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Abstract. FEM/BEM is adopted to model the interaction between the fluidand structures. In the modeling, modal truncation
and inertial coupling are applied to sufficiently reduce thecoupled model order. This approach is adopted for the purpose of
constructing a modal model in the time domain. Active vibration control is realized with piezoelectric actuators and anadaptive
method. In the control, the summation of vibration responses is used as the control error since the integral of acceleration on the
plate surface is approximately proportional to the far fieldsound pressure. A rigidly baffled plate connected with a massthrough
one piezoelectric actuator is simulated at first. In the experiment, the plate is excited by a rotating eccentric mass andcontrolled
with four piezoelectric actuators. The results have shown that active vibration control with the piezoelectric actuators can lead to
a noticeable attenuation in sound pressure.
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1. Introduction

Structural vibration and sound radiation have been investigated extensively. Besides analytical methods, numerical
ones, such as FEM and FEM/BEM, are powerful and used frequently in the analysis of fluid-structure interaction
(FSI) [1–4]. In the computation of FSI, FEM/BEM is usually a preferable method due to its advantage in reducing
the degrees of freedom of the coupled systems. For the analysis of steady-state vibration and/or sound radiation,
FSI is often treated in the frequency domain. However, the transient fluid-structure interaction, such as structural
responses to loads of short time duration, has to be described with time domain methods [5]. In order to simulate
active control of vibration and the related structural sound radiation in the time domain, a lower order model with
an accurate description of dynamics in the low-medium frequency range is then necessary to numerical simulation.
The modeling approach in this study is based on an early work of the authors, adopting FEM/BEM and modal
truncation to derive a reduced time domain model [6]. The research on active control of structural sound radiation
started in the late 1980s [7–9], and the extensive investigation is mainly attributed to the development of technologies
of actuation, sensing and computation. However, compared with the researches about sound radiation in air, there
is little work about underwater sound radiation control [10–12], and especially scarce work that deals with active
vibration isolation and underwater sound radiation.

Passive control methods are popular in the engineering of vibration control, but in many applications, active control
methods have to be adopted to achieve demanded reduction in vibration level at lower frequencies where the passive
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Fig. 1. Rigidly baffled finite plate and active isolator.

control ways are usually not qualified. In the implementation of active vibration control, actuators are of fundamental
importance because they determine the realization and complexity of system structures, control laws as well as the
performance. Currently, the commonly used actuators in vibration control are electrohydraulic/pneumatic actuators
electromagnetic, actuators and smart material actuators,etc., among which the piezoelectric actuators are of attracting
features, such as large output force, high efficiency and simple structure, and applied in nano-positioning, high
precision manufacturing, vibration and sound radiation control, etc. [13–16]. Polyvinylidenefluoride (PVDF) and
lead zirconate titanate (PZT) actuators have been used in practice for vibration control and precise positioning [17–
19]. Usually, PZT/PVDF actuators are bonded to the surfacesof or imbedded into structures so that structures can
response smartly to external disturbance [20–22]. For example, active constrained layer damping (ACLD) treatments
can increase structural damping and accordingly reduce structural vibration and sound radiation. For vibration
transmission control, different types of piezoelectric actuators have been explored to improve the performance of
actuation, and especially the maximum actuation stroke. Sofar, several models of piezoelectric actuators have been
presented and verified [23,24], which forms a sound base for the implementation of piezoelectric actuators in active
vibration control.

This paper gives an investigation on the cancellation of vibrations of elastic structures and the induced underwater
sound pressure by using piezoelectric actuators. Four sections are organized in the following discussion. First of
all, equations of FSI are established for a fluid-plate interaction system in Section 2. A reduced modal model of
the elastic plate obtained by finite element analysis is synthesized with the boundary element model of the fluid.
Moreover, in this section, an adaptive method for the control of vibration and sound radiation is given. In Section 3,
numerical simulation on the adaptive vibration control andits role in reducing the plate-induced sound pressure is
presented. An experimental system and the results on activecontrol of vibration and sound radiation are presented
in Section 4. Finally, concluding remarks are given in Section 5.

