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ARTICLE

Comparison of smart panels for tonal and broadband 
vibration and sound transmission active control
Paolo Gardonio, Emanuele Turco and Loris Dal Bo

Dipartimento Politecnico Di Ingegneria E Architettura, Università Degli Studi Di Udine, Udine, Italy

ABSTRACT
This paper presents a comprehensive overview of the principal 
features of smart panels equipped with feed-forward and 
feedback systems for the control of the flexural response 
and sound transmission due respectively to tonal and to 
stochastic broadband disturbances. The smart panels are 
equipped with two types of actuators: first, distributed piezo-
electric actuators formed either by small piezoelectric patches 
or large piezoelectric films bonded on the panels and second, 
point actuators formed by proof-mass electromagnetic trans-
ducers. Also, the panels encompass three types of sensors: 
first, small capacitive microphone sensors placed in front of 
the panels; second, distributed piezoelectric sensors formed 
by large piezoelectric films bonded on the panels and third 
point sensors formed by miniaturized accelerometers. The 
proposed systems implement both single-channel and multi- 
channel feed-forward and feedback control architectures. The 
study shows that, the vibration and sound radiation control 
performance of both feed-forward and feedback systems criti-
cally depends on the sensor-actuator configurations.
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1. Introduction

The recent problems of fossil fuel stock decline and climate change have pushed scientist 
and engineers to explore new designs of fuel-efficient transportation vehicles such as 
aircrafts, trains, and cars. In this respect, the use of innovative lightweight thin structures 
has been widely investigated. However, the application of these new structures into the 
vehicles has posed several new technical challenges, including the abatement of sound 
transmission to the interior of the vehicles [1–4]. In this respect, over the years, a wide 
range of materials, designs, treatments, and semi-active and fully active control systems 
have been investigated and developed to mitigate the vibration and sound transmission 
of thin walled structures. For instance, quite a vast assortment of innovative composite 
materials encompassing new micro- and nano-fiber reinforcements or special honeycomb 
designs have been proposed [5–7]. More recently, new 3D-printed meta-materials char-
acterized by periodic structures based on small-scale unit cells with block masses or 
resonators have been conceived and built for initial laboratory tests [8,9]. In parallel, 
several mass, stiffness and damping treatments have been proposed to improve the noise 
insulation properties of plain thin structures [6,10,11]. Also, double wall constructions 
encompassing a large variety of porous layers composed by innovative soft fibers or rigid 
frame porous materials have been introduced in real applications [12,13]. In parallel, 
passive and semi-active tuneable vibration absorbers (TVAs) have been employed to 
solve particular problems, such as the control of tonal disturbances or the control of the 
resonant response of specific flexural modes of thin structures [14,15]. In particular, semi- 
active TVAs formed by either electromagnetic proof-mass transducers [16,17] or piezo-
electric patch transducers [18–20] connected to electrical shunts have been used to 
develop adaptive TVA systems, which can track the frequency of the tonal excitation or 
can trace the resonance frequencies of structures subject to significant variations of the 
working conditions (e.g. tensioning effects, temperature variations, etc.).

During the past two decades, fully active systems were also investigated to control the 
flexural response and sound transmission of thin structures due to tonal or to stochastic 
broadband disturbances [6,21]. Historically, the first active noise control systems were 
formed by multichannel feed-forward controllers encompassing microphone sensors and 
loudspeaker actuators [22]. However, to guarantee good noise control levels, a rather 
large number of channels had to be used, which made these systems rather expensive 
and complex to install and to maintain. Indeed, at each frequency, the acoustic response 
of an enclosure is given by the overlap of multiple resonant modes, whose number 
increases proportionally to the cube of frequency [23]. In general, to fully attenuate the 
sound field of an enclosure, the control system should encompass as many channels as 
the number of modes forming the acoustic field at the frequency of the disturbance [24]. 
Therefore, to actively control the interior sound field in vehicles over the typical frequency 
ranges of the disturbances, the controller should encompass a rather large number of 
channels. This problem is further aggravated for stochastic noise sources, in which case 
a rather large number of reference sensors should also be employed to properly recon-
struct the primary disturbance. In fact, as shown in Ref. [25], in this case, the control 
performance is limited to 1 � γ2, where γ2 is the coherence function between the 
reference signal and the error signal. Therefore, even when the reference signal is strongly 
correlated to the primary disturbance such that the coherence function is 0:99, the 
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maximum control level that can be achieved is of the order of 20dB. The interior noise in 
aircraft and cars or trains is normally transmitted via flexural vibrations of the fuselage skin 
panels or vehicle bodywork panels. The flexural response of thin panels at each frequency 
is also characterized by the overlap of multiple modes. However, for thin panels, the 
modal overlap grows linearly with frequency [6,23]. Therefore, for a desired control 
frequency range, the vibration control system should encompass a smaller number of 
channels compared to an acoustic control system. Moreover, in this case, the sensors and 
actuators can be closely located on the panel, so that feedback control architectures can 
also be employed, which would effectively work on stochastic disturbances [6,25,26]. 
Therefore, during the past two decades quite a large number of studies have been 
dedicated to conceive and investigate both feed-forward and feedback vibration control 
systems, which could be embedded or fixed on thin structures to attenuate either tonal or 
stochastic sound transmission to the interior of vehicles.

The aim of this paper is thus to present a comprehensive overview of the principal 
features of smart panels equipped with feed-forward and feedback systems for the 
control of the flexural response and sound transmission due respectively to tonal dis-
turbances and to stochastic broadband disturbances. This comparative study springs up 
from a selection of past studies on smart panels for vibration and sound transmission 
control, which were presented in the following articles [27–32]. The smart panels con-
sidered in this study are equipped with two types of actuators: first, distributed piezo-
electric actuators formed either by small piezoelectric patches or large piezoelectric films 
bonded on the panels and second, point actuators formed by proof-mass electromag-
netic transducers. Also, the panels encompass three types of sensors: first, small capacitive 
microphone sensors; second distributed piezoelectric sensors formed by small piezo-
electric patches or large piezoelectric films bonded on the panels and, third, point sensors 
formed by miniaturized accelerometers fabricated with Micro Systems Technologies (MST).

The paper is structured in 6 parts. Section 2, introduces the 18 control architectures 
considered in this paper, where the first 12 are for feed-forward control systems and the 
remaining 6 are for feedback control systems. Section 3 presents the mathematical model 
used to derive the flexural response and sound transmission of the thin rectangular smart 
panels equipped with the feed-forward and the feedback control systems. Section 4 
recalls the formulation used to derive the sensing and actuation effects produced by 
piezoelectric distributed transducers bonded on the thin core panels. Section 5 presents 
a detailed comparative analysis of the flexural vibration and noise radiation control 
performances featuring the 18 control systems. Moreover, section 6 shows experimental 
results obtained with three demonstrators, which were studied in Refs. [33–35]. Finally 
Section 7 presents a summary of the comparative analysis presented in this paper.

2. Smart panels for vibration and sound transmission active control

For simplicity, it is assumed the panels are excited by a plane acoustic wave, which, as 
shown in Figure 1, impinges the panel with 45o azimuthal and elevation angles. This 
excitation field couples well with all flexural natural modes of the panel and can be 
conveniently used to describe the effect of a diffuse acoustic field excitation. As shown in 
Ref. [32], excitation fields with smaller or larger elevation angles will selectively modify the 
excitation strength of some low order modes of the panel and produce significant effects 
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only at the coincidence frequency, where the sound radiation is maximum. Nevertheless, 
the coincidence frequency is bound to be greater than the critical frequency [6], which for 
this panel is of the order of 12 kHz, thus well above the 2 kHz range considered in the 
study. The panels are baffled and simply supported along the perimeter. They have 
dimensions lxp � lyp ¼ 278� 247mm and the principal material and geometrical proper-
ties of the core aluminum panel and piezoelectric transducers are summarized in Table 1.

Tables(2, 3, 4, 5) summarize the smart panels examined in this study. The first 12 panels 
encompass feed-forward systems for the control of tonal disturbances. More specifically, 
the first 6 panels shown in Table 2, are characterized by multi-channel feed-forward 
control systems. For instance, panels (a) and (b) are made by a 4� 4 array of thin square 
piezoelectric patch actuators, which are driven by multi-channel feed-forward controllers 
set to minimize respectively the total noise radiation and the global flexural response of 
the panel. As shown in the sketches, in practice, the total radiated noise is estimated with 
an array of 5 microphones whereas the global flexural response of the panel is measured 
by 16 MST accelerometers located at the centers of the piezoelectric patches. As shown in 
Figure 1, the 5 microphones are located on hemisphere of radius 1m, which is centered on 
the middle of the panel. The radius of one microphone is thus oriented normal to the 
panel and the radii of the other four microphones are oriented along the principal axis of 
the panel with an elevation angle of 450. Panels (c) and (d) are also characterized by multi- 
channel feed-forward controllers. However, in this case the 16 piezoelectric patch actua-
tors have triangular shape and are evenly distributed along the perimeter of the panel 
with the base edge aligned with the border of the panel. As with the first two panels, the 

baffle
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f 

elevation angle
q 

incident acoustic 
plane wave

z

k0

y

sound radiated 
into free field 

microphones

x

Figure 1. Baffled rectangular smart panel excited by a plane acoustic wave and radiating sound into 
free field.
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two multichannel controllers are set to minimize respectively the total noise radiation 
measured by the array of 5 microphones and the global flexural response of the panel, 
which, in this case, is measured by 16 MST accelerometers located at tips of the triangles. 
These two arrangements are therefore located along the borders of the panel to form 
a compact system, which can be conveniently used for windscreens, windows, etc. At last, 
panels (e) and (f) encompass a 3� 3 array of small scale proof-mass electromagnetic 
actuators [36], which are characterized by a very low resonance frequency for the axial 
oscillations of the elastically suspended proof-mass so that, they generate transverse 
point forces over the whole frequency range of control [37]. Once more, the two multi-
channel controllers are set to minimize respectively the total noise radiation measured by 
the array of 5 microphones and the global flexural response of the panel, which, here, is 
measured by 9 MST accelerometers located at the footprints of the actuators.

The next 6 panels shown in Table 3, are instead characterized by single-channels feed- 
forward control systems. To start with, panels (g) and (h) encompass the same 4� 4 array 
of thin square piezoelectric patch actuators of panels (a) and (b). However, in this case the 
16 patches are driven by a single channel feed-forward controller, which, for panel (g) is 
set to minimize the total noise radiation measured by the array of 5 microphones and for 
panel (h) is set to minimize the global flexural vibration of the panel measured by the 16 
MST accelerometers located at the centers of the piezoelectric patches. Alternatively, 
panels (i) and (j) encompass a single piezoelectric film actuator, which covers the whole 
surface of the panel. The electrodes of the piezoelectric film are characterized by an array 
of quadratically shaded leafs. As will be discussed in Section 4.3.3, for each leaf, the 
transducer produces a line bending excitation, so that, in first approximation, the panel is 
uniformly excited in bending. In panel (i), the single channel feed-forward controller is set 
to minimize the total noise radiation measured by the array of 5 microphones. 
Alternatively, in panel (j), the controller is set to minimize the global flexural response 
of the panel, which, in this case, is measured by a matched piezoelectric film transducer 
with the quadratically shaded electrodes bonded on the opposite side of the panel. 
Finally, panels (k) and (l) incorporate the same 3� 3 array of small-scale proof-mass 
electromagnetic actuators of panels (e) and (f). However, in this case the 9 actuators are 
driven by a single channel feed-forward controller, which, for panel (k) is set to minimize 
the total noise radiation measured by the array of 5 microphones and for panel (l) is set to 
minimize the global flexural vibration of the panel measured by the 9 MST accelerometers 
located at the footprints of the actuators.

