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Abstract

This is the first of three companion papers that summarize the theoretical and experimental work carried
out to develop a prototype smart panel with 16 decentralized vibration control units for the reduction of
sound radiation/transmission. The smart panel is made of a thin aluminium plate with 16 closely spaced
accelerometer sensor and piezoceramic actuator transducer pairs connected by single-channel velocity
feedback controllers (i.e., active damping units). In this paper a preliminary theoretical study is carried out
to assess the behaviour of the smart panel when it is mounted on the top of a rectangular cavity with rigid
walls. The smart panel is excited either by the acoustic field produced in the cavity by a monopole source or
by a transverse point force. The simulations carried out have shown that for both the acoustic and the force
sources, good reductions of the averaged kinetic energy or total sound power radiation can be achieved
within a band 0–2 kHz:

The theoretical study is preceeded by a general review of the development of smart panels for the control
of sound radiation/transmission. In particular, the various approaches developed for the design of sensors
and actuators are analyzed with reference to the control of tonal disturbances using feed-forward
controllers and the control of stationary random disturbances using feedback controllers.
r 2003 Elsevier Ltd. All rights reserved.

1. Introduction

This is the first of three companion papers that summarize the theoretical and experimental
work carried out to develop a prototype smart panel with 16 decentralized vibration control units
for the reduction of sound radiation/transmission [1,2]. Starting from the very promising results
obtained in the simulation study of Elliott et al. [3], a prototype panel has been designed, built and
tested. In this paper a preliminary theoretical study is presented of the behaviour of the smart
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panel when it is mounted on the top of a rectangular cavity with thick rigid walls. This particular
configuration has been chosen to simplify the experimental work, which involves measuring the
sound radiation of the panel due to either a primary acoustic source (a loudspeaker) within the
cavity or a primary structural source (a shaker) acting on the panel.

This paper is structured into three parts. In Section 2 the various stages of the development of
smart panels for the control of sound radiation/transmission is examined. The objective of this
review is to highlight how and why scientists have developed two different control approaches. In
the first approach the aim is to rearrange the vibration field of the panel in order to reduce the
sound radiation at specific narrow frequency bands using feed-forward control systems. The aim
of the second approach is to damp the vibration of the panel at resonant frequencies using
feedback control systems so that random disturbances can be controlled within relatively large
bands at low frequencies where the sound radiation is governed by the resonances of the panel.

Sections 3 and 4 describe the smart panel with the 16 decentralized control units and present the
mathematical model that has been used to study the sound radiation/transmission of the smart
panel when mounted on the rectangular cavity. The dynamic effects of the sensor (accelerometer)
and actuator (piezoceramic1 patch) components of each control unit have been modelled in detail.
In this way it has been possible to present in the second companion paper [2] an accurate analysis
of the stability/performance of the 16 channels velocity feedback control systems.

In Section 5 simulations results are presented where the control effectiveness of the smart panel
under study is assessed in terms of the reduction of the kinetic energy or sound radiation/
transmission in a frequency band between 0 and 2 kHz: This analysis has been carried out for
both the acoustic primary disturbance in the rectangular cavity (monopole acoustic source) and
the vibratory primary disturbance on the panel (transverse point force). Also the average
reductions, in a frequency band between 0 and 2 kHz; are given for both the kinetic energy and
sound radiation/transmission with reference to the control gains implemented in the 16
decentralized velocity feedback control systems.

2. Smart panels for the control of sound radiation/transmission into enclosures

Active noise control (ANC) and active noise and vibration control (ANVC) systems have given
successful results for the control of tonal noise disturbances in relatively small enclosures such as
the cabins of propeller aircraft or cars as described in Chapter 10, ‘‘Global Control of Enclosed
Sound Fields’’, of Ref. [4]. These control systems operate with large numbers of error sensors and
actuators scattered within the cavity via a multi-input multi-output (MIMO) adaptive feed-forward

controller [4]. Therefore they are relatively bulky, heavy, invasive and costly systems that can
control only tonal disturbances for which a causal reference signal unaffected by any control input
could be fed through to the controller. As a result they have been successfully implemented only in
few applications, such as the control of tonal disturbances in propeller aircrafts Refs. [4, Section
10.15; 5–8] or engine noise in cars Refs. [4, Section 10.15; 9,10].

ANC systems using adaptive feed-forward controllers have also been developed for the control
of stationary random disturbances. The success of these control systems depends on two issues:
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first, the possibility of modelling within the controller the feedback effects of the secondary
sources on the reference sensors so that the control filters can be derived from the design of an
optimal dummy controller and, second, the possibility of measuring the primary disturbance well
in advance so that the optimal controller has a causal impulse response [4]. These two problems
have made the development of ANC or ANVC systems very difficult and challenging either for
the control of jet or air flow stationary random noise in aircraft [11,12] or the control of road and
aerodynamic stationary random noise in cars [13,14]. Up to the present, the only really successful
application has been for the control of random fan noise in ventilation ducts, where the reference
signal can be taken sufficiently far in advance to guarantee a causal optimal filter and the feedback
effect of the control sources on the detection sensors can be clearly identified [4,15].

2.1. Feed-forward active structural acoustic control

During the past two decades scientists have begun to consider the possibility of reducing noise
transmitted to enclosures by actively controlling the sound radiation/transmission through the
side walls. In this case structural actuators are integrated on the walls in such a way as to modify
the vibration of the partitions and thus reduce the sound radiation/transmission. A detailed
introductory description of this method, also known as active structural acoustic control (ASAC),
is given in Ref. [16, Chapter 8]. This control approach was conceived and initially developed
within the same scientific community that studied ANC systems. As a result the first ASAC
systems were built using adaptive feed-forward controllers which (a) require a set of error sensors
scattered in the receiver room for the detection of the total sound power radiation as an error
parameter to be minimized and (b) enable only the control of tonal disturbances for which a
causal reference signal could be fed through to the controller [16,17]. Thus, although the actuators
were integrated on the walls, these systems still had all the practical drawbacks listed for ANC and
AVNC systems. Moreover, it was found that, in some frequency bands, the minimization of the
sound radiation was achieved by reconstructing the modal response of the partition so that the
vibration field was slightly enhanced rather than reduced, with consequent potential problems
related to mechanical failure [16–20]. This phenomenon was found to be caused by the sound
radiation mechanism. Above the critical frequency [21], the sound radiation of a partition is
determined only by the self-radiation efficiency of each structural mode, and these self-radiation
efficiencies are independent to the modal order [22]. In contrast, below the critical frequency the
sound radiation of a partition is controlled both by the self-radiation of each structural mode and
by the mutual radiation of pairs of structural modes, the self- or mutual radiation efficiencies also
depend heavily on the mode orders (in general structural modes with both or one odd mode order
have greater radiation efficiencies and the radiation efficiency tends to decrease as the mode order
is increased) [21–23]. This detailed description of the sub-critical behaviour is necessary unless the
resonance frequencies of the partition are well separated [24]. The overall vibration of the
partition when it has well separated resonance frequencies is primarily controlled by the resonant
structural modes and thus the sound radiation is governed by the self-radiation efficiencies of the
resonant structural modes themselves [16,22]. However, either at off-resonance frequency bands
or at higher frequencies, where the modal overlap of the partition is sufficiently high so that
several resonant modes determine its vibration [24], the sound radiation contribution due to the
mutual effects of a pair of modes is not negligible [16,22,23]. Although the self-radiation resistance
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of each structural mode is always positive, the mutual radiation resistance of pairs of structural
modes could assume negative values which give rise to sound cancelling effects [22]. Thus, below
the critical frequency, the control system can reduce the total sound power radiated/transmitted in
narrow frequency bands by rearranging the vibration contribution of each single structural mode
in order to maximize this sound cancelling effect. This approach is termed modal restructuring [19]
which could even result in a small enhancement of the vibration level of the partition [16,18–20].
Alternatively, at resonance frequencies of well separated structural modes or at frequencies above
the critical frequency, the control system can reduce the total sound power radiated only by
reducing the vibration contribution of efficiently radiating structural modes. This approach is
termed modal suppression [19]. Burdisso and Fuller [25] considered the modal restructuring
mechanism from a different point of view, where the vibration of the structure after control is
characterized by new eigenvalues and eigenfunctions which have lower radiation efficiencies.