2. Mathematical description

2.1. Coupled vibration

Consider the fluid-structure coupled system shown in Fig. 1.As illustrated, S1 is a vibration source, S2 is a
rectangular plate, which is rigidly baffled and radiates sound into the surrounding fluid. S1 and S2 are coupled by
a piezoelectric actuator, which can be equalized to a springand an in-parallel force generator. According to the
constitutive equations of piezoelectric materials, the axial displacement of a piezoelectric actuator shown in Fig. 2
can be described by Eq. (1).

∆L = d33EpL + F/kp (1)

where∆L is the axial displacement of the piezoelectric actuator, d33 the piezoelectric strain coefficient for axial
displacements in the polarization direction, L the length of the actuator, Ep the electric field strength, kp the stiffness
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Fig. 2. Piezoelectric actuator.

of the actuator and F the equivalent concentrated force acting on the stack. At frequencies well below the first
resonant frequency of the piezoelectric actuator, Eq. (2) is valid for describing dynamics of the actuator.

kp(x1 − x2) + dp(ẋ1 − ẋ2) − kpd33npu = F, kpd33npu = Fp (2)

where u is the applied voltage as indicated in Fig. 2, np the number of piezoelectric patches in the actuator.
Suppose S1 is a concentrated mass, S2 a simply supported plate described by a finite element model and the fluid

an ideal medium described by a boundary element model. The vibration equations of S1 and S2 are given as follows:

m1ẍ1 = F1 − F (3)
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ẍ2

ẍr
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wherex1 is the displacement of S1, (x2, xr)
T is the displacement vector of S2, x1 andx2 are the displacements

of the coupled nodes of S1 and S2, where the piezoelectric actuator is mounted,xrrepresents the displacements of
uncoupled nodes of S2, F 1 is the excitation force acting on S1, {p} is the pressure acting on the wet surface of S2, T
is the matrix converting fluid pressure to the nodal loads on S2, the matrices on the left-hand side of Eq. (4) are the
mass matrix, the damping matrix and the stiffness matrix, respectively. The coupling between S1 and S2 is given by
Eq. (2).

The displacement of S2 can be expressed by the low order vibration modes (in vacuo) to reduce the order of the
coupled system, therefore
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where N is the number of retained modes, which is far less thanthe degrees of freedom of S2, ζk is the kth modal
coordinate,φk is the kth mode shape,Φ is the matrix formed by the N natural modes. In light of Eqs (2)–(5), one
can have
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Equation (5) gives the coupled vibration of structures and fluid, in which the pressurep of the fluid is described by
the wave equation.
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Suppose S2 is coupled with an infinite body of fluid, the sound pressurep induced by the vibration of S2 is
described by the wave equation

∇2p =
1

c2

∂2p

∂t2
and ∂p/∂n = −ρa(t) on the boundary, (7)

where∇2 is the Laplacian operator,c is the sound speed in the fluid,ρ is the fluid density,n is the normal to the
wet surface of S2, a(t) is the acceleration projected to the normal.

To investigate active vibration control involving fluid-structure interaction, Eq. (7) should be simplified so that
a reduced lumped time domain model can be derived. Equation (7) will reduce to the Laplace equation if the
compressibility of fluid is neglected, i.e. the sound speed cin Eq. (7) is taken as infinity. In this circumstance,
the degrees of freedom can be substantially reduced while the accuracy of the coupled model is retained at low
frequencies. In fact, the boundary element method can be used to solve the Laplace equation, and the resulting fluid
elements are only those on the wet surface of S2. According to the Helmholtz integral equation and the supposition
that the sound speed is infinite, the pressure at an arbitrarypoint within the fluid domain can be given by the
integration on the boundaryΓ (Fig. 1), i.e.