The final group of 6 panels implement instead feedback control systems. The design of 
feedback controllers is somewhat more involved, particularly for multi-channel 

Table 1. Physical properties of the core aluminum panel and PZT and PVDF transducers [38,39,127].
Parameter Symbol Aluminum PZT PVDF

Density ρs; ρpe 2720 kg=m3 7600 kg=m3 1780 kg=m3

Young’s modulus Es; Epe 7� 1010 N=m2 6:3� 1010 N=m2 2� 109 N=m2

Poisson ratio νs; νpe 0:33 0:31 0:29

Strain/charge constants
d0

31 166� 10� 12m=V 23� 10� 12m=V

d0
32 166� 10� 12m=V 3� 10� 12m=V

d0
36 0m=V 0m=V
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controllers, and requires reliable models of the dynamic response of the structure [38,39]. 
This is quite a severe requirement, particularly in view of the fact that the flexural response 
of thin panels used in transportation vehicles is susceptible to significant variations due to 
the operation conditions (e.g. tensioning effects, temperature changes, etc.). For this 
reason, the studies on smart panels with feedback systems for flexural vibration control 
have been directed toward simpler control architectures. In this paper, two arrangements 
are considered. The first is exemplified by panels (m), (n), and (o), which, as shown in Table 
4, implement decentralized velocity feedback loops [40–43]. More specifically, panel (m) is 
characterized by a regular 4� 4 array of velocity feedback loops, each composed by 
a square piezoelectric patch actuator with a miniaturized MST accelerometer sensor at its 

Table 2. Smart panels with multiple-channels feed-forward control systems

SCHEMESKETCHTYPE

( a )

( b )

( c )

( d )

( e )

( f )

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp
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center [29,33,40]. As discussed in Refs. [34,44,45], the stability of the overall system can be 
studied with a similar approach than that of a single channel feedback loop, which is 
based on a generalized Nyquist criterion [46,47]. This is quite an important feature, since, 
in first instance, the design of the feedback loops can be redirected to the design of 
a single velocity feedback loop with the closely located piezoelectric patch and acceler-
ometer sensor pair [37,44,45,48]. Panel (n) is also characterized by an array of 16 decen-
tralized feedback loops, which are arranged along the perimeter of the panel [29]. Each 
loop is formed by a triangular piezoelectric patch, with the base edge aligned to the 
border of the panel, and a miniaturized MST accelerometer at the tip. As will be discussed 
in Section 4.3.2, the triangular piezoelectric actuators produce a transverse force at their 

Table 3. Smart panels with single-channel feed-forward control systems.

SCHEMESKETCHTYPE

( g )

( h )

( i )

( j )

( k )

( l )

S

S

S

S

S

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp

S
+ +

v (w )0s

p (w )0i

r(w )0 G (w )0sc
v (w )0ch(w )0

G (w )0sp
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vertices, which is thus dual and collocated with the point velocity measured via the 
accelerometer. This is quite an interesting feature, particularly in view of the stability of 
the feedback loop [35]. Finally, panel (o) encompasses a 3� 3 array of velocity feedback 
loops, which are formed by proof-mass electromagnetic actuators with a miniaturized 
MST accelerometer at their footprint. Also in this case, the stability of the feedback loops is 
enhanced by the fact that the sensor-actuator pairs are collocated. Nevertheless, as 
discussed in Refs. [30,34,37], the low frequency dynamics of the proof-mass electromag-
netic actuator tends to destabilize the feedback loops when too large gains are imple-
mented. Over the years, several solutions have been proposed to solve this problem. For 
example, the application of relative displacement, relative velocity and force feedback 
loops between the magnet and armature-coil components were investigated [35,49–52]. 
Also, the implementation of a compensator in the controller, which moves to a lower 
value the fundamental resonance frequency of the actuator was proposed [53]. In parallel, 
the implementation of a non-linear control system to limit the stroke of the proof-mass 
was studied [54,55]. Finally, the adoption of actuators with a flywheel element have been 
tested [56,57].

To conclude, the panels (p), (q), and (r) shown in Table 5 are formed by single-channel 
feedback systems. To start with, panel (p) is formed by the 4� 4 regular array of square 
piezoelectric patches with MST accelerometers at their centers. In this case, the 16 patches 
are driven by the same control signal and the error signal is given by the sum of the 
signals measured by the 16 accelerometers. Panel (q) is built with the same matched 
piezoelectric films of panels (i) and (j), which are characterized by an array of quadratically 
shaded electrodes. Therefore, the system implements a very simple velocity loop where 
the volume velocity of the panel measured by one piezoelectric film is fed back to the 
piezoelectric film glued on the opposite face, which, approximately, generates a uniform 

Table 4. Smart panels with multiple-channels decentralized feedback control systems.

SCHEMESKETCHTYPE

( m )

( n )

( o )

v (w)c

S
+ +

v (w)s

p (w)i

G (w)sc

G (w)sp

-H(w)

v (w)c

S
+ +

v (w)s

p (w)i

G (w)sc

G (w)sp

-H(w)

v (w)c

S
+ +

v (w)s

p (w)i

G (w)sc

G (w)sp

-H(w)

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g g

gg

gg

g

g

g

g

g

g

g

g

g

g

g

g

g g g g

g g g
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force over the surface of the panel [58]. As will be discussed below, this is quite an 
appealing simple solution, where the matched volume velocity sensor and uniform force 
actuator effectively couple with the vibration component of the panel mainly contribut-
ing to the sound radiation. Nevertheless, as discussed in Ref. [27], the effectiveness of this 
setup is greatly influenced by the stability of the feedback loop, which is limited by the 
fact that the two transducers couple both via out-of-plane flexural vibrations and in-plane 
extensional and shear vibrations. The two coupling effects are out of phase and thus, 
although the two transducers are collocated and matched, they are not dual and cannot 
guarantee unconditional stability properties [27]. In general, the coupling via flexural 
vibrations dominates at low frequencies, particularly for thick panels. Thus, this sensor- 
actuator pair can be effectively used on thick honeycomb panels, provided a low-pass 
filter is implemented in the loop. An alternative solution to this setup is given by panel (r), 
which, as for panels (k) and (l), is equipped with a 3� 3 array of proof-mass actuators 
driven by the same control signal and a matched 3� 3 array of miniaturized MST 
accelerometers whose output signal are summed into a single feedback control signal. 
This setup is quite effective in measuring the volumetric transverse vibration of the panel 
and in generating a uniform transverse force over the panel. Nevertheless, also in this 
case, since both the sensing and actuation are not uniformly distributed, the feedback 
loop cannot guarantee unconditional stability. Therefore, once more, the effectiveness of 
the control system could be impaired by a low limit of the maximum stable feedback gain 
that can be implemented.

According to the literature, the control action produced by these smart panels can be 
classified in two groups: the so called Active Structural Acoustic Control (ASAC) systems 
and the so called Active Vibration Control (AVC) systems. The ASAC systems are made by 
arrangements where the structural actuators fixed on the panel are driven to minimize its 

Table 5. Smart panels with multiple-channels feedback control systems

SCHEMESKETCHTYPE

( p )

( q )

( r )

v (w)c

S
+ +

v (w)s

p (w)i

G (w)sc

G (w)sp

-h(w)

v (w)c

S
+ +

v (w)s

p (w)i

G (w)sc

G (w)sp

-h(w)

+ +
S

v (w)c v (w)s

p (w)i

G (w)sc

G (w)sp

-h(w)

S

S
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sound radiation estimated either by microphone acoustic sensors placed in the interior 
volume or by piezoelectric distributed transducer or accelerometer structural sensors 
fixed on the panel itself [6,21,38,58–70]. Since the first inception of this idea, quite 
a vast range of designs have been investigated by scientists, which encompass either 
distributed strain sensors or arrays of point sensors [71–81] specifically designed to detect 
the vibration components of a panel that mostly contribute to the far field sound 
radiation. Also, a considerable amount of efforts has been dedicated to the development 
of strain actuators in such a way as to have compact and lightweight composite smart 
structures [73,74,82–90]. The AVC systems are instead characterized by arrangements 
where the structural actuators mounted on the panel are driven to minimize its vibration 
field estimated by piezoelectric distributed transducers or accelerometers structural 
sensors fixed on the panel [6,28–42,45]. As will be shown in the paper, the ASAC approach 
is particularly suited to control the sound transmission through partitions, although it 
requires an accurate estimate of the sound radiation, which is not an easy task to attain. 
The AVC control systems are somewhat more simple system to implement, although they 
require a careful design to avoid that, as will be shown in the paper, the sound transmis-
sion is actually increased.

3. Mathematical formulation

The smart panels with feed-forward (panels a–l) and feedback (panels m–r) [6,21,25,38] 
control systems considered in this study are made either with distributed or point sensor 
and actuator transducers fixed on a core aluminum panel. The distributed transducers 
encompass dense arrays of small piezoelectric patch actuators or large piezoelectric film 
actuators and sensors, which are comparatively thinner than the core panel and cover 
a substantial portion of the core panel. Moreover, the point sensors and point actuators 
are formed by extensive arrays of miniaturized MST accelerometers and extensive arrays 
small-scale proof-mass electromagnetic transducers respectively. Therefore, the mathe-
matical formulation developed to study the flexural vibration and sound transmission 
control effects produced by the smart panels assumes the sensor and actuator transdu-
cers produce uniform stiffening and uniform inertia passive effects smeared over the 
entire surface of the core panel. Also, the distributed sensing and actuation effects of the 
piezoelectric transducers are modeled in terms of distributed linear-angular velocities and 
force-moment excitations. Since the study is focused on the analysis of the flexural 
response and sound transmission of the smart panels, only the effects produced by the 
out-of-plane vibrations is considered in the model. However, it should be emphasized 
that, the coupling between distributed transducers is heavily affected by the in-plane 
vibrations too, and thus, to accurately study the stability of the control systems, the 
models should encompass also the effects of in-plane extensional and shear vibrations 
[27]. The formulation assumes time-harmonic functions, which are given in the following 
complex form f tð Þ ¼ Re f ωð Þexp jωtð Þf g, where f ωð Þ is the frequency-dependent complex 
amplitude, ω is the circular frequency and j ¼

ffiffiffiffiffiffiffi
� 1
p

.
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3.1 Flexural vibration and sound transmission

The flexural response and the sound transmission of the panels are described with respect 
to the time-averaged total flexural kinetic energy E ωð Þ and time-averaged total radiated 
sound power P ωð Þ, which for brevity, will be referred to as ‘flexural kinetic energy’ and 
‘radiated sound power’. The flexural kinetic energy is used to describe both the flexural 
response of the panel and the near-field sound radiated by the panel [6]. Instead, the 
radiated sound power provides information on the far-field sound radiation. Following 
the formulation presented in Refs. [6,29,31], the flexural kinetic energy and radiated sound 
power are derived with the following modal expressions: 

E ωð Þ ¼
ρphp

4
ò

lxp

0 ò
lyp

0 _w x; y;ωð Þj j
2dx dy ¼

1
4

mpaH ωð Þ a ωð Þ (1) 

P ωð Þ ¼
1
2

ò
lxp

0 ò
lyp

0 Re _w� x; y;ωð Þp0 x; y;ωð Þf gdx dy ¼ aH ωð Þ A ωð Þ a ωð Þ (2) 

Here, mp ¼ ρphplxplyp and ρp are the total mass and the equivalent density of the smart 
panels. Also _w x; y;ωð Þ and p0 x; y;ωð Þ are the complex transverse velocity and sound 
pressure at a generic position x; yð Þ on the panel. Finally, a ωð Þ is a N� 1 vector with the 
first N complex modal velocity amplitudes of the panel flexural vibration. To model 
accurately the flexural vibration of the panels up to 2 kHz, the contribution of all flexural 
modes of the simply supported panel with natural frequencies up to 20 kHz have been 
considered. Such a large number of modes is necessary to properly reconstruct the 
coupling of the distributed sensors and of the distributed actuators with the flexural 
vibration fields of the panel. Finally, according to the formulation presented in [6], A ωð Þ is 
the N� N ‘power transfer matrix’, which for a flat panel is given by 

