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The study is a next part of earlier works by the authors, and explores how does the sequence of activated
actuators and the level of applied voltage affect the radiated acoustic energy. The analysis uses the finite element
method for structural vibrations and combination of the finite element and the intensity hybrid method to assess
the level of sound radiation. The vibrating element is a steel plate with glued on actuators, supported on one edge
and excited by a harmonically variable, concentrated load with a constant amplitude value.
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1. Introduction
Minimization of acoustic energy radiated by vibrating
surface elements is still a major issue in practical applications. When the elements of the mechanical system
are small enough, one of the state-of-the-art techniques
of active vibro-control can be employed utilising surface
piezoelectric actuators in the form of piezoceramic elements or piezoelectric foils. The piezoelectric effect is
produced when voltage is applied to opposite surfaces
of an element made of material displaying piezoelectric
properties, inducing strains in the element. When such
an element is properly mounted on the external surface
of a vibrating structural element, the surface type forces
are generated which are able to the dynamic characteristic of the whole system [1–4]. On account of the way
forces are generated such system is easily controllable.
Depending on the manner the external excitation is applied and on excitation frequency, the system response
might contain one predominant mode or a superposition
of several modes of various weight factors. Fuller and
Elliott [1, 2] reported that the lowest modes are of key
importance for sound radiation. The efficiency of radiation of particular modes depends on the volume of the
surrounding medium within the vibrating element can
move. In previous papers the influence of the curvature
on sound radiation were investigated [5–8]. This study
is a continuation of earlier works by the authors [9–13]
and explores how the sequence of activated actuators and
the level of applied voltage affect the radiated acoustic
energy. In the current research programme the actuators are dispersed. The vibrating element is a steel plate
with glued on actuators, supported on one edge and ex-

cited by a harmonically variable, concentrated load with
a constant amplitude value.
2. Numerical analysis of the system
Let us assume that all four pairs of actuators are supplied with the same harmonically variable voltage and
that they are ideally attached to the plate surface. Accordingly, the equations of bending vibrations due to the
action of piezoelectric actuators and concentrated load is
written
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where q0 — amplitude of surface density of external force
[N/m2 ], K f — material geometric constant [m−1 ], V —
applied voltage, hb = 0.5hp , hpe — thickness of piezoelectric material, Ep — Young modulus of plate material
[Pa], h — plate thickness [m], νp — Poisson’s ratio of
plate material [-], µ — damping ratio [-], ρp — density of
plate material [kg/m3 ], F0 — amplitude of concentrated
load located at (xi , yi ) − q0 (x, y) = F0 δ(x − xi )δ(y − yi ).
The exact solution of the formulated boundary problem
with homogeneous conditions is not possible. Therefore
the approximate solutions should be considered. They
can be found by application of the Ritz method [14, 15]
or the finite element (FEM) one.
The steel plate 100 × 100 × 2 considered in the study
was fixed along one edge. On its two external surfaces
there were four pairs of piezoelectric actuators, integrated
with the plate. The external excitation has the form of a
concentrated load of a point force harmonically variable
in time, with the amplitude 0.5 N. It is applied at the
mid point of the free boundary, not connected with the
fixed one. The coordinate system is chosen such that its
origin is located in one fixed corner of the plate, the X
and Y axes coincide with the plate edges and the Z axis
is perpendicular to the plate surface. The coordinates of
all points on the plate are positive.
Actuators 10 × 10 × 1 mm made from PZT-4 material are mounted symmetrically on the plate and driven
180 deg out of phase with respect to the force signal.
The modal damping coefficient for the whole structure is
assumed 0.0003. The potential on the surface of piezoelectric elements is applied such that the upper (external) electrode be positive and the lower (internal) be zero
so that vibrations induced by harmonic forces should be
effectively damped by a system made of four pairs of actuators (Fig. 1).

Fig. 1. FEM model of a plate with four pairs of piezoelectric actuators.

The analysis uses the FEM method for structural vibrations. The analysis uses the FEM and the intensity
hybrid method to assess the level of sound radiation.
FEM analysis of plate vibrations was performed using
the ANSYS package. Solid elements for coupled fields
solid45 and solid5 were chosen. Piezoelectric layers are
modelled by two layers of finite elements and the steel
plate — by four layers. The layer of adhesive agent was
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not considered in the analysis. The analysis was performed for the first four natural frequencies of vibrations
of the system with piezoelectric actuators.
According to the earlier investigations [9] the characteristic configuration of the elements was chosen. For
this configuration, the influence of the voltage amplitude
on the reduction of the amplitude of vibrations is shown
in Fig. 2.