An important step forward for this technology was achieved by integrating error sensors within
the partition which were able to estimate the farfield sound radiation [26–33]. This allowed the
construction of compact and light control systems with a relatively small number of input–output
channels that were therefore more suitable for practical applications. Most of this research arose
from the aerospace and naval sectors where there was a clear requirement for reducing the
structure-borne noise transmission or radiation of the fuselage walls or marine hull which are
generally made of thin and lightly damped panels [34]. It was found that, at relatively low
frequencies where the acoustic wavelength is larger than the dimensions of the panels that make
up the fuselage walls or marine hull, the vibration of each panel can be considered to be the
superposition of a number of frequency-dependant self-radiating radiation modes, of which by far
the most efficient one closely corresponds to the net volume velocity of the panel over a relatively
large frequency band [32,35] (for more details see Refs. [32]). A lot of work has therefore been
carried out to develop smart panels with integrated distributed strain sensors [31,35–51] or with
arrays of sensors [49–60] that measure the vibration components of a panel that mostly contribute
to the farfield sound radiation, in particular the first radiation mode and the volumetric vibration
of the panel [35]. Active control tends to be effective at relatively low frequencies where the first
radiation mode, or its volume velocity approximation, produces most of the sound radiation.
Thus, the output of just one error sensor can provide a good estimate of the total sound radiation
by a panel.

Work has also been carried out to build single-input strain actuators, made either with arrays of
small piezoceramic patches or distributed piezoelectric films [36,39,41,49–52,61–70], that
efficiently couple with the sensor transducer. If the sensor–actuator transducers are collocated2

and dual3 [51,71–74] then the real part of their response function is constrained to be positive real,
so that a single-input single-output (SISO) adaptive feed-forward controller could be implemented
with a very fast-acting controller [35]. Thus the technological progress in the construction of smart
panels with collocated and dual sensor–actuator pairs has given the possibility of building very
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system. Dual sensor–actuator pairs are also said to be ‘‘matched,’’ ‘‘compatible’’ or ‘‘reciprocal.’’

P. Gardonio et al. / Journal of Sound and Vibration 274 (2004) 163–192166



compact, light and non-invasive control systems that could be very effective for the control of
tonal disturbances [16,28–33].

Some attempts have also been made to develop adaptive feed-forward controllers for
broadband random disturbances by placing detection sensors in the vicinity of the panel if not on
the panel itself [75]. In this case the main problem is caused by the fact that having closely placed
detection sensor and control actuator transducers prevents the possibility of deriving a causal
controller [76]. This type of control system has been developed with some level of success in
double-panel partitions, such as aircraft double-wall constructions, by placing the detection
transducers on the excited panel and the control and error transducers on the radiating panel [77].

2.2. Feedback active structural acoustic control

In parallel to the work on ASAC systems with feed-forward controllers, research was also
carried out to develop ASAC systems using feedback controllers. The implementation of feedback
control systems does not require a reference signal so that, when used for disturbance rejection
applications, they could be used equally to control tonal and random, wide-band, disturbances.
Baumann et al. [26] and Baumann and Robertshaw [27] first proposed a methodology to design a
feedback control system for the reduction of broadband sound radiation by a panel which uses
structural error sensor and control actuator transducers acting on the panel. Their instructive
work has originated several studies where MIMO feedback control systems using structural
sensors and actuators have been used in smart panels for the control of sound radiation/
transmission. The background of most of the scientists that developed these control systems was
modern feedback control theory where the synthesis of the optimal feedback gains in the
controller is made using a state-space formulation [50,51]. A series of papers have therefore been
published where optimal static- (fixed gains) or dynamic- (frequency-dependent gains) controllers
are designed with reference to H2 or HN cost functional that refer to either a set of states of the
system (state-feedback) or a set of measured output parameters (output-feedback) [26,27,50,51,78–
86]. Work has also been presented where the optimal controller has been derived from the
standard linear quadratic regulator (LQR) or linear quadratic Gaussian (LQG) problems which
however could be considered as a subset of the more general H2 optimization problem
[50,51,87,88]. A consistent review of the various aspects that characterize the modern approach
for the design of feedback controllers for vibration/sound-radiation rejection problems is given in
Refs. [50,51].

Although most of the initial studies have demonstrated the possibility of designing MIMO
state-feedback control systems for ASAC purposes, the implementation stage has resulted in a
series of practical problems. For example, in order to have compact smart panels, the parameter
to be controlled, the radiated sound power, is not directly measured but derived from a set of
structural sensors bonded on the panel. From the control point of view this means that the
performance variables, i.e. the states, of the systems cannot be directly measured and thus output-
feedback controllers cannot be implemented. As a consequence state-feedback control has to be
implemented that requires a state estimator or observer system which models the essential physics
of the system. In practice, the state estimator consists in a set of analogue or digital filters which
model the plate dynamics and the sound radiation mechanisms as suggested by Baumann et al.
[26] and Baumann and Robertshaw [27].

ARTICLE IN PRESS

P. Gardonio et al. / Journal of Sound and Vibration 274 (2004) 163–192 167



2.3. Feedback SISO active structural acoustic control

Although the work carried out to develop distributed strain sensors and actuators for smart
panels was initially aimed toward the implementation of feed-forward control systems, scientists
soon recognized that these types of transducers would also have great advantages in the design
and implementation of feedback control systems. Indeed the possibility of building strain sensors
which measure the radiation modes of panels has given the possibility of implementing output-
feedback control systems where the state variables to be minimized could be directly derived from
the measured radiation modes outputs without the need of a state estimator. In particular, since
the low-frequency sound radiation is controlled by the first radiation mode, and knowing that, at
relatively low frequencies, the first radiation mode could be approximated by the volume velocity
vibration of the panel component which is frequency independent, the possibility of developing
SISO feedback control systems was envisaged [32,35].