A ωð Þ ¼
ωρ0

4π
ò

lxp

0 ò
lyp

0 ò
lxp

0 ò
lyp

0 ϕT x; yð Þ
sin k0dð Þ

d
ϕ x0; y0ð Þdx0dy0dxdy (3) 

Here k0 ¼ ω=c0 and c0 ¼ 343 m=s are respectively the acoustic wavenumber and speed 
of sound in air, ρ0 is the density of air, d is the distance between points x; yð Þ and x0; y0ð Þ of 
the panel. Also, ϕ x; yð Þ is the 1� N vector with the first N flexural natural modes at point 

x; yð Þ of the panel.
The first row in Figure 2 shows the first five flexural modes of the simply 

supported panel considered in this study. According to Eq. (2) the radiated sound 
power by the panels is characterized by both the self-radiation effects of the 
structural modes, which depend on the diagonal terms of the matrix A ωð Þ, and 
mutual-radiation effects of pairs of modes, which depend on the off-diagonal terms 
of the matrix A ωð Þ [6,71,72]. Figure 3 shows both the diagonal (red lines in Plots a,c) 
and off-diagonal (black lines in Plots b,d) elements of the matrix A ωð Þ with reference 
to the ratio k0=kb between the acoustic and flexural wave numbers. The red lines in 
Plots (a,c) indicate that all flexural modes effectively radiate sound above the critical 
frequency ωc such that ko > kb. At frequencies below ωc, such that ko < kb, the 
efficiency tends to fall to 0 as ω! 0. In general, the natural modes with both odd 
mode orders are better sound radiators than modes with respectively one or both 
even mode orders. Therefore, at frequencies below the critical frequency the sound 
radiation is controlled by the so-called volumetric modes, that is those modes 
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characterized by a net displacement over the whole surface of the panel. In contrast, 
above the critical frequency ωc, all modes efficiently contribute to the sound radia-
tion. The black lines shown in Plots (b,d) indicate that the mutual-radiation efficien-
cies are much smaller than the self-radiation efficiencies. Moreover, they assume both 

( a ) structural modes

( 1,1 )

( 1 )

( 2,1 )

( b ) radiation modes at f = 100 Hz

( c ) radiation modes at f = 800 Hz

( 1,2 ) ( 3,1 ) ( 2,2 )

( 2 ) ( 3 ) ( 4 ) ( 5 )

( 1 ) ( 2 ) ( 3 ) ( 4 ) ( 5 )

Figure 2. Panel flexural modes (a) and sound radiation modes at 100 Hz (b) and 800 Hz (c).
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Figure 3. Self (a,c) and mutual (b,d) radiation efficiencies of the rectangular panel plotted in 
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positive and negative values, such that, the black lines in Plot (b) are characterized 
by the sharp troughs at those frequencies where the efficiencies approach 0 and 
then switch sign. Therefore, as discussed in Chapter 3.6 of reference [6], the mutual 
sound radiation effects produced by pair of modes will either enhance or attenuate 
the sound radiation within given frequency bands. This suggests that, controlling the 
vibration field produced by a specific flexural mode of the panel could actually bring 
to an increment of the sound radiation at those frequency bands where the mutual 
sound radiation effects of this mode with other modes of the panel would signifi-
cantly attenuate the sound radiation [21].

The self and mutual-radiation mechanisms described above arise from the shapes of 
the flexural natural modes. The studies summarized in Refs. [68,91–95] proposed that the 
sound radiation can also be formulated with respect to a new set of modal functions, 
which radiate sound independently. As shown in Ref. [6], Since the power transfer matrix 
A ωð Þ is normal, that is, it is real, symmetric and positive definite, it is possible to imple-
ment the following eigenvalue-eigenvector decomposition 

A ωð Þ ¼ PT ωð Þ Ω ωð Þ P ωð Þ (4) 

where P ωð Þ is the M� N orthogonal matrix of eigenvectors and Ω ωð Þ is the M�M 
diagonal matrix with real and positive eigenvalues. Therefore, the expression given in 
Eq. (2) for the radiated sound power becomes 

P ωð Þ ¼ bH ωð Þ Ω ωð Þ b ωð Þ (5) 

Here 

b ωð Þ ¼ P ωð Þ a ωð Þ (6) 

is a M� 1 vector of transformed modal amplitudes, which radiate sound independently 
from each other. These complex modal amplitudes arise from a new set of modes of the 
panel, which are called ‘radiation modes’ and are given by the linear combination of the 
panel flexural modes weighted by the eigenvectors such that, for example, the j-th 
radiation mode is given by 

ψj x; y;ωð Þ ¼ ϕ x; yð Þ PT
j ωð Þ (7) 

(1)
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(3)

(4) (5)
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Figure 4. Radiation modes efficiencies.
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where Pj ωð Þ is the j-th row of the matrix P ωð Þ. This expression indicates that, unlike the 
structural modes, the shapes of the radiation modes depend on frequency. In this case, 
the radiation efficiencies are given by the eigenvalues in the matrix Ω ωð Þ, which are also 
called ‘radiation modes efficiencies’. The radiation modes efficiencies are normally sorted 
in descending order. For instance, Figure 4 shows the spectra of the radiation efficiencies 
for the first five radiation modes with respect to the ratio k0=kb. Also, the second and third 
rows of Figure 2 show the shapes of the first five radiation modes calculated at 100 Hz and 
800 Hz, which can be contrasted with the shapes of the first five structural modes of the 
panel shown in the first row. Figure 4 shows that, also in this case, all radiation modes 
effectively radiate sound above the critical frequency ωc such that ko > kb, whereas, at 
frequencies below ωc, such that ko < kb, the efficiencies tend to fall to 0 as ω! 0. 
According to Figure 2(b,c) and 4, the first, and most efficient, radiation mode is character-
ized by an even transverse displacement of the panel, which tends to be rounded off at 
higher frequencies. This mode is normally called volumetric mode since it produces a net 
volumetric displacement of the air. The second and third radiation modes are instead 
characterized by rocking displacements of the panel, which therefore are less efficient 
sound radiators. The fourth and fifth modes are characterized by twisting and bending 
shapes, whose sound radiation efficiency is even lower.

For air, the fluid loading on the panel can be neglected [6], such that the vector with 
the modal complex velocities for the flexural response of the panel can be expressed in 
terms of the primary and the R control excitations as follows [6,28,31]: 

a ωð Þ ¼ ap ωð Þpi ωð Þ þ Ac ωð Þvc ωð Þ (8) 

where ap ωð Þ is the N� 1 column vector with the modal complex velocities per unit 
primary acoustic wave excitation and Ac ωð Þ is the N� R matrix with the modal complex 
velocities per unit control sources, whose elements are given respectively by [96]: 

an
p ωð Þ ¼

jωFn
p ωð Þ

mp ω2
n � ω2 þ j2ζnωωn

� � (9) 

An;r
c ωð Þ ¼

jωFn;r
c ωð Þ

mp ω2
n � ω2 þ j2ζnωωn

� � (10) 

Here ζn is the modal damping ratio, which was taken to be 0.01 for all modes in these 

simulations. Also, assuming the panels are simply supported along the four edges, ωn ¼

ffiffiffiffiffiffiffiffiffiffiffi
Dp

ρp hp

q
n1π
lxp

� �2
þ n2π

lyp

� �2
� �

is the n-th flexural natural frequency 

and φn x; yð Þ ¼ 2 sin n1πx
lxp

� �
sin n2πy

lyp

� �
is the n-th flexural natural mode, which is character-

ized by indices n1 and n2. For example, the first five flexural modes of the panels 

considered in this study are shown in Figure 2(a). In these expressions, Dp ¼
Eph3

p

12 1� ν2
pð Þ

is 

the smeared bending stiffness of the smart panel, which is thus characterized by the 
equivalent Young’s modulus of elasticity Ep and the equivalent Poisson ratio νp. Lastly 
Fn

p ωð Þ and Fn;r
c ωð Þ are the modal excitation terms, which are due respectively to primary 

sound pressure field generated on the surface of the panel by the impinging plane wave 
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and to the secondary flexural excitation(s) generated by the control actuator(s) fixed on 
the panel. The first term, is given by the integral of the sound pressure field generated 
over the panels surface [97], which for a plane harmonic acoustic wave incident with 
azimuthal and elevation angles of φ ¼ 450 and θ ¼ 450, is given by: 

pi x; y; tð Þ ¼ Re pi ωð Þej ωt� kx x� ky yð Þ
n o

(11) 

Here pi ωð Þ is the complex amplitude of the plane wave, which has a wave numbers in 
x and y directions given by kx ¼ k0sin θð Þcos φð Þ and ky ¼ k0sin θð Þsin φð Þ. Therefore the 
modal excitation terms Fn

p ωð Þ due to the primary incoming acoustic wave are given 
by [96]: 

Fn
p ωð Þ ¼ 2pi ωð Þ ò

lxp

0 ò
lyp

0 φn x; yð Þe� j kx xþky yð Þdxdy ¼ 2 pi ωð Þ In1In2lxplyp (12) 

When n1π�� αxsinθcosφ and n2π�� αysinθsinφ, the two coefficients In1 and In2 are 
given by [97] 

In1 ¼
n1π 1� � 1ð Þ

n1 exp � jαx sinθ cos φð Þ½ �

n1π½ �
2
� αx sin θ cos φ½ �

2 , In2 ¼
n2π 1� � 1ð Þ

n2 exp � jαy sinθ sin φð Þ½ �

n2π½ �
2
� αy sinθ sin φ½ �

2 .            (13a,b) 

Alternatively, when n1π ¼ �αxsinθcosϕ and n2π ¼ �αysinθsinϕ, they are given by 

In1 ¼ �
1
2 jsgn sin θ cos φð Þ, In2 ¼ �

1
2 jsgn sin θ sin φð Þ .                    (13 c,d) 

Here sgnðÞ is the sign function and αx ¼
ωlxp

c0 
and αy ¼

ωlyp

c0
, where lxp, lyp are the 

dimensions of the plate and c0 is the speed of sound in air. Similarly, the secondary 
modal excitation terms Fn;r

c ωð Þ too can be derived from an integration over the surface of 
the panel, in this case, with respect of the excitation field(s) produced by the control 
actuator(s) on the surface of panels. Therefore, for the proof-mass electromagnetic point 
actuators, they are simply given by the amplitudes of the panel modes at the control 
positions. Instead, for the distributed piezoelectric actuators shown in Table 2–5, they are 
given by somewhat more involved expressions, which are described in details in the 
following Section 3. To conclude, vc ωð Þ is the R� 1 vector with the complex input voltage 
signals, vcr ωð Þ, to the R control piezoelectric transducers.