Fig. 2. The averaged square velocity in the function of
applied voltage: (a) first modal frequency, (b) second,
third and fourth modal frequency.

Calculations of the pressure level at chosen control
points are based on the hybrid method [6]. In the hybrid
method the analysis of sound radiated by vibrating surfaces consists in determining the sound intensity vector
at the chosen point in the acoustic volume (space). Accordingly, the vibrating surface (i.e. the plate) is divided
into sub-areas. The FEM method is applied in the analysis of structural modes. Thus obtained finite elements
naturally become the sub-areas and every element is a
source of radiated noise. In this case structural sounds
generated by a vibrating plate were radiated to the free
field.
Besides, pressure levels at the same control points were
computed using the acoustic field–structure interaction
module available in the ANSYS package. In the ANSYS
package, the acoustic volume is modelled by solid elements of the type fluid30. Structures vibrating due to the
action of mechanical sources accelerate the surrounding
fluid. The normal velocity of the structure is adjusted
to the normal particle velocity in the fluid. Sound radiation from the vibrating systems was simulated in a
1.1 m sphere (Fig. 2b) of air surrounding plates. The
acoustic volume was comprised of half million 8-node elements fluid30 and infinite elements fluid130. Two kinds
of acoustic elements were generated: those in contact
with vibrating surface (with ux , uy , and pressure as the
degrees of freedom) and those in the interior (vibrating
surface, with pressure as the degrees of freedom). The
mesh was finer in the plates neighbourhood. The pa-
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rameters of the air were: density 1.225 kg m−3 , speed of
sound 343 m s−1 .
3. Results and conclusions
The calculation procedure was run for 15 values of harmonically varying applied voltage to piezoelectric actuator surfaces. Supported by the analysis of vibration
amplitude distribution on the plate surface they would
yield three voltage amplitudes: 50, 120, 220 V. Chosen
numerical results (method I) expressed as sound pressure
levels are presented in Fig. 3. Acoustic pressure distributions in the examined volume for both methods were
then sought for thus determined voltage levels (Table).

— The averaged vibration acceleration amplitude was
reduced 40-, 4-, 2- and 1.5-fold for the first four
modes for the precisely controlled voltage. Results
reveal that structural vibrations and hence sound
radiation by the given element can be vastly reduced by this method. Depending on the frequency
and the applied voltage, the sound pressure level
was reduced by about 15 dB for 192.6 Hz and by
8 dB for 471.2 Hz.
— The major factors affecting the vibration reduction
performance include the shape and actual configuration of piezoelectric elements and the amplitude
of applied voltage. These parameters are associated
with the mode shapes and might be optimized or
controlled in active noise reduction and vibration
reduction systems.
— Results of FEM analyses of sound radiation are consistent with those obtained by the hybrid method.
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Fig. 3. Sound power lever radiated by excited plate
for the lowest natural frequency: (a) without reduction,
(b) with activated actuator A2.

TABLE

Estimated sound pressure level.
Mode

Freq.

No.

[Hz]

Model I (FEM)
Sound pressure level [dB]

Model II (FEM + hybrid)
Sound pressure level [dB]

Voltage amplitude [V]

Voltage amplitude [V]

0

0

50

140

220

50

140

220

first control point coordinates (x, y, z): (0.0, 0.0, 1.0)
1

192.6

63.0

60.8

54.9

47.5

62.3

60.8

52.6

46.3

2

471.2

52.2

50.3

46.1

44.7

54.8

52.0

48.0

51.8

3

1097.2

52.5

51.7

52.2

54.4

55.7

53.0

58.9

63.6

4

1459.4

54.2

54.3

56.2

58.9

56.2

55.4

62.35

67.0

second control point coordinates (x, y, z): (0.5, 0.5, 0.5)
1

192.6

63.1

60.9

54.9

47.6

62.2

60.7

52.6

46.3

2

471.2

54.8

52.8

48.7

47.3

54.6

51.8

47.8

51.4

3

1097.2

49.7

49.1

49.1

62.6

54.8

51.9

57.7

62.4

4

1459.4

59.6

59.7

62.7

65.6

54.7

53.5

60.5

65.1

The discussed numerical analysis can be summarized
in the following way:
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