Classic feedback control theory has been used to design the sensor–actuator transducers for the
implementation of simple SISO feedback control systems [89–92]. This control approach is
characterized by the classic disturbance rejection feedback control loop, in which the output of the
system, for example the volumetric vibration or a specific radiation mode of the panel, is the sum
of the primary disturbance and the control excitation, that is itself proportional to the measured
output via a feedback control function. Simple functions can be arranged to enhance the mass,
stiffness and damping effects of the controlled structure. However for the specific case of
disturbance rejection the most suitable strategy is active damping, which reduces the response of
the structure at resonance frequencies and, as a result, the steady state response to wide-band
disturbances [51]. Active damping does not produce control effects at off-resonance frequency
bands but, on the contrary tends to fill-in the response spectrum at anti-resonance frequencies.
Therefore, active damping is not particularly suitable for the control of tonal disturbances except
in the particular case where the excitation frequency corresponds to a resonance frequency of the
smart panel which does not vary as the physical or operative conditions changes (variation of
temperature or change of static loading, etc.). The literature on classic feedback control is well
established particularly for servo-mechanisms and a detailed summary of SISO classic feedback
control theory of flexible structures is given in Refs. [50,51].

The simplest way of achieving active damping is by implementing rate feedback or direct
velocity feedback. In this case the output of the sensor is directly fed back to the actuator via a
fixed control gain. This control scheme is constrained to be stable for any value of the control gain
if the sensor–actuator or ‘‘plant’’ frequency response is strictly positive real [35,50,51,70]. As
highlighted in the previous sub-section, this happens when the sensor–actuator transducers are
collocated and dual. Most of the work carried out by scientists is therefore focussed on the design
of collocated and dual sensor–actuator pairs so that a relatively simple feedback controller which
is unconditionally stable could be implemented [52]. If the sensor–actuator transducers are not
collocated and dual then only a limited range of control gains could be implemented in order to
guarantee stability and this results in a reduced performance capability of the system. In this case
the control performance could be enhanced by shaping the control function with standard
compensator circuits as for example Lead, Lag, PI and PID compensators.

Building distributed sensor–actuator transducers which are collocated and dual is not an easy
task. The most obvious way of building these sensor–actuator pairs is by placing the sensor on one
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side of the panel and the actuator on the opposite side of the panel. Gardonio et al. [70] have
shown that in general this simple construction could not provide a strictly positive response
function if the sensor output is determined by both the bending and in-plane vibration of the
panel generated by the actuator. Although the in-plane vibration of the panel is relatively small
compared to the bending one at low frequencies, the sensor output is severely affected by this
component which produces an extra phase shift, at the first in-plane resonant mode of the panel.
As a result at higher frequencies the sensor–actuator response function is not strictly positive real
and is characterized by larger amplitude values than those corresponding to the low-frequency
range of control. This precludes the implementation of direct velocity feedback control and even
with an appropriate compensator circuit only small control gains could be implemented and thus
small control effects are achieved. Several alternative constructions have been studied to avoid
this sensor–actuator feed-through effect. For example, the distributed sensor has been substituted
with a grid of accelerometers, although even in this system aliasing effects produce a non-positive
real response function [57–60]. Alternatively, Lee et al. [93] have proposed the use of double-layer
sensor–actuator transducers to be operated in such a way as to avoid the detection of in-plane
vibration and to excite the plate only in bending. In this case the implementation of the two
transducers is corrupted by interlayer coupling effects [93]. Cole and Clark [94] have proposed a
similar solution where only two transducers are used, which work simultaneously as actuators and
sensors. This solution avoids the interlayer coupling effect described above. However, the
implementation of these sensori-actuators is not trivial since relatively small charge outputs have
to be derived from the large inputs to each transducer. This requires compensation techniques
which are very sensitive to physical or operative changes of the system (static loads, temperature,
etc.). Finally the operation of relatively large distributed sensor or actuator transducers with
shaped electrodes is relatively sensitive to shaping errors of the electrodes which could contribute
to making the response function to be not strictly positive [95].

Some researchers developed a particular design approach for feedback systems, in which the
control system can be modelled with a feed-forward control scheme. This was done by building an
internal model of the control path in the feedback loop and so the approach has become known as
internal model control IMC [96]. With this approach, the implementation of a feedback control
scheme is redirected to the derivation of a suitable model of the feedback path and the derivation
of a classic adaptive feed-forward control filter. The implementation of ASAC with IMC feedback
control schemes has been tested in a few cases [97–99].

2.4. Decentralized MIMO feedback active structural acoustic control

The problems encountered in the development of smart panels with SISO feedback ASAC control
using large-area distributed transducers have forced researchers to find alternative control solutions.

In Section 2.1 it was argued that below the critical frequency and for low frequencies such that
the resonances of the panel are well separated, the sound radiation at resonance is controlled by
the self-radiation efficiency of the resonant mode. In contrast, the off-resonance frequency sound
radiation is controlled by both the self- and mutual-radiation efficiencies of the structural modes.
A new formulation of the sound radiation in terms of radiation modes was therefore proposed as
a tool to design structural sensors that would have been able to estimate the sound radiation either
at resonance or off-resonance frequencies. Such complicated sensors are not necessary to
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implement active damping feedback control. Active damping feedback control tends to be
effective only in the vicinity of resonance frequencies, where the sound radiation is controlled by
the self-radiation of the resonant mode, while it tends to enhance the vibration at anti-resonance
frequencies, where the sound radiation is controlled by the self- and mutual-radiation effects of a
set of modes. Therefore, in order to implement active damping feedback control, it is sufficient to
have sensor–actuator transducers that are well coupled with the low order structural modes.
Moving the sensor–actuator design problem from the control of radiation modes to that of
structural modes is not a real improvement since distributed sensor and actuator transducers that
cover the entire surface of the panel are still required. However Elliott et al. [3] have shown that
active damping of structural modes could be achieved with small localized control units that
implement SISO velocity feedback control. They initially considered the ideal case of having a
collocated and dual point-velocity and point-force sensor–actuator system which is positioned
away from the nodal lines of the modes to be controlled. These two transducers would enable the
implementation of unconditionally stable direct velocity feedback control. Elliott et al. [3] noticed
that as the control gain is gradually increased from zero, the active damping effect of the
structural modes grows and consequently both the total kinetic energy and total sound radiation
of the panel averaged in a certain frequency band decrease. However, they also found that this
behaviour is only valid up to an optimal feedback control gain, above which the damping effect
fades away and so the kinetic energy or sound radiation by the panel increases again and can even
become larger than before control. The analysis of this phenomenon showed that the velocity
feedback control unit works as a sky-hook damper which absorbs energy from the structural
modes. However, for large control gains the action of the feedback controller is to pin the panel at
the error sensor position, so that the vibration of the panel is that of a lightly damped structure
with extra pinning points. Therefore a set of new lightly damped structural modes are created
which could be excited at new resonance frequencies and radiate sound even more effectively than
the original modes (see Section 2.5 of Ref. [21]).