In this study, the sound transmission through the smart panels is assessed with respect 
to the sound transmission ratio [6,68,98], which gives the ratio between the time- 
averaged total radiated sound power and the time-averaged total incident sound power: 

T ωð Þ ¼
Pr ωð Þ
Pi ωð Þ

(14) 

The time-averaged total incident sound power produced by the plane acoustic wave is 
given by [68]: 

Pi ωð Þ ¼
1

2 ρ0c0
pi ωð Þj j

2 lxplyp cos θð Þ (15) 

The vector with the complex control signals, vss ωð Þ, from the S control sensors can also be 
expressed with the following matrix expression: 
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vs ωð Þ ¼ Gsp ωð Þ pi ωð Þ þ Gsc ωð Þ vc ωð Þ: (16) 

Here vs ωð Þ is the S� 1 vector with the complex output signals vss ωð Þ from the S control 
sensors, which, according to Table 2–5, are either point accelerometers or distributed 
piezoelectric transducers. The matrices Gsp ωð Þ and Gsc ωð Þ contain the frequency response 
functions (FRFs) between the sensors output signals and respectively the primary excita-
tion and the control input signals, which can be expressed in terms of the following two 
matrix expressions: 

Gsp ωð Þ ¼ σs ωð Þap ωð Þ (17) 

Gsc ωð Þ ¼ σs ωð ÞAc ωð Þ (18) 

For the structural sensors, �s ωð Þ is a S� N matrix with the modal sensing terms �s;n
s ωð Þ

generated by the sensor(s) fixed on the panel. More specifically, for the point MST 
accelerometers, they are simply given by the modal amplitudes at the positions of the 
sensors. Instead, for the distributed piezoelectric sensors shown in Table 2–5, they are 
given by more elaborate expressions, which correspond to those presented in Section 3 
for the dual piezoelectric actuators. Alternatively, for the point microphone sensors 
located in front of the panel, they are given by the Rayeligh integral [6] of the sound 
radiated by a baffled planar surface weighted by the modal amplitudes. For instance, the 
sound measured by the s-th microphone for the vibration field of the n-th mode of the 
panel is given by 

�s;n
s ωð Þ ¼

jωρ0

2π
ò

lxp

0 ò
lyp

0 φn x; yð Þ
e� jk0R

R
dxdy (19) 

where R is the distance between the positon of the s-th microphone xs; ys; zsð Þ and the 
point of coordinates x; y; 0ð Þ on the panel. In general, the terms in the matrix �s encom-
pass the transfer function of the output signal conditioner. Thus, they may include a time- 
integrator and a high-pass filter to implement DC decoupling and a low-pass filter to 
attenuate the undesired effects produced by the electro-mechanical coupling between 
the sensors and actuators and by noise at higher frequencies than the selected 0–2 kHz 
range.

3.2 Feed-forward and feedback control architectures

As shown in the block diagrams reported in Table 2–5, the smart panels considered in this 
study are characterized by two control architectures: feed-forward and feedback. Feed- 
forward systems are normally used to control deterministic disturbances, for which 
a reference harmonic or periodic signal can be measured [6,21]. In contrast, feedback 
systems are usually employed to control stochastic disturbances such as diffuse sound 
fields or sound pressure fields generated by turbulent boundary layer aerodynamic 
excitations, which cannot be measured in advance to provide a reliable set of reference 
signals [6,32,38,99,100].

To start with, let’s consider the smart panels depicted in Table 2, which implement 
multi-channels feed-forward controllers [6,21,22,25,38]. This control architecture relies on 
the advance knowledge of a reference signal r ω0ð Þ correlated to the harmonic 
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disturbance to be canceled, which in this study is a time-harmonic plane wave with 
frequency ω0. According to the block diagram, the reference signal is fed to an array of 
control filters h1 ω0ð Þ, h2 ω0ð Þ, . . ., hR ω0ð Þ, which generate the control signals vc1 ω0ð Þ, 
vc2 ω0ð Þ, . . ., vcR ω0ð Þ driving the piezoelectric strain actuators embedded on the panel. 
Therefore, the vector with the R complex control signals can be expressed as 

vc ω0ð Þ ¼ h ω0ð Þr ω0ð Þ (20) 

where h ω0ð Þ is the R� 1 vector with the control filters. These filters are normally set to 
minimize quadratic cost functions reconstructed from a set of error sensors. Therefore, in 
practice adaptive feed-forward control schemes are implemented [22,25], such that the 
control filters can be continuously adapted to minimize the objective quadratic cost 
function. Normally, the control filters are set to minimize the sum of the mean-square 

error signals measured by the array of sensors, such that J ω0ð Þ ¼
PS

s¼1
vss ω0ð Þj j

2. In this case, 

considering Eqs. (20) and (16), the cost function can be expressed in terms of the following 
Hermitian quadratic matrix expression: 

J ω0ð Þ ¼
XS

s¼1

vss ω0ð Þj j
2
¼ vH

s vs

¼ hHGH
scGschþ hHGH

scGsppi þ p�i GH
spGschþ p�i GH

spGsppi:

(21)
As shown in Ref. [25] for example, the minimum of this quadratic cost function can be 

derived for three cases. First, the over-determined case with more sensors than actuators 
in which case: 

hopt ¼ � GH
scGsc

� �� 1GH
scGsppi (22a) 

Second, the fully-determined case with equal numbers of sensors and actuators such that: 

hopt ¼ � G� 1
sc Gsppi (22b) 

Third, the under-determined case with fewer sensors than actuators [25], where: 

hopt ¼ � GH
sc GscGH

sc

� �� 1Gsppi (22c) 

This formulation can be used also to study the single-channel control systems depicted in 
Table 3, although the matrix expressions will be replaced by simpler scalar formulae.
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Figure 5. (a) Flat core structure and piezoelectric transducer. (b) Equivalent flexural excitations 
produced on the core structure by the piezoelectric transducer.
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Let’s now consider the smart panels depicted in Table 4, which implement multi- 
channel feedback controllers with an equal number of control actuators and error sensors 
such that R ¼ S. As depicted in the block diagram, these arrangements implement 
a typical disturbance-rejection feedback architecture. Therefore, in this case, the vector 
with the R complex control signals is given by 

vc ωð Þ ¼ � H ωð Þvs ωð Þ (23) 

where H ωð Þ is a fully populated matrix of control functions and vs is the vector with the 
S complex signals measured by the error sensors, which is given by Eq. (16). Therefore, 
substituting Eq. (23) in Eq. (16) the vector with the closed loop error signals is given by 

vs ωð Þ ¼ Iþ Gsc ωð ÞH ωð Þ½ �
� 1Gsp ωð Þpi ωð Þ (24) 

where Iþ Gsc ωð ÞH ωð Þ½ � is the ‘return difference matrix’ [25]. The optimal design of 
the control functions is rather involved [38,39,46,47,101–111] and would require 
a reliable model of the plant responses between the S outputs from the error sensors 
and the R inputs to the control actuators, which compose the fully populated matrix 
Gsc ωð Þ [25,38,39,46,47]. Normally, the electro-mechanical response of smart structures 
is heavily affected by the operation conditions, such as for example temperature 
variations, tensioning effects, imposed constraints, etc. Therefore, the model for the 
plant responses should be continuously updated to take account the effective 
response of the smart structure [25,38,39,46,47]. Alternatively, robust control design 
should be implemented, which, however, would limit the effectiveness of the con-
troller [25,38,39,46,47]. For this reason, simpler feedback control schemes are nor-
mally sought. In particular, this study considers the implementation of single channel 
or multi-channel decentralized velocity feedback loops between closely located and 
dual sensor–actuator pairs [25,46,47]. In this respect, Ref. [112], showed that, for the 
case of broadband flexural vibration control of thin structures with collocated and 
dual sensor-actuator pairs, multichannel decentralized feedback systems perform as 
well as distributed and centralized control systems. In decentralized feedback control 
systems, the control functions for each control loop can be designed using the 
classic feedback control theory, which is based on frequency domain analysis and 
synthesis [25,46,47,113–116]. In general, it can be demonstrated that, when the array 
of decentralized feedback loops is made with collocated and dual sensor-actuator 
pairs [117–119], the feedback loops are bound to be unconditionally stable [120,121], 
even for large variations of the response of the hosting structure or failure of single 
control units. Therefore, this control architecture has the advantage of being rela-
tively simple and modular. The simplest type of collocated and dual sensor-actuator 
pair is given by a point velocity sensor and a collocated point force actuator. This 
sensor-actuator pair can be suitably used to implement a constant gain velocity 
feedback loop, which is physically equivalent to adding a sky-hook point damper 
to the hosting structure [6,40]. At low frequencies where the flexural response of the 
structure is dominated by the resonant responses of low order modes [6,23], adding 
sky-hook dampers can be very effective, both in terms of controlling the response 
and the sound transmission of the structure [6,40]. In principle, the control perfor-
mance of the feedback loop can be further improved by tailoring the control 
function to the response of the hosting system. However, this would require again 
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a model of the system response and thus either on-line model updating or robust 
control design, which are not desirable. As will be discussed in details in Section 5, 
the practical sensor-actuator pairs considered in this study are not exactly collocated 
and dual. For this reason, the feedback controllers will normally include time- 
integrators, high-pass filters to avoid DC coupling between the transducers, low- 
pass filters to cut high-frequency undesired electro-dynamic effects of the smart 
structure and, in some cases, compensators designed to cut specific electro- 
dynamic effects of the transducers (e.g. shift to lower frequencies the resonant 
response of proof mass electromagnetic force actuators [53]). All these measures 
depend on the sensor-actuator transducers rather than the dynamic response of the 
hosting structure, and thus can be effectively designed upfront independently from 
the dynamic response of the hosting structure.

4. Sensing and actuation effects produced by piezoelectric transducers

As shown in the sketches of Table 2–5, part of the smart panels considered in this study 
are composed by a core substrate, that is a thin aluminum panel, with piezoelectric strain 
sensors and piezoelectric strain actuators bonded on the top and bottom surfaces 
respectively. More specifically, two types of transducers are considered, that is: first, 
dense arrays of small patches made with piezoceramic PZT materials (led, zirconate, 
titanate [122]) and, second, large foils that cover the whole surface of the panel made 
with PVDF materials (polyvinylidene fluoride polymer [123]).

As shown in Figure 5, both types of transducers are formed by a thin layer of piezo-
electric material poled in transverse direction with thin electrodes deposited on either 
side. The passive mechanical effects produced either by the arrays of small patches or by 
the large piezoelectric films are taken into account as smeared mass and smeared 
bending stiffness effects. Therefore, the equation of motion for the flexural vibration of 
the composite structure has been derived with reference to the classical laminated plate 
theory, which is an extension of Kirchhoff plate theory for thin plates [5,124,125]. 
Accordingly, a plane stress state is assumed such that the constitutive equations for the 
core substrate and for the outer piezoelectric layers are given by the following expres-
sions [5,126–128]: 
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for the metal core layer and 
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D3 ¼ P33E3 þ d0
31 d0

32 d0
36

� � T1
T2
T6

2

4

3

5 (27) 

for the outer piezoelectric layers. In these expressions, S1; S2; S6 and T1; T2; T6 are the strain 
and stress components for flexural vibrations of the thin layers, which assume plain strain 
deformation, such that S3 ¼ S4 ¼ S5 ¼ 0 and T3 ¼ T4 ¼ T5 ¼ 0, where S1; � � � ; S6 and 
T1; � � � ; T6 are the extension and shear strain components and the normal and shear stress 
components respectively, defined with respect to the Voigt-Kelvin notation [124]. Also, ρs, 
Es, νs, and ρpe, Epe, νpe are the densities, Young’s modulus of elasticity and Poisson ratio of 
the core substrate, i.e. aluminum plate, and outer piezoelectric layers respectively. Also, E3 

is the electric field generated by the electric potential difference V3 between the electro-
des and D3 is the electric displacement collected by the two electrodes. Moreover, P33 is 
the permittivity of the piezoelectric material in direction 3. Finally e0

31, e0
32, and e0

36 are the 
piezoelectric stress/charge constants, which for a thin piezoelectric layer can be expressed 
in terms of the following law [128]: 
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2
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3
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Here m ¼ cos β, n ¼ sin β, where, according to Figure 5(a), β is the angle between the 
principal axis 1,2 of the piezoelectric material and the principal axis x,y of the panel 
respectively. Also, d0

31, d0
32, and d0

36 are the piezoelectric strain/charge constants [128], 
whose typical values for PZT and PVDF materials are summarized in Table 1.