C(P )p(P ) =

∫
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(
∂g(Q, P )

∂n
p(Q) − g(Q, P )

∂p(Q)

∂n
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(8.2)

wherep(P ) is the pressure at P,n is the normal toΓ, g(Q, P ) is the Green’s function,r(Q, P ) is the distance from
Q to P, as shown in Fig. 1. If P is also located onΓ, one can obtain from Eq. (7) the matrix relationship betweenthe
pressure{p} and the acceleration(x2, xr)

T at all nodes on the boundaryΓ:

H {p} = G
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ẍr

}

= GΦ
{

Z̈
}

(9)

In light of Eq. (9), Eq. (5) can be rewritten as:
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where the mass matrix has been changed and no pressure load appears on the right-hand side.
In Eq. (10), all the matrices are independent of frequency. The right-hand side of Eq. (10) represents the load

vector acting on the coupled system, of which the disturbance forceF1 excites S2 and thus generates sound in the
far field while the control forceFp affects the vibration of S2 and further the radiated sound in the far field.

In Eq. (10),TH−1G represents the added fluid mass matrix. For low frequency vibrations, this matrix can reflect
accurately the inertial effect of fluid, but for high frequency vibrations,TH−1G overestimates the added inertia of
fluid. Therefore, modification should be made in the modelingof the baffled rectangular plate shown in Fig. 1 [6].

First, compute SVD (Singular Value Decomposition) ofTH−1G, i.e. TH−1G = USV T , whereU, V, S are
the unitary matrices and the singular value matrix, respectively. Next, find one accurate wet natural frequency of
the plate by solving the coupled FE/BE model constructed in the frequency domain from the Helmholtz integral
equation withg(Q, P ) = exp(−jωr/c)/4πr. Then, multiplyS with a diagonal matrixW = diag([1, · · ·, 0.1α]),
whose elements are{ε(k)α |ε(k) = kδ, 0 6 k 6 Ns, Nsδ = 1}, Ns is the number of singular values,α is a constant
determined from the wet natural frequency. Finally, give the modified added fluid mass matrix̃M = USWV T .
Therefore, motion equations of the fluid-plate coupled system with modified mass matrix can be given as follows:
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Fig. 3. Adaptive control system.
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To compute the induced sound pressure in the far field, the sound speed c should be a finite value. For the baffled
plate in Fig. 1, the instantaneous pressure at a far field point p(x, y, z) can be given by the Rayleigh integration:

p(x, y, z, t) =
ρ

2π

∫

Γ

a(x0, y0, t − r/c)

r
dΓ, r =

√

(x − x0)2 + (y − y0)2 + z2 (12)

where(x0, y0, 0) is an arbitrary point located on the plate,(x, y, z) is a point located in the semi-infinite space, as
shown in Fig. 1,a(x0, y0, t) is the acceleration of(x0, y0, 0) at the time t,Γ stands for the surface of the plate.

2.2. Adaptive control

In this section, the method of adaptive cancellation is introduced. In fact, adaptive methods have been studied and
applied widely [25–27]. According to the theory of linear systems, the discrete form of Eq. (11) and the response
can be expressed by

φ(x1(tk), ẋ1(tk), x1(tk+1), ẋ1(tk+1), Z(tk), Ż(tk), Z(tk+1), Ż(tk+1)) = B1F1(tk) + B2Fp(tk)

y(tk) = ϑ(Z(tk), Ż(tk), F1(tk), Fp(tk))
(13)

wheretk is the discrete time,B1, B2 are the load matrices. The adaptive algorithm is derived on the basis of Eq. (13).
As shown in Fig. 3, the adopted adaptive control system is constructed on a modified Filtered-x LMS method – the
Anti-saturation LMS (AS-LMS), which can take into account the output saturation of piezoelectric actuators. The
recursive formula for the controller coefficients can be deduced and given as follows [28]:

w(k + 1) = fu(u)w(k) + µ
fu(u)e(k) + (1 − fu(u))u

γ + ‖ρ(k)‖
2

ρ(k) (14)