Starting from these considerations Elliott et al. [3] proposed a new control configuration based on
grids of decentralized velocity feedback control units using a piezoceramic patch actuator with a
small accelerometer on the centre. Although it is non-collocated and non-dual, this sensor–actuator
configuration enables relatively large feedback control gains so that the equivalent of a grid of sky-
hook dampers could be implemented provided the control gains do not exceed the optimal values.
The large number of control units, which are evenly scattered over the panel surface, allows the
damping of a relatively large number of low-frequency resonant modes and consequently the low-
frequency wide-band sound radiation control. This type of vibration and sound radiation control
effects was first observed by Petitjean and Legrain [100] in an experiment where a grid of 5� 3
collocated piezoceramic patches mounted on either side of a panel was used to implement either a
fully coupled MIMO LQG feedback controller or fifteen SISO rate feedback controllers. For this
particular type of panel they found that the vibration reductions in the two control cases were very
similar. This type of experiment was then repeated on a different smart panel [101] and it was again
found that, despite its simplicity, decentralized feedback control was giving similar control effects to
those of a MIMO optimal feedback controller. Indeed Petitjean et al. [101] noted that ‘‘Whatever
the control algorithm, in this experiment of active noise control, it turns out that controlling panel
vibrations through distributed actuators and sensors results in an attenuation of the pressure field.
This fact seems contradictory to some previously published studies on the topic, which point out
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that it is important to take the radiation efficiency of the plate modes whose frequencies lie within
the frequency band of interest into account in the control law.’’ The contradiction comes from the
fact that radiation mode theory is important when feed-forward active control is implemented at
off-resonance frequencies where the mutual radiation effects cannot be neglected. Alternatively,
active damping feedback control regulates the vibration at resonance frequencies where the sound
radiation is determined only by the resonant modes.

3. System studied

The system studied in this paper is shown in Fig. 1 and consists of a clamped and baffled
aluminium panel of dimensions lx � ly ¼ 414� 314 mm2 and thickness 1 mm which is mounted
on a rectangular cavity of dimensions lxb � lyb � lzb ¼ 414� 314� 385 mm3: The panel is either
excited by a transverse point force, acting at position xf ; yf ¼ 120; 86 mm or by the acoustic field
generated in the cavity by a monopole source which is positioned at xp; yp; zp ¼ 200; 120; 5 mm:

As shown in Fig. 2, the panel is equipped with an array of 4� 4 control systems that operate
independently. The 16 control systems have been equally spaced along the x- and y-directions so
that the distances between two actuators or between a lateral actuator and the edge of the plate
are dx ¼ lx=5 ¼ 82:8 mm and dy ¼ ly=5 ¼ 62:8 mm: Each control system consists of a piezo-
ceramic actuator, of dimensions ax � ay � hp ¼ 25 mm� 25 mm� 0:5 mm; which is bonded on
the excited side of the panel and a small accelerometer placed on the other side of the panel in
correspondence with the centre of the actuator. The actuator is driven by a single-channel
analogue controller that implements velocity feedback control. Tables 1 and 2 summarize the
assumed geometrical and physical properties of the smart panel and piezoceramic actuators.

4. Mathematical model

A fully coupled model is used to describe the effects of the acoustic cavity on the dynamics of
the panel. In contrast, it is assumed that the acoustic pressure of the radiated sound has no effect
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Fig. 1. Physical arrangement for the computer simulations, in which the vibration of a baffled clamped panel is excited

either by the sound field in the cavity underneath it generated by a monopole source or by a transverse point force and

radiates sound into an anechoic half-space on the other side of the panel.
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on the vibration of the panel, which is a reasonable assumption for air and this thickness of panel.
The steady state response of the panel and sound radiation in a frequency range 0–2 kHz have
been calculated assuming the primary disturbance acting on the panel or in the cavity to be
harmonic with time dependence of the form RefexpðjotÞg: The velocity- and force-type
parameters used in the model have been taken to be the real part of counterclockwise rotating
complex vectors, so that: ’wðtÞ ¼ Ref ’wðoÞejotg or f ðtÞ ¼ Reff ðoÞejotg where ’wðoÞ and f ðoÞ are the
velocity and force phasors at t ¼ 0; o is the circular frequency and j ¼

ffiffiffiffiffiffiffi
�1

p
:

As shown in Fig. 3, the mathematical model built in for the simulations considers the panel
divided into a grid of rectangular elements whose dimensions have been taken to be lxe ¼ lx=ð4MÞ
and lye ¼ ly=ð4NÞ; where M and N are the higher plate modal orders used in the calculus. The top
side of the cavity is also divided into a grid of rectangular elements of equal dimensions to those
defined for the panel as shown in Fig. 3.

ARTICLE IN PRESS

Clamped panel 

Piezoceramic actuator 

Accelerometer with
feedback controller

x

y 
z 

Fig. 2. Smart panel with a 4� 4 array of decentralized control systems composed by an accelerometer sensor with a

built in feedback control system and a piezoceramic actuator.

Table 1

Geometry and physical constants for the panel

Parameter Value

Dimensions lx � ly ¼ 414� 314 mm2

Thickness hs ¼ 1 mm

Mass density rs ¼ 2700 kg=m3

Young’s modulus Es ¼ 7� 1010 N=m2

Poisson ratio ns ¼ 0:33
Loss factor Zs ¼ 0:05
Smeared mass density %rs ¼ 3000 kg=m3

Smeared Young’s modulus %Es ¼ 7:1� 1010 N=m2

Table 2

Geometry and physical constants for the piezoceramic, PZT, patches

Parameter Value

Dimensions of the PZT patches ax � ay ¼ 25� 25 mm2

Thickness of the PZT patches hp ¼ 0:5 mm

Young’s modulus Ep ¼ 2� 109 N=m2

Poisson ratio np ¼ 0:29
Stress constant e31 ¼ 0:052 N=V m

Strain constant d31 ¼ 23� 10�12 m=V
Distance between the centres of two patches dx; dy ¼ 82:8; 62:8 mm
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The phasors of the transverse velocities and forces, ’wjðoÞ and fzjðoÞ; at the centres of the panel
and cavity elements have been, respectively, grouped into the following vectors:

veðoÞ �

’we1ðoÞ

’we2ðoÞ

^

’wePðoÞ

8>>><
>>>:

9>>>=
>>>;
; feðoÞ �

fze1ðoÞ

fze2ðoÞ

^

fzePðoÞ

8>>><
>>>:

9>>>=
>>>;

and

vbðoÞ �

’wb1ðoÞ

’wb2ðoÞ

^

’wbPðoÞ

8>>><
>>>:

9>>>=
>>>;
; fbðoÞ �

fzb1ðoÞ

fzb2ðoÞ

^

fzbPðoÞ

8>>><
>>>:

9>>>=
>>>;
; ð1–4Þ

where P ¼ 16MN is the total number of elements. Similarly the phasors of the transverse
velocities, ’wciðoÞ; and forces, fzciðoÞ; acting on the centres of each control unit have been defined
as follows:

vcðoÞ �

’wc1ðoÞ

’wc2ðoÞ

^

’wc16ðoÞ

8>>><
>>>:

9>>>=
>>>;
; fcðoÞ �

fzc1ðoÞ

fzc2ðoÞ

^

fzc16ðoÞ

8>>><
>>>:

9>>>=
>>>;
: ð5; 6Þ
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Excitation and Radiating
elements

Transverse velocity
and force at the 
centre of each panel
element ejw , zejf

Transverse velocity and 
force at the centre of
each sensor-actuator  
system: cjw  , zcjf

Lines of control 
moments generated

by each actuator sjm

Cavity elements
Transverse velocity
and force at the 
centre of each cavity
element bjw , zbjf

Fig. 3. Velocity and force-moment notation used in the mathematical model.
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The primary excitations are given either by the amplitude of the transverse force acting on the
panel or by the strength of the monopole acoustic source placed in the cavity which have been
grouped in the two excitation vectors below, respectively:

fpðoÞ ¼ fpðoÞejot; qpðoÞ ¼ qpðoÞejot: ð7; 8Þ

The excitations of the 16 piezoceramic control actuators can be approximated by four line
moments, all with equal magnitude, acting along the edges of the piezoceramic patches so that the
control excitations can be grouped into a vector of moments as follows:

fsðoÞ ¼

ms1ðoÞ

ms2ðoÞ

^

ms16ðoÞ

8>>><
>>>:

9>>>=
>>>;
: ð9Þ

The vibration of the panel at the centres of the elements and at the centres of the control systems
can be expressed in matrix form using mobility functions so that

veðoÞ ¼ YecðoÞfcðoÞ þ YeeðoÞfeðoÞ þ YepðoÞfpðoÞ þ YesðoÞfsðoÞ; ð10Þ

vcðoÞ ¼ YccðoÞfcðoÞ þ YceðoÞfeðoÞ þ YcpðoÞfpðoÞ þ YcsðoÞfsðoÞ; ð11Þ

where the components of the velocity/force mobility matrices, YecðoÞ; YeeðoÞ; YepðoÞ and YccðoÞ;
YceðoÞ; YcpðoÞ; between the positions i ¼ ðxi; yiÞ and k ¼ ðxk; ykÞ; are given by [102]

Y i;kðoÞ ¼
’wiðoÞ

fz;kðoÞ
¼ jo

XM

m¼1

XN

n¼1

fmnðxi; yiÞfmnðxk; ykÞ
Lmn½o2

mnð1þ jZsÞ � o2�
ð12Þ

and the components of the velocity/piezoceramic pact excitation matrices, YesðoÞ and YcsðoÞ;
between the position i ¼ ðxi; yiÞ and the piezoceramic patch actuator position k ¼ ðxk; ykÞ; are
given by

Y i;kðoÞ ¼
’wiðoÞ

mkðoÞ
¼ jo

XM

m¼1

XN

n¼1

�
fðxi; yiÞf

R ax

0 ðcy
mnðxk; yk1Þ � cy

mnðxk; yk2ÞÞ dxk þ
R ay

0 ð�cx
mnðxk1; ykÞ þ cx

mnðxk2; ykÞÞ dykg
Lmn½o2

mnð1þ jZsÞ � o2�
;

ð13Þ

where

m; n the modal indices
omn the natural frequency of the ðm; nÞth bending mode
fmnðx; yÞ the ðm; nÞth bending natural mode at position ðx; yÞ
Lmn the modal normalization parameter ð¼ rshslxly=4Þ
rs the density of the material of the panel
hs the thickness of the panel
Zs the hysteresis loss factor
cx

mnðx; yÞ the first derivative in x direction of fmnðx; yÞ ð¼ �@fmnðx; yÞ=@xÞ
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cy
mnðx; yÞ the first derivative in y direction of fmnðx; yÞ ð¼ @fmnðx; yÞ=@yÞ

ax; ay the dimensions of the piezoceramic patch
xk1; xk2 the x-positions of the two ay edges of the kth piezoceramic patch
yk1; yk2 the y-positions of the two ax edges of the kth piezoceramic patch

The natural frequencies and natural modes of the clamped panel have been calculated using the
formulation presented in Ref. [103].

The vector with the phasors of the transverse forces, fzbi; acting at the centres of the elements on
the top side of the box is given by

fbðoÞ ¼ ZbbðoÞvbðoÞ þ ZbqðoÞqpðoÞ; ð14Þ

where assuming the area of the elements to be small compared to the bending and acoustic
wavelengths in the frequency range considered in the simulations presented in this paper, the
elements of the force/velocity impedance matrices between the positions i ¼ ðxi; yi; lzbÞ and k ¼
ðxk; yk; lzbÞ are given by

Zi;k
bb ðoÞ ¼

fz;iðoÞ
’wkðoÞ

¼
XR

r¼1

XS

s¼1

XT

t¼1

oroc2oDS2wrstðxi; yi; lzbÞwrstðxk; yk; lzbÞ
Lrst½2zrstorstoþ jðo2 � o2

rstÞ�
; ð15Þ

and the elements of the velocity/primary-excitation impedance matrix between the positions i ¼
ðxi; yi; lzbÞ and the position p ¼ ðxp; yp; zpÞ of the monopole source are given by

Z
i;p
bp ðoÞ ¼

fz;iðoÞ
qpðoÞ

¼
XR

r¼1

XS

s¼1

XT

t¼1

oroc2oDSwrstðxi; yi; lzbÞwrstðxp; yp; zpÞ
Lrst½2zrstorstoþ jðo2 � o2

rstÞ�
; ð16Þ

where

r; s; t the modal indices
orst the natural frequency of the ðr; s; tÞth mode
wrstðx; y; zÞ the ðr; s; tÞth cavity natural mode at position ðx; y; zÞ
co the speed of sound
ro the density of air
zrst the damping ratio or the ðr; s; tÞth mode
DS the area of the elements
Lrst the modal normalization parameter ð¼ lxblyblzbÞ

The natural frequencies and natural modes of the rectangular cavity have been calculated using
the formulation presented in Ref. [104].

The panel is equipped with 16 control units, thus their dynamics effects should be taken into
account even at low frequencies. Since the piezoceramic patches are evenly distributed over the
panel surface and, up to 2 kHz; their surface dimensions are negligible compared to the
wavelength of the bending vibration in the panel, then their stiffness and part of the mass effects
can be modelled as a smeared effect over the entire surface of the panel so that low order mode
shapes remain unaltered and the variation of the natural frequencies can be easily derived
assuming a higher bending stiffness and density of the panel. The local dynamics of sensor–
accelerometer plus part of the mass effect of the piezoceramic actuator have instead been
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considered with a lumped parameter model that accounts for the inertial mass, ma; stiffness and
damping of the accelerometer, ka and ca; and the mass of accelerometer case plus part of the mass
of the piezoceramic actuator, mac and mp; arranged as shown in Fig. 4. The phasors of the
transverse velocities, ’wajðoÞ; and forces, fzajðoÞ; at the centres of each control systems can be
related by the following impedance expression:

fzajðoÞ ¼ ZeqðoÞ ’wajðoÞ; ð17Þ

where the driving point impedance of each accelerometer sensor ZeqðoÞ has been derived in Ref.
[105] to be

ZeqðoÞ ¼
faðoÞ
’waðoÞ

¼
1� TðoÞ

Y1ðoÞ
; ð18Þ

where

TðoÞ ¼ �Y1ðoÞZm11ðoÞ þ
Y1ðoÞZm12ðoÞY2ðoÞZm21ðoÞ

1þ Y2ðoÞZm22ðoÞ
ð19Þ

and

Y2ðoÞ ¼
1

joma

; Y1ðoÞ ¼
1

jomac

; ð20a;bÞ

Zm11ðoÞ ¼ ca þ
ka

jo

� 

; Zm12ðoÞ ¼ � ca þ

ka

jo

� 

;