Since the study is focused on sound transmission in the 0–2 kHz frequency band, only 
the flexural response of the smart panels is considered in this study. Therefore, the 
sensing and actuation effects of the piezoelectric strain transducers are modeled using 
the formulations proposed by Lee [128] and Deraemaeker et al. [129] with respect to 
flexural vibrations only. In this respect, it is important to highlight that, although in-plane 
vibrations have negligible effects on the sound transmission, they actually highly influ-
ence the coupled response between strain sensors and strain actuators pairs. This is 
particularly the case for matched sensor-actuator pairs formed by large piezoelectric 
patches or foils bonded on the two faces of the core thin structure. In this case, the 
study presented in Ref. [27] showed that, above a given cutoff frequency, the coupling 
between sensors and actuators via in-plane extensional and shear vibrations may exceed 
that via out-of-plane flexural vibrations. This is quite a critical problem, both because the 
control system would drive the actuators to control the in-plane vibrations rather than the 
flexural vibrations and because the control system may actually become unstable. Indeed, 
the study in Ref. [27], showed that the sensor-actuator couplings via in-plane and out-of- 
plane vibrations are actually out-of-phase and thus the sensor-actuator Frequency 
Response Function (FRF) cannot be minimum phase. Hence, according to the Nyquist 
stability criterion [25], the control system cannot be unconditionally stable.

Some panels use arrays of lightweight miniaturized MST seismic accelerometers, which 
produce negligible effects on the dynamic response of the panel in the 0–2 kHz frequency 
band considered in this study. Therefore, the accelerometers are modeled as idealized 
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point sensors. Again, it is important highlight that, the stability of the proposed control 
systems relies on the sensor-actuator FRF over a wide frequency range, which would 
encompass the typical resonance peak and 1800 phase lag effects produced by 
the second order response of the seismic accelerometers [35,44]. Thus, in this case too, 
the sensor-actuator FRF cannot be minimum-phase such that, according to Nyquist 
stability criterion, the control system cannot be guaranteed unconditionally stable. 
Similar considerations should be made for the panels with arrays of small-scale proof- 
mass electromagnetic actuators, which are characterized by a resonant response that 
greatly affects the stability of the feedback loops too [30,34,37,45].

4.1 Piezoelectric sensor bonded on a thin core structure

In general, when a piezoelectric patch or foil poled in transverse direction is bonded onto 
the surface of a thin structure, the out-of-plane flexural vibration and the in-plane 
extensional and shear vibrations of the structure stretch and twist the piezoelectric 
material, which then displaces charges on the surfaces of the two electrodes by means 
of the direct piezoelectric effect [130]. A current output signal proportional to the 
transducer strain rate can thus be obtained with an appropriate charge amplifier signal 
conditioner. As shown in the sketch (a) of Figure 5, the electrical output of the piezo-
electric sensor is taken along axis 3 with reference to strain of the piezoelectric material 
along axis 1 and 2. The current output signal is tð Þ generated by a piezoelectric transducer 
bonded to a thin flat plate can be expressed in terms to two components. The first is due 
to the out-of-plane flexural vibration of the structure, is;b tð Þ whereas the second is due to 
the in-plane extensional and shear vibrations of the structure, is;a tð Þ. Therefore: 

is tð Þ ¼ is;b tð Þ þ is;a tð Þ (29) 

where, according to Refs. [6,128], 

is;b tð Þ ¼ �
hp
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Figure 6. Rectangular panels with (a) square, (b) triangular, and (c) quadratic strip piezoelectric 
patches.
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Here hp ¼ hs þ hpe is given by the thickness of the core substrate hs and the thickness of 
the piezoelectric layer hpe. Also, _u x; y; tð Þ, _v x; y; tð Þ and _w x; y; tð Þ are the velocities of the 
plate along the x, y and z directions. Finally, S x; yð Þ ¼ F x; yð ÞP0 x; yð Þ is a sensitivity func-
tion, which, according to Lee’s formulation [128], is given by the product of the spatial 
function F x; yð Þ, which provides the surface of the electrodes deposited on the piezo-
electric material, and the poling function P0 x; yð Þ, which provides the strength of the 
polarization in directions 1,2,6, over the surface of the piezoelectric material, i.e. 
P0 x; yð Þ ¼ P1 x; yð Þ ¼ P2 x; yð Þ ¼ P6 x; yð Þ. According to Eq. (28), an orthotropic piezoelectric 
material with strain/charge constants d0

31�d0
32 and d0

36 ¼ 0 would be characterized by 
three stress/charge constants, i.e. e0

31�0, e0
32�0, e0

36�0, provided its principal axes 1,2 are 
oriented at an angle β�0 with respect to the principal axes x,y of the core panel. 
Therefore, the sensor output current will result both from the transducer extensional 
strains in directions 1,2 and from the shear strain in direction 6, which can be generated 
respectively by bending and twisting deformations of the composite structure. Instead, 
a plane isotropic piezoelectric material with strain/charge constants d0

31 ¼ d0
32 and d0

36 ¼ 0 
will always be characterized only by two stress/charge constants, i.e. e0

31�0, e0
32�0, 

e0
36 ¼ 0; regardless the principal axes 1,2 are oriented at an angle β�0 with respect to 

the principal axes x,y of the core panel. In other words, the current output of the 
transducer will solely depend on the bending deformation of the composite structure.

4.2 Piezoelectric actuator bonded on a thin core structure

In general, when an electric potential difference V3 is applied between the electrodes of 
a piezoelectric patch or foil poled in transverse direction, the electric field generated across 
the piezoelectric material infer a plane strain effect by means of the inverse piezoelectric 
effect [130]. When the piezoelectric patch or foil is bonded on the thin core structure, a force 
field is generated, which bends, twists and stretches the composite structure [128]. The 
equations of motion for the in-plane extensional and shear vibrations and for the uncoupled 
out-of-plane flexural vibration are in this case given by [6,128]: 
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where ρp, Ep, νp are the averaged density, Young’s modulus of elasticity and Poisson ratio 
of the composite structure, vc is the control voltage applied across the piezoelectric 
transducer and δep is equal to � 1 when the electric field and poling direction point in 
the same or opposite directions respectively. As seen for the sensor Eqs. (30), (31), hp ¼
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hs þ hpe is given by the thickness of the metal core substrate hs and the thickness of the 
piezoelectric layer hpe.

4.3 Shading of piezoelectric sensor and actuator transducers

The expressions derived in Eqs. (30), (31) and (32), (33), (34) in the previous two sections 
showed that the sensing and actuation effects produced by thin piezoelectric patches or 
foils bonded on a metallic core layer depend on the so called sensitivity function 
S x; yð Þ ¼ F x; yð ÞP0 x; yð Þ, which is composed by two functions [128]. The first defines the 
surface covered by the electrodes of the piezoelectric transducers F x; yð Þ, that is the 
effective area where the piezoelectric sensing and actuation effects take place. 
The second defines the strength of the poling in transverse direction, i.e. P3 x; yð Þ, which 
for simplicity has been taken constant and equal to P0 x; yð Þ ¼ P3 x; yð Þ: Therefore the 
sensing and actuation effects described in the previous two sections depend on the shape 
of the electrodes deposited on the two faces of the thin piezoelectric transducers. In other 
words, the shape of the electrodes determines the regions where the charges produced 
by the direct piezoelectric effect are collected and the regions where a stress field is 
generated by the inverse piezoelectric effect. The sensing and actuation effects are 
normally expressed with respect to equivalent distributed velocity and excitation func-
tions [27,28,87,88,128,129,131–135]. Initially, these equivalent functions were formulated 
using the so-called ‘theory of distributions’, which, however, led to incongruous results 
[35,129]. Also analytical solutions were derived from a Fourier transformation method 
combined with discretised higher order partial differential unit step function equations 

Table 6. Contour and jump functions for the patches shown in Figure 6.

Actuator type Contour nx ny nxny n2
x n2

y Vertex nxny
� �

n2
x

� �

Square patch 
Figure 6(a)

Γ1 0 � 1 0 0 1 p1 0 1
Γ2 1 0 0 1 0 p2 0 � 1
Γ3 0 1 0 0 1 p3 0 1
Γ4 � 1 0 0 1 0 p4 0 � 1

Triangular patch 
Figure 6(b)
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Figure 7. Sensing and excitation effects of the (a) square, (b) triangular, and (c) quadratic piezoelectric 
transducers bonded on a rectangular thin panel.
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[136]. In parallel, finite element formulations were also developed [137,138]. In this paper, 
the bending equivalent loads produced by a piezoelectric transducer having electrodes 
with equivalent surface function F x; yð Þ are derived following the formulation proposed 
by Deraemaeker et al. [129]. The flexural sensing effects can also be derived with the same 
formulation. Actually, for equivalent sensitivity functions S x; yð Þ, they are given by the 
same expressions as those for the equivalent loads; therefore they are not specifically 
discussed in this paper. According to Figure 6, three geometries of the transducers are 
discussed: (a) rectangular, (b) triangular, and (c) array of quadratically shaped leafs. The 
piezoelectric materials are assumed orthotropic with strain/charge constants d0

31�d0
32 

and d0
36 ¼ 0.

Since the study is focused on the flexural vibration and the sound transmission of the 
smart panels, the formulation for the flexural equivalent excitations produced by the 
piezoelectric transducers bonded on a thin flat plate core structure is considered only. The 
formulation proposed in Ref. [129] is based on Hamilton’s principle and either Green’s 
theorem or theory of distribution in two dimensions, where the perimeter of the electrode 
surface Ω is defined by a contour function Γ characterized by discontinuity points. The 
equivalent loads are given by the following three contributes: 
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� Mnn ¼ e0
31n2
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32n2

y þ 2e0
36nxny
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hpvc (37) 

Here n2
x

� �
and nxny

� �
are the discontinuity jumps of n2

x and nxny , where nx and ny are the 
x and y components of the unit vector n normal to the contour Γ, which gives the effective 
surface electrode function F x; yð Þ. The discontinuity jump at position p sð Þ 2 Γ of a given 
function g is defined as follows: g½ �p ¼ g pþð Þ � g p�ð Þ with pþ sð Þ ¼ p sþ δð Þ and p� sð Þ ¼
p s � δð Þ for δ! 0. Lastly @ðÞ=@s is the derivative with respect to the curvilinear coordi-
nate along the contour Γ. As shown in sketch (b) of Figure 5, the first term p x; yð Þ

represents a surface pressure excitation generated when the thickness, the piezoelectric 
stress/charge parameters and the applied voltage have a non-uniform surface distribution 
over the electrodes. The second term � @Mnt

@s þ tnz
� �

, provides the ‘generalized or effective 
shear forces’ along the contour Γ. In particular, the term 

e0
32 � e0

31

� �
nxny
� �

i þ 2e0
36 n2

x

� �

i

� �
hpvc gives the effective shear force at discontinuity points 

pi of the contour Γ. Finally, the third term Mnn gives the flexural moments, distributed 
along the contour Γ, which are oriented parallel to the tangent of Γ.
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4.3.1 Rectangular piezoelectric patch with arbitrary orientation of the principal axes
First, the flexural excitation field produced by a rectangular piezoelectric patch bonded on 
the thin core panel is considered. According to Figure 6(a) the lateral edges of the patch 
are aligned with the lateral edges of the panel. However, the principal axis 1,2 of the 
piezoelectric material are oriented with at an angle β to the axis x,y of the plate respec-
tively. In this case, the contour function Γ for the perimeter of the rectangular patch can be 
expressed by four straight-line functions defined over specific domains: 
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ay

2
over x 2 xk �
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2
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2

h i
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2

h i
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The four line functions are joined at the following discontinuity points 

p1;2;3;4 x; yð Þ ¼ xk �
ax

2
; yk �

ay

2

� �
(39) 

