal sums in Equation(4). Upon cosideration
of computing time and accuracy, the first 10 modes were considered, and it was found to
provide sufficient convergence of series. Both the radiation directivity and beam displacement
distributions were shown to demonstrate the control effectiveness of sound radiation through
the beam. The radiated sound pressure is plotted in dB re 20 x 107® Pa over 8§ = —90°to
90°, while the beam displacement distribution is normalized by the largest amplitude in
each case and plotted in dB along the beam length. Figure 3 shows the total radiated power
verse the excitation frequencies for applying passive control only. The arrangement of the
concentrated mass, PVDF sensor and piezoelectric actuator is depicted on the top of the
figure. The solid line denotes the radiated power due to the disturbance alone. Several peaks

right on the resonance frequencies indicate the efficient radiation for on-resonance excitation.
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As the concentrated mass is added to the structure, the peaks have been shifted because
the concentrated mass restructures the modal properties of the beam. For the case of M19,
1.e., the mass is located at O.‘19 m in the center of the beam, the even resonance modes are
not affected due to the symmeric location of the mass, and the odd resonance modes are
shifed to the left. A few reduction of radiated power can be observed at low frequency ranges
especially for off-resonance excitation. For the case of M13, i.e., the mass near the third mode
nodal point, the third resonance mode is not changed, and the other resonance peaks are
shifted. Again, a few reduction of radiated power can be obsered at off-resonance frequencies
for some low frequencies. Similar results can also be seen for the case of MOT. Particularly,
the radiated power is obviously attenuated for most off-resonance excitation below 1000Hz.
With the proper selection of mass location, the resonance mode can be shifted to reduce the
radiated power for on-resonance excitations of original system; however, spillover may occur
at some off-resonance excitation frequencies. As the mass located away from the center of
the beam, more reduction of radiated power can be achieved in the high fiequencies ranges

for off-resonance excitation.

Figure 4 shows the radiated power verse the excitation frequencies for the comparison of
the passive, active and hybrid control. The arrangement of the system is shown on the top of
the figure. For the passive control, i. e., the mass located at 0.07m, as discussed previously
the resonance peaks are shifted due to the ” restructuring” effect of the mass, and a few
reduction of radiated power can be obtained for off-resonance excitation. Applying active
control with the use of the piezoelectric actuator and PVDF sensor, the sound radiation
can be well controlled for on-resonance excitation cases; however, little attenuation can be
achieved for off-resonance excitation. A new resonance peak can also be observed near
330Hz. The reform of modal properties of the stucture is due to the applied active control
as discussed in[18]. As active and passive control applied simultaneously termed the hybrid
control, similar results can be seen as those for active control except that hybrid control
provides better sound radiation control for off-resonance cases. Therefore, with the proper
selection of the active mean and passive element, hybrid control can provide better sound

radiation control than either active or passive control applied individually.

Figure 5 shows the required control voltages applied to piezoelectric actuators verse
excitation frequncies. The required control voltages are generally less than 25 volts sufficient
for sound radiation control. As requiring high control volages, the sound radiation control
can not be achieved, and spillover occur. Figure 6 shows the similar plot as that in Figure
4. Tt is noted that in contrast to that in Figure 4 little control can be achieved for off-

resonance excitation near the fourth and fifth modes due to the improper location of the

oG
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passive element.

To further study the control mechanism of passive, active and hybrid control, figure
7 shows the beam displacement distribution, radiation directivity and the LMS of velocity
transform for f=805Hz near the fifth resonance. The arrangement of the system is shown
on the top of the figure. The solid line denotes the disturbance response and exhibits the
fifth mode response for beam displacesent distribution as shown in Figure 7(a). As shown
in Figure 7(b), the radiation directivity pattern reveals the third mode response. This
can be explained by Figure 7(c). Only the wavenumber components less than the acoustic
wavenumber, termed supersonic region, can radiate. As the passive element applied, the
beam displacement is globally reduced so are the radiated sound pressure and the LMS of
velocity transform; however, the structural vibration and sound radiation characteristics of
passive control are similar to those of the original system. With applying active control, the
structural response is globally reduced and reveals the fourth mode, which is a less efficient
radiated mode. The corresponding radiation directivity and the LMS of velocity transform
are also globally attenuated and reformed as the dipole response. For hybrid control, further
radiation of beam displacement and radiated sound pressure can be achieved. Again, with the
proper selection of passive element incorporated with active control mean better structural

sound radiation control can be obtained.

Figure 8 shows the similar results as in Figure 7 for f=129Hz near the second resonance
mode. The mass is located at the center of the beam. As applying the passive control.
no control can be achieved due to the mass located right on the nodal point of the second
mode. For both active and hybrid control, stuctural vibration and sound radiation can be
efficiently controlled. In particular, hybrid control can provide more attenuation of sound
radiation than active control. It is noted that although the residual vibrating energy are
close to 111 dB for both active and hybrid control, the residual radiated power for hybrid
control is 13.7 dB less than that for active control. This can also be seen from the LMS of
the velocity transform as shown in Figure 8(c), because the radiated power is proportional

to the sum of the supresonic wavenumber.

4. CONCLUSICNS

This work has shown the feasibility of hybrid control combining the active control mean
and passive control element to attenuate structural sound radiation. A simply-supported
beam mounted with an infinite rigid baffle is assumed to be subjected to a harmonically

excited point force. The concentrated mass, 1.e., a passive control element, is added to re-

9
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structure the modal properties of the beam so as to achieve sound radiation control; however,
the control effectiveness is limited. Active control is preformed with the use of the piezo-
electric actuator and PVDF sensors to attenuate the structural sound radiation with the
application of LMS feedforward control algorithm. Results show that active control can pro-
vide effective control for on-resonance excitation but not for off-resonance excitation. Hybrid
control can achieve §ufﬁcient control for both on- and off-resonance excitation and provide
better sound radiation control than active or passive control appied individually. Overall,
hybrid control with the use of intelligent structure incorporated with passive control element

can be an effective mean to attenuate structural radiated noise.
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