whereu = wT (k)r(k), r(k) is the reference signal,e(k) is the cancelled acceleration responses, W(z) is the
controller,ρ(k) is the output ofĤc(z) to the input r(k), Ĥc(z) is the estimate ofHc(z), Hc(z) is the transfer function
of the control channel (fromFp to the plate vibration whenF1 = 0, as shown in Fig. 4),Hs(z) is the transfer function
of the disturbance channel (fromF1 to the plate vibration whenFp = 0, as shown in Fig. 4 ),µ is a constant,γ > 0,
fu(u) is the derivative of a saturation functionf(u) andf(u) = δ(1 − e−u)/(1 + e−u).
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Fig. 4. Vibration isolation with piezoelectric actuators.
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Fig. 5. The plate with cross stiffeners.

2.3. Sound radiation control

It is implied from Figs 3 and 4 that sound radiation of the plate is controlled by minimizing the measured vibration
of the plate. The drawback of this indirect control is that sound pressure in the far field may not be suppressed as
much as the vibration of the plate. According to Eq. (12), sound pressure in the far field can be given approximately
by

p(x, y, z, t) ≈
ρ

2π

∫

Γ

a(x0, y0, t)

r
dΓ (15)

This equation implies that minimizing the distributed acceleration may have the same effect as minimizing the far
field sound pressure. Hence, in Eq. (14), the control errore(k) can be given as

e(k) = ẍ2(k) + [1, · · ·, 1] ẍr(k) (16)

where[1, · · ·, 1] ẍr(k) is the summation of the measured acceleration responses at certain locations of the plate.

3. Simulation on adaptive control

Consider a plate with cross stiffeners on one side and connected with a mass through a piezoelectric actuator,
which is mounted at the plate center, as shown in Fig 1 and 5. The flat side of the plate is coupled with the fluid.
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Table 1
Dimensions and physical properties

Dimension (m) Density Young’s Poisson’s Sound
(kg/m3) modulus(N/m2) ratio velocity(m/s)

Plate 0.8× 0.8× 0.003 7850 2.1× 1011 0.3 –
Stiffener 0.8× 0.018× 0.003 7850 2.1× 1011 0.3 –
Fluid – 1000 – – 1500

Table 2
Dry and wet natural frequencies

No. Frequencies (Hz) No. Frequencies (Hz)
FEM(Dry) FEM/BEM and FEM(Dry) FEM/BEM and

modified(Wet) modified(Wet)

1 61.2 17.3 4 232.5 107.8
2 167.4 67.9 5 329.3 151.5
3 167.4 67.9 6 329.3 160.0
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Fig. 6. Frequency response functions.

Dimensions and physical properties of the stiffened plate and the fluid are given in Table 1. Moreover, m1 = 10 kg,
kp = 3 × 107 N/m, dp = 250 Ns/m. The plate is modeled with 256 shell elements and thestiffeners are modeled
with beam elements. Figure 6 gives the computed frequency response functions corresponding to the disturbance
channel and the control channel, respectively. The dry and wet natural frequencies of the plate are listed in Table 2.

When m1 is excited by a harmonic force, forced vibrations will occurin the stiffened plate. As a result, sound
pressure induced by the plate will oscillate at a frequency.In the simulation, no saturation is considered and
accordinglyfu(u) = 1. Moreover, adaptive cancellation is carried out to minimize the summed acceleration
responses at points 1–9 as shown in Fig. 5. Let m1 be excited by a force of 120Hz, the acceleration responses and
sound pressure with/without adaptive control are simulated and shown in Fig. 7. It can be seen that the summed
acceleration and the sound pressure are reduced substantially after control, but the attenuation of sound pressure is
related to the location of observation.