In summary, this contour function is characterized by the four normal functions along 
the edges of the patch and by four discontinuity jumps at the four corners of the 
piezoelectric patch, which are summarized in Table 6. Therefore, according to Eqs. (35)– 
(37), as shown in the sketch (a) of Figure 7, the flexural excitation field produced by 
a square piezoelectric patch is characterized by four shear forces at the corners [129]: 
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¼
P1 ¼ þ2e0

36hpvC at points p2 and p4
P2 ¼ � 2e0

36hpvC at points p1 and p3
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(40a;b) 

and by four lines of bending moments along the edges [129]: 

Mnn ¼
M1 ¼ � e0

31hpvC on the edges Γ2 and Γ4
M2 ¼ � e0

32hpvC on the edges Γ1 and Γ3

�

(41a;b) 

According to Eqs. (40a,b), the shear forces at the four corners of the patch depend on the 
twisting stress/charge parameter e0

36. Therefore, recalling Eq. (28), these forces are non- 
zero if the piezoelectric patch is made of an orthotropic material having the principal axis 
1,2 oriented at an angle β�0 with respect to the plate principal axis x,y respectively and, 
also, d0

36�0 and/or d0
31�d0

32. A rectangular patch made with a plane isotropic piezoelectric 
material such that d0

31 ¼ d0
32 and d0

36 ¼ 0 is characterized by a null 36 stress/charge 
constant, i.e. e0

36 ¼ 0. Therefore it cannot generate a twisting stress/charge effect, that is 
the point shear forces at the corners of the patch, regardless the piezoelectric material 
principal axis 1,2 are or are not aligned with the structure principal axis x,y respectively. 
Eqs. (40a,b) indicate that the shear forces at the corners of the patch have equal modulus 
and opposite sign in pairs, that is P1 ¼ � P2. Therefore, the shear forces at the four corners 
of the patch balance out so that, as one would expect for a strain actuator, no net 
transverse force is produced on the panel.
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4.3.2 Triangular piezoelectric patch with principal axes parallel to the core panel 
structure principal axes

Next, the flexural excitation field produced by a triangular piezoelectric patch bonded on 
the thin panel is considered. As shown in Figure 6(b), the case is considered where the 
patch has isosceles triangular shape with the base edge aligned with the edge x ¼ 0 of 
the panel. The piezoelectric material has principal axes 1,2 parallel to the x,y principal axes 
of the core plate structure. Therefore, the contour function Γ that delimits the surface of 
the triangular piezoelectric transducer can be represented in terms of the following three 
straight-line functions defined over specific domains 

Γ1;2 : y xð Þ ¼ yk �
b
2
�mx over x 2 0; a½ � (42a;b) 

Γ3 : x yð Þ ¼ 0 over y 2 yk �
b
2
; yk þ

b
2

� �

(42c) 

Here m ¼ b
2a is the slope coefficient of the lateral edges. The three line functions are 

joined at the following discontinuity points 
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p2 x; yð Þ ¼ a; ykð Þ (43b) 

p3 x; yð Þ ¼ 0; yk þ
b
2

� �

(43c) 

This contour function is characterized by the three normal functions along the edges of 
the triangular patch and by three discontinuity jumps at the three corners of the patch, 
which are summarized in Table 6. Hence, based on Eqs. (33)–(35) and sketch (b) of Figure 
7, the flexural excitation field produce by a triangular piezoelectric patch is characterized 
by three shear forces at the corners [129]: 
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and by three lines of bending moments along the edges [129]: 
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In this case, according to Eqs. (44a-c), the shear forces at the three corners of the patch 
depend on the difference between the extensional stress/charge parameters e0

31 and e0
32. 

Therefore, when the triangular patch is made of an orthotropic piezoelectric material with 
d0

31�d0
32, regardless the principal axes 1,2 of the patch are or are not parallel to x,y 

principal axes of the core panel structure, point shear forces are generated at the three 
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vertices. This arises from the fact that the two lateral edges of the patch are oblique with 
respect to the principal axis of the piezoelectric material. As shown in the sketch (b) of 
Figure 7, the shear forces at the vertices of the triangular patch are linked by the following 
relation: P2 ¼ � 2P1. Therefore, also in this case, the total transverse point force generated 
on the panel by the three shear forces at the vertices of the triangular patch is null, as one 
would expect from a strain transducer. Nevertheless, as sketched in Figure 7(b), when the 
patch is bonded with the base edge over the lateral edge of a constrained panel, the shear 
point forces generated at the base vertices of the triangle are balanced by the reaction 
forces exerted along the border of the panel. In this way, a net point shear force P2 is 
generated at the tip of the triangular patch. This is a very interesting effect, which could 
be used to make an effective velocity feedback control loop with a ‘quasi’ collocated and 
dual sensor-actuator arrangement. For instance, an accelerometer sensor could be placed 
at the tip of the triangular actuator to form a collocated and dual point force and velocity 
sensor pair [29,35]. In this case, the open loop sensor-actuator FRF is bound to be 
minimum phase [25] such that the feedback loop would be unconditionally stable. In 
practice, the bending moments generated along the lateral edges of the triangular patch 
tend to disrupt these properties. Nevertheless, a careful design of the triangular patch 
could lead a configuration where the flexural excitation due to the shear point force 
generated at the tip of the triangular patch is much larger than the flexural excitation 
exerted by the bending moments generated along the lateral edges such that the feed-
back loop could implement large control gains [35].

4.3.3 Piezoelectric foil with principal axes parallel to the core panel structure 
principal axes and quadratically shaded electrodes

Finally, the flexural excitation field produced by a piezoelectric foil with quadratically 
shaded electrodes is considered. According to sketches (i), (j), and (q) in Tables 4 and 5, the 
piezoelectric foil is covered by electrodes formed by an array of strips with quadratic 
edges. In this section, as shown in Figure 6(c), the flexural excitation filed produced by the 
k-th strip centered at xk is considered. The k-th strip can be described by the following two 
quadratic functions [28]: 
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Figure 8. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panels with the 
feed-forward control systems Type (a) (purple dashed lines) and Type (b) (blue dash-dotted lines) 
shown in Table 2.
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Γ1;2 : x yð Þ ¼ xk � r lypy � y2� �
over y 2 0; lyp

� �
(46a;b) 

Here r ¼ 2δ
l2
yp

, where δ is the width of the strips and xk is the coordinate of the y-axis of 
symmetry of the k-th strip. The two quadratic functions Γ1 and Γ2, which define the 
quadratic edges of the strip, are connected at two discontinuity points: 

p1 x; yð Þ ¼ xk; 0ð Þ; (47a) 

p2 x; yð Þ ¼ xk; lyp
� �

(47b) 

The contour function is thus characterized by the two normal functions along the edges 
of the electrodes and by the two discontinuity jumps at the vertices of the strip reported 
in Table 6. Accordingly, considering Eqs. (35)–(37) and sketch (c) of Figure 7, the flexural 
excitation field produce by a quadratic leaf is characterized by the following shear forces 
at the vertices of the strip 
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Also, the following lines of shear forces are generated along the two quadratic edges: 
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(49a;b) 

Moreover, the following lines of bending moments are produced along the two quadratic 
edges: 

Mnn ¼
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(50a;b) 

Based on Eqs. (47a,b) and (49a,b), in this case too, the shear forces depend on the 
difference between the extensional stress/charge parameters e0

31 and e0
32. Therefore, 

irrespectively the principal axes 1,2 of the piezoelectric material are parallel to x,y principal 
axes of the panel, when the piezoelectric foil is made of an orthotropic piezoelectric 
material with d0

31�d0
32, point and line shear forces are generated at the two vertices and 

along the two edges of the strip respectively. Moreover, as expected for a strain actuator, 
there is no net transverse force since the point shear forces at the vertices are balanced by 
the line forces along the two quadratic edges, that is òΓ1

Sdsþ òΓ2
Sds ¼ � 2P. In summary, 

as shown in Figure 7(c), for a constrained panel, a strip produces along the quadratic 
lateral edges lines of shear forces and lines of bending moments. When, as shown in 
sketches (i), (j), and (q) in Tables 4 and 5, the piezoelectric foil is covered by a dense array 
of quadratically shaded electrodes, a dense array of line bending excitations is produced, 
whose effect approximate a uniform transverse bending excitation. More specifically, 
a uniform force-like excitation is produced over the panel, which can be used to excite 
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the volumetric flexural vibration of the panel. Therefore, this type of transducer can be 
effectively exploited in feedforward and feedback systems set to control the sound 
transmission [28,58]. Actually, a matched piezoelectric sensor with quadratically shaded 
electrodes could be bonded on the other face of the panel to get a sensor-actuator pair 
specifically tailored to control the volumetric flexural response of the panel, which, at 
frequencies below the critical frequency, is the most effective sound radiating compo-
nent. This is indeed a very appealing solution, although the study presented in Ref. [27], 
has shown that, even if the sensor and actuator transducers are spatially matched, they 
are not dual and collocated since their coupling via out-of-plane flexural vibration of the 
panel is out-of-phase with their coupling via in-plane extensional and shear vibration of 
the panel. Once more, this problem greatly limits the stability of the control system and 
therefore its performance. Nevertheless, this solution may work well on the lightweight 
honeycomb thick structures developed recently, where the thickens of the core structure 
would enhance the coupling via bending vibration and thus reduce the unwanted in- 
plane coupling effect too. Alternatively, Ref. [139], proposed a solution with double 
transducer layers bonded on the opposite faces of the panel for both the sensor and 
the actuator. In this way, a signal proportional to the flexural response only can be 
detected by taking the difference of the signals from the two transducers. Alternatively, 
the panel can be excited in bending only by driving out-of-phase the two transducers.

5. Vibration and sound transmission active control effects

The vibration and sound transmission control effects generated by the smart panels with 
the feed-forward and feedback active systems depicted in Table 2–5 are now analyzed in 
details. The control performances are assessed with respect to the spectra of the flexural 
kinetic energy and sound transmission ratio comprised between 0 and 2 kHz. Before 
discussing the effects produced by the control systems, the passive flexural response and 
sound transmission are first analyzed here. For instance, the black solid line in plot (a) of 
Figure 8 shows that, the spectrum of the panel flexural response due to the primary acoustic 
plane wave is characterized by well separated sharp resonance peaks up to about 800 Hz, 
which are due to the resonant responses of the low order flexural modes of the panel. At 
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Figure 9. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panels with the 
feed-forward control systems Type (c) (purple dashed lines) and Type (d) (blue dash-dotted lines) 
shown in Table 2.
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higher frequencies the spectrum is characterized by smoother crests and troughs, which are 
due to the overlap of the resonant responses of clusters of higher order flexural modes of 
the panel [6,23]. In parallel, the black solid line in plot (b) of Figure 8 shows that, up to about 
800 Hz, the spectrum of the sound transmission ratio is also characterized by well separated 
sharp peaks, which, however, are due to the resonant responses of the volumetric flexural 
modes only. This is because, as shown in Figure 3, at frequencies below the critical 
frequency, the volumetric modes characterized by odd mode numbers are the most 
efficient sound radiators [6]. For example, the (1,1) mode is a much more efficient sound 
radiator than the modes (1,2) and (2,1). As a result, the spectrum of the sound transmission 
ratio shows a distinctive peak at the first resonance frequency for the (1,1) mode and nearly 
no peaks at the second and third resonance frequencies for the (1,2) and (2,1) modes. Above 
800 Hz, the spectrum of the sound transmission ratio is also characterized by smoother 
crests and troughs, which are generated by the overlap of the resonant responses of 
clusters of higher order flexural modes of the panel [6]. Unlike the spectrum of the flexural 
kinetic energy, at low frequencies, the spectrum of the sound transmission ratio is char-
acterized by sharp troughs, which are due to the sound cancellation mechanism generated 
by the interaction of pair of modes described in Section 3.1 [6].