Zm21ðoÞ ¼ � ca þ
ka

jo

� 

; Zm22ðoÞ ¼ ca þ

ka

jo

� 

: ð21a–dÞ

In the simulations the physical parameters given in Table 3 have been used. As discussed above
the mass effect of the piezoceramic actuators has been taken into account partially as a localized
effect and partially as a smeared effect over the panel surface. As a result, the lumped mass of each
piezoceramic actuator has been taken to be mp ¼ 0:2� 10�3 kg; although the true mass is
1� 10�3 kg: In order to account for the smeared inertia effect of the 16 piezoceramic actuators,
the density of the material of the panel has been taken to be %rs ¼ 3000 kg=m3: The stiffening effect
of the piezoceramic actuators has also been smeared over the panel and thus Young’s modulus of
elasticity used in the simulations has been assumed to be %Es ¼ 7:1� 1010 N=m2:
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Transverse velocity and
force at the centre of the 
control system
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Fig. 4. Schematic representation of the sensor–actuator elements, which are represented by four lumped elements: the

mass of the piezoceramic actuator, the mass of the case of the accelerometer and the spring and inertial mass of the

accelerometer.
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Defining the vectors vaðoÞ and faðoÞ to be given by the velocities and forces at the bottom of the
accelerometer sensors, respectively:

vaðoÞ �

’wa1ðoÞ

’wa2ðoÞ

^

’wa16ðoÞ

8>>><
>>>:

9>>>=
>>>;
; faðoÞ �

fza1ðoÞ

fza2ðoÞ

^

fza16ðoÞ

8>>><
>>>:

9>>>=
>>>;
; ð22; 23Þ

then

faðoÞ ¼ ZaaðoÞvaðoÞ; ð24Þ

where the impedance matrix ZaaðoÞ is diagonal

ZaaðoÞ ¼

Zeq1

Zeq2

&

Zeq16

2
6664

3
7775: ð25Þ

The response of the panel taking into account the coupled response with the acoustic cavity and
with the dynamics of the 16 control units can now be derived using the dynamic equilibrium and
compatibility principles at the connecting points between the centres of the elements of the panel
and those of the acoustic cavity and at the connecting points between the 16 control positions in
the panel and the centres of 16 control units so that:

Elements centres Control points

ðaÞ dynamic equilibrium fe þ fb ¼ 0 fc þ fa ¼ 0
ð26Þ

ðbÞ compatibility ve ¼ vb vc ¼ va ð27Þ

Using Eqs. (10), (11), (14) and (24) the following two relations can be derived for the velocities of
the panel at the element centres and at the control points:

veðoÞ ¼ �QecðoÞvcðoÞ �QeqðoÞqpðoÞ þQepðoÞfpðoÞ þQesðoÞfsðoÞ; ð28Þ

vcðoÞ ¼ �QceðoÞveðoÞ �QcqðoÞqpðoÞ þQcpðoÞfp þQcsðoÞfsðoÞ; ð29Þ
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Table 3

Physical properties of the sensor and actuator

Parameter Value

Mass of the piezoceramic actuator mp ¼ 0:2� 10�3 kg

Mass of the accelerometer case mac ¼ 0:2� 10�3 kg

Inertia mass of the accelerometer ma ¼ 0:22� 10�3 kg

Internal stiffness of the accelerometer ka ¼ 1:1� 107 N=m
Mounted frequency resonance of accelerometer fa ¼ on=2p ¼ 33:6� 103 Hz

Damping coefficient of the accelerometer ca ¼ 2:5 N=ms
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where

QecðoÞ ¼ ðIþ YeeZbbÞ
�1YecZaa; QceðoÞ ¼ ðIþ YccZaaÞ

�1YceZbb;

QeqðoÞ ¼ ðIþ YeeZbbÞ
�1YeeZbq; QcqðoÞ ¼ ðIþ YccZaaÞ

�1YceZbq;

QepðoÞ ¼ ðIþ YeeZbbÞ
�1Yep; QcpðoÞ ¼ ðIþ YccZaaÞ

�1Ycp;

QesðoÞ ¼ ðIþ YeeZbbÞ
�1Yes; QcsðoÞ ¼ ðIþ YccZaaÞ

�1Ycs; ð30a–hÞ

where I is the unit matrix. Eqs. (28) and (29) can further be manipulated to get

veðoÞ ¼ TeqðoÞqpðoÞ � TepðoÞfpðoÞ � TesðoÞfsðoÞ; ð31Þ

vcðoÞ ¼ TcqðoÞqpðoÞ � TcpðoÞfpðoÞ � TcsðoÞfsðoÞ; ð32Þ

where

TeqðoÞ ¼ ðI�QecQceÞ
�1ðQecQcq �QeqÞ; TcqðoÞ ¼ ðI�QceQecÞ

�1ðQceQeq �QcqÞ;

TepðoÞ ¼ ðI�QecQceÞ
�1ðQecQcp �QepÞ; TcpðoÞ ¼ ðI�QceQecÞ

�1ðQceQep �QcpÞ;

TesðoÞ ¼ ðI�QecQceÞ
�1ðQecQcs �QesÞ; TcsðoÞ ¼ ðI�QceQecÞ

�1ðQceQes �QcsÞ; ð33a–fÞ

where I is the unit matrix. The accelerometer sensor operates as a single degree resonant system
with relatively high-natural frequency, in general about 30–50 kHz; and thus the high-frequency
response of the panel with the 16 accelerometer sensors could be quite different to that of the
panel on itself. The output signal of accelerometers is proportional to the differential acceleration
of the accelerometer—mass and accelerometer—case so that, for a given velocity at the mounting
point of the accelerometer ’wc ¼ ’wa; the measured value is given by

’wmesðoÞ ¼ AðoÞ ’wcðoÞ; ð34Þ

where AðoÞ is the accelerometer frequency response function [106]:

AðoÞ ¼
ma

ka � mao2 þ jcao
¼

1

o2
n � o2 þ jxa2oon

; ð35Þ

where on ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ka=ma

p
is the accelerometer natural frequency and xa ¼ ca=2

ffiffiffiffiffiffiffiffiffiffiffi
kama

p
is the damping

ratio of the accelerometer.
The measured velocities by the 16 accelerometers can be grouped in the following vector:

vmðoÞ �

’wm1ðoÞ

’wm2ðoÞ

^

’wm16ðoÞ

8>>><
>>>:

9>>>=
>>>;
; ð36Þ

which can be related to the panel velocities at the control points by the following matrix relation:

vmðoÞ ¼ AðoÞvcðoÞ; ð37Þ
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where

AðoÞ ¼

A1

A2

&

A16

2
6664

3
7775: ð38Þ

When there is no control action, i.e., fsðoÞ � 0; then the transverse velocities at the centre
positions of the elements of the panel can be calculated directly from Eq. (31) to be

veðoÞ ¼ TeqðoÞqpðoÞ � TepðoÞfpðoÞ; ð39Þ

Provided the control system is stable, if, as shown in Fig. 5, for each sensor–actuator pair a
decentralized feedback control loop is implemented with constant velocity feedback gain, h; such
that

fsðoÞ ¼ �HðoÞvmðoÞ: ð40Þ

where

HðoÞ ¼

h1

h2

&

h16

2
6664

3
7775; ð41Þ

then, as can be deduced by the block diagram in Fig. 5, the velocities at the accelerometer
positions given by Eq. (32) are found to be

vcðoÞ ¼ ðI� TcsðoÞHAðoÞÞ
�1fTcqðoÞqpðoÞ � TcpðoÞfpðoÞg ð42Þ

and the transverse velocities at the centre positions of the elements of the panel given by Eq. (31)
are given by

veðoÞ ¼TeqðoÞqpðoÞ � TepðoÞfpðoÞ

þ TesðoÞHAðoÞðI� TcsðoÞHAðoÞÞ
�1fTcqðoÞqpðoÞ � TcpðoÞfpðoÞg: ð43Þ

It should be underlined that these results are valid provided the 16 decentralized feedback control
units are all stable. Elliott et al. [3] have shown that this is true when collocated and compatible
transducers are used. These authors have also shown that for a velocity sensor and a collocated
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Fig. 5. Block diagram of the decentralized feedback control system implemented in the smart panel, s ¼ jo:
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piezoceramic actuator patch, where the actuator is modelled as a set of four line-moment
excitations, the plant response is positive real at low frequencies and so a feedback control system
would be stable. In the second part of this paper the true behaviour of these two transducers is
analyzed in more detail both experimentally and numerically. It is shown that when the true
transducers are analyzed, each control unit is not guaranteed to be stable above few kilohertz.
Only a limited feedback gain can thus be used in Eqs. (42) and (43).