4. Experiment

The experimental model is a plexiglass water container witha plexiglass plate installed on its top, as shown in
Fig. 8. The dimensions of the container are 600 mm× 700 mm× 800 mm (Height) and the wall thickness is 50 mm.
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The plexiglass plate is 20 mm thick and the dimensions of the surface in contact with the water are 300 mm×
600 mm. In the experiment, the container is nearly full of water so that the lower surface of the plate contacts the
water. Four piezoelectric actuators are installed betweenthe plexiglass plate and an aluminium plate of dimensions
300 mm× 180 mm× 8 mm. The fan, having an eccentric mass, is used as a rotary machine and supported on the
aluminium plate. Its nominal speed is 2400 rpm and correspondingly the nominal fundamental frequency is 40 Hz.
However, the measured frequency oscillates in fact with time, as depicted in Fig. 9. To measure the underwater sound
pressure induced by the forced vibration of the plexiglass plate, one sound transducer (Type BK8103) is immersed
in the water, 400 mm below the free water surface. To conduct active cancellation, four accelerometers are installed
near the actuators to measure the responses of the plexiglass plate and one accelerometer on the aluminium plate to
measure the vibration induced by the fan. Responses of the four accelerometers are summed and the result is used
as the control error signal. The controller is a computer with one NI- PCI6259 board inside, which has thirty-two
input channels and four output channels. The piezoelectricactuators are PTBS200 of nominal displacement 30µm
at 200V.

FRFs between the excitation of actuators and the sound pressure are measured and depicted in Fig. 10. From this
figure, one can find the natural frequencies of the coupled system. The first two peaks are at about 38 Hz and 82 Hz,
corresponding respectively to the first bending mode and thefirst torsional mode of the plexiglass plate. Figure 11
shows the first two mode shapes, which are measured from the free vibration responses of the selected fifteen points.



Z. Zhang et al. / Simulation and experimental study on vibration and sound radiation control with piezoelectric actuators 351

 
 

      

Fig. 8. Experimental system for active vibration isolationand underwater sound radiation control, a) front view; b) top view; c) photo.

Fig. 9. The measured fundamental frequency of the fan.



352 Z. Zhang et al. / Simulation and experimental study on vibration and sound radiation control with piezoelectric actuators

Fig. 10. Measured FRFs between the excitation of the actuators and the sound pressure.

Fig. 11. The first and the second mode shapes of the plate (Left– measurement points; Right – mode shapes.

To demonstrate the effectiveness of adaptive cancellationas well as the piezoelectric actuators in the suppression
of vibration and sound, the control action is turned on when the excitation by the fan is in a steady state. The
summation of acceleration responses of the four accelerometers and the measured underwater sound pressure in the
container is shown in Fig. 12. It can be seen that a noticeableattenuation in vibration and sound occurs at the same
time and enters a steady stage after a few seconds of adaptation. Figure 13 gives the spectra of the measured sound
pressure before and after control. As can be seen, amplitudes of the first and higher order harmonics are reduced.
However, the performance does not reach its optimum as in thesimulation due to the limited output force of the
actuators, which were in fact not fully excited by the power amplifier in the experiment. It is observed that the
phenomenon that a reduced vibration level corresponds to a reduced sound pressure also exists in the experiment
albeit the sound field in the bounded water is different from asemi-infinite sound field.

5. Conclusions

Active control of vibration and the induced underwater sound radiation is investigated by simulation and experi-
ment. FEM/BEM is applied to model the interaction between the fluid and structures and to establish the coupled
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motion equations. In the modeling, a simplified physical model of the piezoelectric actuator is incorporated into
the system and modal truncation is applied to derive a mathematical model of sufficiently small number of degrees
of freedom. This model is appropriate for investigating theproblems concerning vibration and sound control in the
time domain due to its flexibility in dealing with nonlinearity. Simulation is conducted for a system that comprises
mainly a piezoelectric actuator and a baffled stiffened plate in the semi-infinite space, and in the experiment, four
piezoelectric actuators are used to adaptively cancel summed vibration of the positions where the actuators are
mounted. The results have shown that suppression of summed vibration can result in a reduced sound radiation,
moreover, the summed vibration as well as the induced underwater sound radiation is noticeably reduced after control
action.
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