5.1 Feed-forward control systems

The vibration and sound transmission control effects produced by the feed-forward 
control systems depicted in Tables 2 and 3 are first examined in this sub-section.

5.1.1 Multi-channel feed-forward control systems
To start with, the 6 multi-channel feed-forward control systems Type (a)–(f) are consid-
ered. Figure 8 shows the spectra of the flexural kinetic energy and sound transmission 
ratio of the smart panels Type (a) and (b), which are equipped with the 4� 4 array of 
square piezoelectric patches. The purple dashed lines indicate that, when this sixteen 
channels system is set to minimize the sound pressure measured by the array of five 
microphones (Type a), there is a large reduction of the sound transmission up to about 
1.2 kHz and then, at higher frequencies there is instead about 5 dB increase of the sound 
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Figure 10. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panels with the 
feed-forward control systems Type (e) (purple dashed lines) and Type (f) (blue dash-dotted lines) 
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transmission. This is due to the fact that the sound radiation is estimated by only five 
microphones, and thus, at higher frequencies where the acoustic wavelength becomes 
smaller that the distances between the microphones, the system does not produce 
anymore a global reduction of the sound radiation but rather a local control effect at 
the error microphone positions. The flexural vibration of the panel is attenuated only at 
low frequencies below about 420 Hz and then, at higher frequencies, there is a large 
increment of the flexural response. This is due to the fact that, below 420 Hz, the flexural 
vibration of the panel is characterized by a low modal overlap factor [6,16]. In other words, 
at each frequency the vibration is controlled by the resonant response of a specific low 
order flexural mode of the panel. Therefore, to mitigate the low frequency sound trans-
mission, the feed-forward system should simply control the response of the low order 
flexural modes. In contrast, above 420 Hz, the modal overlap factor becomes progres-
sively larger and greater than 1. Therefore, at each frequency the vibration of the panel is 
given by the resonant responses of multiple higher order flexural modes. However, the 
16-channels feed-forward system cannot effectively control the responses of these clus-
ters of modes. Hence, it rearranges the amplitudes of the resonant responses of these 
modes in such a way as to maximize the sound cancellation effect that arises from their 
mutual radiations [61,62]. This results in the increment of the panel flexural vibration 
above 420 Hz [97], which however effectively reduces the sound transmission up to about 
1.2 kHz [21]. At higher frequencies this sound cancellation mechanism still works, but only 
to produce a local control effect at the error microphone positions. Thus, there is no 
reduction of the sound transmission through the panel.

The blue dash-dotted lines in the two plots of Figure 8 indicate that, when the 4� 4 
array of piezoelectric patches are driven to minimize the velocities measured by the 16 
MST accelerometers located at the centers of the piezoelectric patches, both the flexural 
kinetic energy spectrum and sound transmission ratio spectrum maintain similar levels 
than those of the panel with no control. The two spectra show a clear shift to higher 
frequencies of the resonance peaks. This is because the control system drives the 16 
control patches to minimize the vibrations at their centers where the error sensors are 
located. In this way, the response of the panel can be assimilated to that of a stiffer simply 
supported panel, which is constrained at the 4� 4 array of error sensor positions. The new 
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Figure 11. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panels with the 
feed-forward control systems Type (g) (purple dashed lines) and Type (h) (blue dash-dotted lines) 
shown in Table 3.
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flexural modes will be characterized by ‘quilted’ shapes, which actually radiate sound 
more efficiently [28], as it happens with periodic structures for example [6]. Moreover, the 
natural frequencies of these new modes will be comparatively higher. Therefore, the 
spectra of the flexural kinetic energy and sound transmission ratio show a shift to higher 
frequencies of the resonance peaks. Also, the spectrum of the sound transmission ratio 
show little increments of the amplitudes of the resonance peaks, which are due to the fact 
that the new modes have higher sound radiation efficiencies. In summary, the results 
presented in Figure 8 suggest that the 4� 4 array of piezoelectric patches can be 
effectively used to control the sound transmission produced by an incident sound field, 
provided the feed-forward controller is set to minimize the sound radiation. This is not 
a simple task since it requires an array of microphones specifically tailored to detect the 
sound radiated by the panel. Nevertheless, a controller set to minimize the flexural 
vibration at a grid of points would not work either, since it modifies the flexural response 
of the panel in such a way it radiates sound more efficiently.

The plots in Figure 9 show the spectra of the flexural kinetic energy and sound 
transmission ratio of the smart panels Type (c) and (d), which are equipped with the 
array of 16 isosceles triangular piezoelectric patches having the base edges evenly 
distributed along the four edges of the panel. The purple dashed lines indicate that, 
when this sixteen channels system is set to minimize the sound pressure measured by the 
array of five microphones (Type c), there is a significant reduction of the sound transmis-
sion up to1.2 kHz. Instead, the flexural response is attenuated only at low frequencies 
below 500 Hz. Comparing the purple-dashed lines in Figures 8 and 9, it can be noticed 
that the systems with the 4� 4 array of square patches and with the array of 16 triangular 
patches produce similar effects. This is because the triangular actuators were designed to 
have quite a large height such that the transverse forces generated at the vertices of the 
patches effectively couple with the low order modes of the panel. The purple dashed line 
in Plot (a) of Figure 9, shows that, also this arrangement controls the flexural response 
only at low frequencies below about 500 Hz. Instead, at higher frequencies there is 
a significant control spillover effect, which is due to the reconstruction of the panel 
modal response to minimize the sound pressure at the error sensors. As seen for the 
panel with square piezoelectric patches, this results into a global reduction of the sound 
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Figure 12. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panels with the 
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transmission only up to about 1.2 kHz, since, at higher frequencies, the distances between 
the microphone error sensors are greater than the acoustic wavelength. The blue dash- 
dotted lines in the two plots of Figure 9 indicate that, when the 16 triangular piezoelectric 
patches are driven to minimize the velocities measured by the 16 MST accelerometers 
located at the vertices of the piezoelectric patches, there is a substantial reduction of the 
sound transmission up to about 1 kHz and a significant reduction of the flexural kinetic 
energy below 500 Hz. Again, this mismatch is due to the fact that above 500 Hz, the 
control system rearranges the flexural response of the panel in such a way as to maximize 
the sound cancellation effects between pairs of modes. Nevertheless, it is interesting to 
note that this control system generates quite good reductions of the sound transmission 
up to about 1 kHz, despite the error sensors measure panel velocities rather than sound 
pressure.

Figure 10 shows the spectra of the flexural kinetic energy and sound transmission ratio 
of the smart panels Type (e) and (f), which are equipped with the 3� 3 array of proof-mass 
electromagnetic force actuators. The purple dashed lines indicate that, when this nine 
channels system is set to minimize the sound pressure measured by the array of five 
microphones (Type e), the sound transmission is effectively controlled up to about 
1.4 kHz, with reductions greater than 10 dB up to 1 kHz. At higher frequencies around 
2 kHz there is a slight increment of the sound transmission, which, once more, is due to 
the fact that the sound radiation is estimated by a finite number of microphones. As seen 
for the panels with the piezoelectric actuators, the flexural response of the panel is 
attenuated only at low frequencies, whereas, above about 600 Hz, it is actually increased 
by 5–10 dB. Once more, the control system rearranges the amplitudes of the resonant 
responses of the higher order modes in such a way as to maximize the sound cancellation 
effect that arises from their mutual radiations. Therefore, above 600 Hz the reduction of 
the sound transmission is obtained at the expenses of an increment of the flexural 
vibration of the panel. The blue dash-dotted lines in the plots of Figure 10 suggest that, 
when the 3� 3 array of proof-mass electromagnetic force actuators are driven to mini-
mize the velocities measured by the 9 MST accelerometers located at the footprints of the 
actuators, the spectra of the flexural kinetic energy and of the sound transmission ratio 
maintain similar levels than those of the panel with no control. There is a significant shift 
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Figure 13. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panels with the 
feed-forward control systems Type (k) (purple dashed lines) and Type (l) (blue dash-dotted lines) 
shown in Table 3.
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to higher frequencies of the resonance peaks, which is due to the fact that the control 
system effectively cancels the flexural vibrations at the 9 control positions. Therefore the 
flexural response of the panel can be assimilated to that of a stiffer simply supported 
panel pinned at the 3� 3 array of error sensor positions, which is thus characterized by 
‘quilted’ mode shapes with higher resonance frequencies and higher sound radiation 
efficiency [6,28]. In conclusion, as seen for the panel with the square piezoelectric patch 
actuators, the 3� 3 array of proof-mass electromagnetic force actuators can be used to 
effectively control the sound transmission, provided the system is set to minimize the 
sound radiation estimated with a finite number of microphones rather than the flexural 
response estimated with a finite number of accelerometers.

5.1.2 Single-channel feed-forward control systems
The single-channel feed-forward control systems Type (g)–(l) are now examined. To start 
with, Figure 11 shows the spectra of the flexural kinetic energy and sound transmission 
ratio of the smart panels Type (g) and (h), which are equipped with the 4� 4 array of 
square piezoelectric patches. The purple dashed lines indicate that, when sixteen actua-
tors are driven by the same control signal to minimize the sum of the sound pressures 
measured by the array of five microphones (Type g), there is about 20 dB reduction of the 
sound transmission up to about 500 Hz. However, there is also a significant increment of 
the sound transmission between 1.3 and 1.7 kHz, which is due to the facts that the sound 
radiation is estimated only with five microphones and the control actuators are driven by 
the same control signal. Also, the flexural vibration of the panel is attenuated only at very 
low frequencies below about 160 Hz. As seen for the multi-channel systems using the 4�
4 array of square piezoelectric patches, below about 160 Hz, the control of sound 
transmission is obtained by reducing the overall vibrational response of the panel. 
Instead, above 160 Hz the reduction of sound transmission is obtained by rearranging 
the amplitudes of the resonant responses of the low order modes in such a way as to 
maximize the sound cancellation effect that arises from their mutual radiations. 
Contrasting the purple lines in the plots of Figures 11 and 8, it can be concluded that, 
although the multi-channel system clearly outperform the single-channel system, the 
latter yet produces at least 20 dB reduction of the sound transmission up to 500 Hz.

The blue dash-dotted lines in the two plots of Figure 11 indicate that, when the 4� 4 
array of piezoelectric patches are driven to minimize the sum of the velocities measured 
by the 16 MST accelerometers located at the centers of the piezoelectric patches, both the 
flexural kinetic energy and sound transmission ratio spectra maintain similar levels than 
those of the panel with no control. There is just a shift to higher frequencies of the 
resonance peaks. This is the result of the same phenomenon described above for the 
multi-channel system with the square piezoelectric patches and accelerometer sensors. 
Indeed, also the single-channel system drives the actuators to pin the panel at the 16 error 
sensor positions so that the flexural response is characterized by the ‘quilted’ mode 
shapes, which have higher sound radiation efficiencies.