The total kinetic energy of the panel or the total sound power radiated per unit primary
excitation can be derived from the velocities of the radiating elements given in Eqs. (39) and (43).
The total kinetic energy of the panel is given by

EðoÞ ¼
rshs

4

Z lx

0

Z ly

0

j ’wðx; y;oÞj2 dx dy: ð44Þ

This expression can be approximated to the summation of the kinetic energies of each element
into which the panel has been subdivided so that

EðoÞ ¼
ms

4
vHe ðoÞveðoÞ; ð45Þ

where ms ¼ rshslxelye is the mass of the elements and H denotes the Hermitian transpose. The total
sound power radiation by a baffled panel can be derived by integrating the product of the near-
field sound pressure on the radiating side and the transverse velocity of the panel so that

W ðoÞ ¼
1

2

Z lx

0

Z ly

0

poðx; y;oÞ
� ’wðx; y;oÞ dx dy; ð46Þ

where � denotes the complex conjugate. The sound pressure in front of the panel pðx; y;oÞ is
related to the transverse velocity of the panel at the same position ’wðx; y;oÞ by the specific
acoustic impedance in air Zo so that

pðx; y;oÞ ¼ Zoðx; y;oÞ ’wðx; y;oÞ: ð47Þ

Similarly to the case of kinetic energy, the integral in Eq. (46) can be approximated to the
radiated sound power by all the elements into which the panel has been subdivided so that the
total sound power radiation can be expressed as

W ðoÞ ¼
DS

2
Re½vHe ðoÞpðoÞ�; ð48Þ

where pðoÞ is the vector with the phasors of the sound pressure in front of the panel at the centre
positions of the grid of elements:

pðoÞ ¼

p1ðoÞ

p2ðoÞ

^

p16ðoÞ

8>>><
>>>:

9>>>=
>>>;
: ð49Þ

Eq. (48) can also be written as

W ðoÞ ¼
DS

2
Re½vHe ðoÞZðoÞveðoÞ� ¼ vHe ðoÞRðoÞveðoÞ; ð50Þ
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where Z is the matrix with the point and transfer acoustic impedance terms over the grid of point
into which the panel has been subdivided [32]

ZðoÞ ¼
joroDS

2p

1
e�jkor12

r12
?

e�jkor1I

r1I

e�jkor21

r21
1

? ? ? ?

e�jkorI1

rI1
1

2
66666666664

3
77777777775
; ð51Þ

where ko ¼ o=co is the acoustic wavenumber in air and rij is the distance between the ith and jth
elements. The radiation matrix R is therefore given by [32]

RðoÞ ¼
DS

2

� 

Re½ZðoÞ� ¼

o2roDS2

4pco

1
sinðkor12Þ

kor12
?

sinðkor1I Þ
kor1I

sinðkor21Þ
kor21

1

? ? ? ?

sinðkorI1Þ
korI1

1

2
6666666664

3
7777777775
: ð52Þ

Although the sound power radiated by the panel usefully quantifies the farfield pressure it
generates, high vibration levels in weakly radiated modes can give rise to significant pressure levels
in the near-field of the panel. It has been shown that the total kinetic energy of a panel provides a
better measure of near-field pressure than radiated sound power [35], and so if there is any
possibility that listeners may be in close proximity to the panel, as well as being further away, then
both of these criteria are important for active structural acoustic control.

5. Simulations results

In this section the response of the panel and its sound radiation is discussed with reference to a
range of feedback gains in the 16 decentralized control units. First, the analysis is carried out
considering the system to be excited only by the monopole acoustic source placed within the
cavity. The kinetic energy and sound power radiation, given by Eqs. (45) and (50), have been
calculated using Eqs. (39) and (43) for the velocities of the radiating elements in the two cases of
no control or active control.

Fig. 6 shows the total kinetic energy of the panel excited by the monopole acoustic source in the
cavity when the 16 decentralized control units are implemented with various feedback gains, h:
Since the primary excitation acts on the acoustic cavity, the low-frequency response of the panel
before control is characterized by a selected number of panel or cavity natural frequencies. For
example, the first three resonances are close to the natural frequencies of the panel relative to the
modes (1,1), (1,3), and (3,1) which occur, respectively, at 69.7, 197.2 and 305:5 Hz and are well
coupled to the low-frequency volumetric response of the cavity. The fourth resonance frequency
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shows a relatively high peak which is in fact due to the first two natural modes of the cavity, the
(0,1,0) and the (0,0,1), which occur, respectively, at 414.3 and 445:5 Hz: These two cavity modes
are well coupled to the panel modes (3,3) and (1,5) whose natural frequencies are at 420.8 and
441:1 Hz: At higher frequencies the same type of behaviour is seen where well-defined resonance
peaks are found corresponding to either panel or cavity natural frequencies of strongly coupled
panel-cavity modes. When the control system is turned on, it can be noticed that as the gains of
the feedback loops are increased, the resonances which are controlled mainly by the panel natural
modes become more heavily damped, as one would expect with velocity feedback control. In
contrast, the resonances controlled by the cavity natural modes are not controlled. Also, it should
be noted that the first resonance at 69:7 Hz which is controlled by the (1,1) mode of the panel
requires much higher control gains to achieve the same control results obtained for higher order
panel modes. This is probably due to the coupling of the (1,1) mode of the panel with the
volumetric response of the cavity that produces a stiffening effect. Also, the piezoceramic patches
are moment-type actuators that find difficulty in exciting bending of the panel at low frequencies
[16]. If the gains of the feedback loops are increased beyond a certain value the closed-loop
response displays new peaks, such as that at about 185 Hz for example, which becomes more
pronounced as the feedback gain is increased. As discussed by Elliott et al. [3] these extra peaks
are due to the resonances of the controlled panel, which is effectively pinned at the sensor
positions with high feedback gains. If feedback controllers having very high gains were used, the
velocities at each sensor could be driven to zero and thus the response of the panel would be
characterized by a new set of natural modes defined by the clamping conditions at the four edges
and by the pinning conditions at the 16 control points. It is important to underline that these new
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Fig. 6. Kinetic energy of the panel when it is excited by the acoustic monopole source. With no control, solid line, and

with the 16 channel decentralized feedback control systems having a feedback gain of 10, dashed, 100, dotted, and 1000,

dot–dashed lines.

P. Gardonio et al. / Journal of Sound and Vibration 274 (2004) 163–192182



modes are lightly damped since the 16 control units are not introducing any active damping effect
having driven to zero the velocity at the control positions.

Fig. 7 shows the ratio of the sound power radiated on one side of the panel to the strength of
the primary monopole source in the cavity which here is called sound transmission. As discussed
above, before control, the response of the panel is controlled by the coupling of the panel-cavity
modes. However, at low frequencies, only the panel modes whose modal integers are odd radiate
sound significantly [21]. Also anti-resonances appear, due to destructive interference between the
sound pressures radiated by adjacent odd modes [21]. As the feedback gains are increased, similar
trends are observed in the reduction of the sound transmission coefficient as in the reduction of
the kinetic energy of the panel, except that the new resonance at about 185 Hz has the greatest
prominence, since its velocity distribution has the largest net volume velocity and therefore sound
radiation. Also, it can be noticed that for those peaks controlled by cavity modes, for example
those with natural frequencies 414.3 and 445:5 Hz; there is almost no reduction of the sound
radiation for any value of the control gain. Indeed between 400 and 1200 Hz there is no control,
on the contrary the sound radiation is enhanced for relatively high gains. Between 1200 and
1500 Hz good control levels are achieved despite the relatively higher frequencies.

When the kinetic energy of the panel is integrated across the bandwidth shown in Fig. 6 (up to
2 kHz) and this is plotted against feedback gain, a clear minimum of 7:4 dB is observed, for a gain
of about 100, as shown in Fig. 8 (solid line). For higher gains the total kinetic energy after control
is actually enhanced by about 2:8 dB because of the lightly damped new modal response of the
panel as described above. The solid line in Fig. 9 shows the variation with feedback gain of the
sound transmission ratio integrated across this bandwidth, which corresponds to the total
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radiated sound power if the plate is subject to broadband cavity excitation up to a frequency of
2 kHz; and this also has a minimum value of 3:7 dB for a feedback gain of about 100. At higher
feedback gains the overall sound power radiated after control is some 4:8 dB higher than it was
with no control, because of the lightly damped new modal response of the panel as described
above.

The second analysis has been carried out considering the system to be excited only by the
transverse point force acting on the panel. Fig. 10 shows the total kinetic energy of the panel
before control and when subject to control with 16 decentralized control systems with various
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feedback gains, h: The modal response of the panel is quite different to that shown in Fig. 6 since
the point force excites most, if not all, the modes of the panel. Also, because the cavity exerts only
a passive effect on the panel, then the cavity controlled peaky resonances seen in the previous
analysis are not so marked in this case. Indeed at low frequencies the first four resonances are
close to the first four natural frequencies of the panel modes (1,1), (1,2), (2,1) and (1,3) which
occur at frequencies: 69.7, 117.9, 163.3 and 197:2 Hz: Also, there are not the dominant resonance
peaks at about 414.3 and 445:5 Hz due to the cavity natural modes as found when the primary
excitation is given by the monopole source in the cavity. In this case, when the control system is
turned on, as the gains of the feedback loops are increased, most of the low-frequency resonances
are progressively damped so that for an optimal gain of 100 an overall reduction of the kinetic
energy of the panel of about 8:1 dB is achieved as shown by the dashed line in Fig. 8. For higher
values of gains the response of the panel is characterized by a new set of resonance frequencies
which, as seen above, are due to the new, lightly damped, modes of the panel generated by the
control units which, for higher gains, are pinning the panel at the 16 control positions. As a result,
for higher gains the overall kinetic energy in the frequency range 0–2 kHz is increased by about
1:2 dB as shown by the dashed line in Fig. 8. It is quite interesting to note also that in this case
larger control gains are required to achieve the same level of control for the first few resonances of
the panel as for the resonances at higher frequencies. As discussed above this is due to the
coupling between the low-frequency natural modes and the volumetric response of the cavity
which contrasts the action of the 16 control units. Fig. 11 shows the ratio of the sound power
radiated on one side of the panel to the amplitude of the primary force acting on the panel. This
spectrum is also characterized by a larger number of resonances when compared to that derived
for the case in which the primary excitation is the monopole source in the cavity. Most of the
resonances in the frequency range 0–2 kHz are damped when the optimal gain of about 100 is
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used so that an overall reduction of the sound radiation of about 5:5 dB is produced as shown by
the dashed line in Fig. 9. Considering the optimal gain, some of the low-frequency modes of the
panel are less damped because of the loading effect of the acoustic cavity. Also, as shown by the
dashed line in Fig. 9, when higher values of gain are implemented, because of the pinning effect of
the 16 control units, then the sound radiation is actually enhanced to about 3:2 dB:

6. Concluding remarks

This paper summarizes the theoretical work carried out to develop a prototype smart panel
with 16 decentralized vibration control units which implement velocity feedback (i.e., active
damping) for the reduction of sound radiation/transmission. The system studied consists of the
clamped and baffled smart panel which is mounted on a rectangular cavity. The panel is excited
either by a transverse point force or by the acoustic field generated in the cavity by a monopole
source. The main conclusions of this study can be summarized in the following seven points:

1. The low-frequency response of the panel before control is characterized by a selected number of
resonances that, in the case of the cavity primary source, correspond to either panel or cavity
natural frequencies of well coupled panel-cavity modes and in the case of the force primary
source, includes most, if not all, the modes of the panel.

2. At low-frequencies, only the modes whose modal integers are odd radiate sound significantly
and also anti-resonances appear, due to destructive interference between the sound pressures
radiated by adjacent odd modes.
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3. When the control system is turned on, it can be noticed that as the gains of the feedback loops are
increased, the resonances that are controlled mainly by the panel natural modes become more
heavily damped. In contrast, the resonances controlled by the cavity natural modes are not damped.

4. Larger control gains are required to control the panel modes with natural frequencies below the
first natural frequency of the cavity since the control units have to contrast the volumetric
loading of the acoustic cavity on the panel.

5. When the system is excited by the monopole acoustic primary source in the cavity, it has been
found that the kinetic energy or sound radiation integrated between 0 and 2 kHz are reduced,
respectively, by 7:4 dB and 3:7 dB corresponding to the optimal gain of 100. For higher gains
the control effectiveness degrades up to a point where the overall kinetic energy or sound
radiation are enhanced by 2.8 and 4:8 dB; respectively.

6. Similar behaviour has been found when the system is excited by the primary force acting on the
panel. For the optimal control gain of 100, the overall kinetic energy or sound radiation in the
frequency range 0–2 kHz are reduced, respectively, by 8.1 and 5:5 dB while for higher gains
there is an enhancement of 1.2 and 3:2 dB; respectively.

7. The degrading performance of the control systems when higher gains are used is due to the fact
that, for very high control gains, each control unit pins the vibration at the control point so that
the response of the panel is transformed to that of a lightly damped structure with a new set of
natural modes having higher natural frequencies because of the new pinning boundary
conditions corresponding to the 16 control systems.

A general review of the work done up to now to develop smart panels for the control of sound
radiation/transmission has also been presented. In particular, the various stages that brought
scientists to develop active structural acoustic control systems are discussed with reference to
either feed-forward and feedback control approaches. The review highlights that for feed-forward
control of tonal disturbances the sensor–actuator transducers must be designed to control
radiation modes while for feedback active damping control of broadband random disturbances
the sensor–actuator transducers should be designed to control structural modes.
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