Figure 12 shows the spectra of the flexural kinetic energy and sound transmission 
ratio of the smart panels Type(i) and (j), which are equipped with a distributed 
piezoelectric film actuator having quadratically shaded electrodes. As shown in 
Section 4.3.3, this distributed actuator generates lines of flexural excitations, which 
can be assimilated to a uniform transverse force excitation. Therefore, the bending 
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excitation field produced by this actuator is well coupled with the first radiation 
mode of the plate, which, as discussed in Section 3.1, is the most efficient sound 
radiator at frequencies below the critical frequency [6]. Indeed, the purple-dashed 
lines show that, when this actuator is driven to minimize the sum of the sound 
pressure measured by the array of five microphones (Type i), there is a 20 dB 
reduction of the sound transmission up to about 500 Hz, apart from the resonance 
frequencies at about 167 and 193 Hz. Also, there is a 6 dB reduction between 500 
and 900 Hz. The purple dashed line in Plot (a) of Figure 12 shows that, this system 
effectively controls the resonant responses of the low order flexural modes of the 
panel, which are characterized by odd mode orders, that is by volumetric displace-
ments. Instead, it has very little effect on the resonant responses of the modes with 
one or both even mode numbers, such as for example the (2,1) and (1,2) modes, 
which resonate at about 167 and 193 Hz. These modes do not show a net volumetric 
displacement and thus couple poorly with the uniform force actuator so that the 
feed-forward system produces little vibration and sound transmission control effects 
at their resonance frequencies. Nevertheless, these modes are characterized by poor 
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Figure 14. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panel Type (m) – 
Table 4, which implements low gains (red dotted lines), medium gains (blue dash-dotted lines), 
optimal gains (green solid lines), very large control gains (purple dashed lines).
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Figure 15. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panel Type (n) – 
Table 4, which implements low gains (red dotted lines), medium gains (blue dash-dotted lines), 
optimal gains (green solid lines), very large control gains (purple dashed lines).
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sound radiation too such that, as can be noticed in Plot (b), the sound transmission 
at the 167 and 193 Hz is low in any case. In conclusion, this system effectively 
controls the sound transmission up to about 1 kHz without increasing the flexural 
response of the panel, that is without control spillover effect. The blue dash-dotted 
lines in the two plots of Figure 12 show the control effects produced when the 
distributed piezoelectric film actuator with quadratically shaped electrodes is driven 
to minimize the volume velocity vibration field estimated with a matched distributed 
piezoelectric film sensor (system Type j). The two spectra suggest that this system 
generates very similar vibration and sound transmission control effects than those 
obtained with the system Type (i), which is set to minimize the sum of the sound 
pressure measured by the array of five microphones. Indeed the smart panel reduces 
the sound transmission by 20 dB, up to about 500 Hz, and then by 6 dB up to 
900 Hz. This result is produced by controlling the resonant response of the volu-
metric modes characterized by odd mode numbers, which are the most effective 
sound radiators and are effectively detected and excited by the matched distributed 
sensor–actuator pair. This system offers a very interesting practical solution, where 
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Figure 16. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panel Type (o) – 
Table 4, which implements low gains (red dotted lines), medium gains (blue dash-dotted lines), 
optimal gains (green solid lines), very large control gains (purple dashed lines).
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the sensor and actuator are embedded on the panel to form a compact smart 
structure, which is driven by a simple single channel feed-forward controller.

Figure 13 shows the flexural kinetic energy and sound transmission ratio of the smart 
panels Type (k) and (l), which are equipped with the 3� 3 array of proof-mass electro-
magnetic force actuators. The purple dashed lines show that, when the nine actuators are 
driven by the same control signal to minimize the sum of the sound pressure measured by 
the array of 5 microphones (Type k), there is about 20 dB reduction of the sound transmis-
sion up to about 500 Hz. At higher frequencies, the level of the sound transmission remains 
unaltered, apart from a very large new resonance peak at about 1.6 kHz, which is due to two 
concurrent facts. Firstly, the uniform force actuator is discretized with an array of 9 point 
force actuators. Secondly, the sound radiation sensor is discretized with an array of 5 point 
microphone sensors. Consequently, as shown by the purple dashed line in Plot (a), this 
system effectively cancels the resonant response of the fundamental (1,1) mode only. 
Indeed, above about 80 Hz, the spectrum of the flexural kinetic energy maintains a similar 
or higher level than that for no control (black solid line). Once more, this is because, to 
minimize the sum of the 5 error sound pressures, the 9 force actuators tend to rearrange the 
modal response of the panel in such a way as to maximize the sound radiation cancellation 
effect produced by pairs of modes. Nevertheless, this control mechanism works well up to 
500 Hz only. As discussed above for the single-channel system with square piezoelectric 
patch actuators, this is because, at higher frequencies, the sum of the five microphone 
sensors does not provide an accurate estimate of the sound radiation and the nine control 
actuators driven by the same control signal cannot rearrange properly the modal response 
of the panel. To conclude, the blue dash-dotted lines in the two plots in Figure 13 show the 
control effects produced when the 3� 3 array of proof-mass electromagnetic force actua-
tors are driven by the same control signal to cancel the sum of the velocities measured by 
the 3� 3 array of MST accelerometers located at the footprints of the actuators. Plot (b) 
shows that there is actually no control effect of the sound transmission apart from very low 
frequencies below 240 Hz. Plot (a) shows that the control systems effectively cancels the 
resonant response of the first mode only. This is because the system minimizes an estimate 
of the volumetric component of the flexural vibration of the panel obtained from the sum of 
the nine error velocities using a discretized uniform force excitation given by the nine point 
forces driven in phase. As a result, there is quite a marked vibration and sound transmission 
control spillover effect at higher frequencies, which give rise to the typical flexural response 
composed by ‘quilted’ mode shapes.

5.1.3 Summary on feed-forward control systems
The results presented in the previous two sub-sections have shown that, in general, the 
multi-channel feedforward control systems outperform the single channel systems, 
although, the system formed by the matched volume velocity sensor and uniform force 
actuator has given very interesting results, with comparable reductions of the sound 
transmission. Moreover, this system is not affected by the higher frequencies vibration 
control spillover phenomenon that arises from both the modal reconstruction mechanism 
typical of multi-channel control systems and the sensing-actuation discretization typical 
of single-channel systems using point actuators and point sensors.
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5.2 Feedback control systems

The vibration and sound transmission control effects produced by the multi- and single- 
channel feedback control systems depicted respectively in Tables 4 and 5 are now 
considered.

5.2.1 Multi-channel feedback control systems
First, the multi-channel feedback control systems Type (m), (n), and (o) are examined 
considering the spectra of the flexural kinetic energy and sound transmission ratio shown 
in Figure 14, 15, 16. To start with, Figure 14 shows the flexural kinetic energy and sound 
transmission ratio of the smart panel Type (m), which is equipped with a 4� 4 array of 
decentralized velocity feedback loops using square piezoelectric patch actuators with, at 
their centers, miniaturized MST accelerometer sensors. The red dotted and blue dash- 
dotted lines in the two plots show that the amplitudes of the resonance peaks in the two 
spectra are progressively attenuated as the control gains are raised. This is the result of the 
active damping produced by the velocity feedback control loops, which effectively reduce 
the panel vibration, and thus its sound transmission, around resonance frequencies [6]. 
However, the purple dashed lines, show that, when very large larger feedback gains are 
implemented, the two spectra develop new sharp resonance peaks at comparatively 
higher frequencies than those of the panel with no control. This phenomenon is due to 
the same pinning effect discussed above for the feed-forward control system set to 
minimize the velocities measured by the accelerometer error sensors at the centers of 
the square piezoelectric patches [140]. Indeed, when very large feedback gains are 
implemented, each feedback loop tends to cancel the error velocity signal measured by 
the accelerometer sensors positioned at the center of the square piezoelectric patch 
actuators. As a result, the feedback control units do not produce anymore the active 
damping necessary to reduce the resonant responses of the flexural modes. On the 
contrary, they generate a 4� 4 array of pinning points such that the response of the 
panel is given by new flexural modes with ‘quilted’ shapes, which resonate at compara-
tively higher frequencies than the modes of the panel with no control [28]. The overall 
reduction of the flexural response and sound transmission is exemplified in Figure 17, 
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Figure 18. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panel Type (p) – 
Table 5, which implements low gain (red dotted lines), medium gain (blue dash-dotted lines), optimal 
gain (green solid lines), very large control gain (purple dashed lines).
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which shows the flexural kinetic energy and sound transmission ratio averaged between 
0 Hz and 2 kHz with respect to the control gains implemented in the feedback loops. The 
blue dash-dotted lines in the two plots show that both the frequency-averaged flexural 
response and the frequency-averaged sound transmission tend to decrease as the feed-
back gains are raised and reach their minima for feedback gains of about 10. Overall, the 
frequency-averaged flexural response is brought down by about 21 dB whereas the 
frequency-averaged sound transmission is reduced by 13 dB. The green thick solid lines 
in Figure 14 show the spectra of the flexural kinetic and sound transmission ratio when 
the optimal feedback gain is implemented in the 16 feedback loops. If the 16 control gains 
were further increased, these control effects would vanish and eventually the frequency- 
averaged flexural response would settle around 5 dB whereas the frequency-averaged 
sound transmission would actually become 3 dB greater than that of the panel with no 
control. This is the result of the pinning effect that generates ‘quilted’ flexural mode 
shapes, which radiate sound more efficiently than the mode shapes of the plain panel 
[29,140].
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Figure 19. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panel Type (q) – 
Table 5, which implements low gain (red dotted lines), medium gain (blue dash-dotted lines), optimal 
gain (green solid lines), very large control gain (purple dashed lines).
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Figure 20. Flexural kinetic energy (a) and sound transmission ratio (b) for the smart panel Type (r) – 
Table 5, which implements low gain (red dotted lines), medium gain (blue dash-dotted lines), optimal 
gain (green solid lines), very large control gain (purple dashed lines).
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Figure 15 shows the flexural kinetic energy and sound transmission ratio of the smart 
panel Type (n), which is equipped with an array of 16 decentralized velocity feedback 
loops using the triangular piezoelectric patch actuators with the base edges evenly 
scattered over the perimeter of the panel and miniaturized MST accelerometer sensors 
located at the tips of the patches. As found for the system with the square piezoelectric 
patch actuators, the active damping produced by the velocity feedback control loops 
effectively reduce the panel vibration, and thus its sound transmission, around resonance 
frequencies [6]. Indeed, the red dotted and blue dash-dotted lines in the two plots show 
that, as the control gains are raised, the amplitudes of the resonance peaks in the two 
spectra are progressively attenuated. Nevertheless, the purple dashed lines show that, 
also in this case, for very large control gains, the two spectra show again sharp resonance 
peaks.

Once more, with high control gains, the feedback loops tend to pin the panel at the 
error sensor positions, that is at the vertices of the triangular piezoelectric patch actuators. 
Therefore, no active damping is generated on the panel and, accordingly, the spectra of 
the flexural kinetic energy and sound transmission ratio show sharp resonance peaks, 
which are shifted to higher frequencies. In this case, the sixteen pinning points form a new 
rectangular boundary edge, which, in a way, reduces the vibrating surface of the panel so 
that the flexural mode shapes are characterized by higher natural frequencies and thus 
higher resonance frequencies [28]. The red dotted line in the two plots of Figure 17 
confirm that both the frequency-averaged flexural response and the frequency-averaged 
sound transmission tend to decrease as the feedback gains are raised and reach their 
minima for feedback gains of about 10. In this case, overall, the frequency-averaged 
flexural response is brought down by about 22 dB whereas the frequency-averaged 
sound transmission is reduced by 16 dB. Therefore, when the optimal feedback gain is 
implemented in the 16 feedback loops, the flexural kinetic energy and sound transmission 
ratio show the smoothened spectra depicted by the green thick solid lines in the two plots 
of Figure 15. When the control gains are further increased, the pinning phenomenon 
attenuates these control effects. Indeed, for very large control gains, the frequency- 
averaged flexural response and the frequency-averaged sound transmission are reduced 
by 10 dB and 4 dB respectively. In this case, the pinning effect reduces the size of the 
vibrating surface and thus does not increase the sound radiation efficiency of the natural 
modes [28].

Figure 16 shows the spectra for the flexural kinetic energy and sound transmission ratio 
of the smart panel Type (o), which is equipped with a 3� 3 array of decentralized velocity 
feedback loops using proof-mass electromagnetic actuators with miniaturized MST accel-
erometer sensors at their footprints. The red dotted and blue dash-dotted lines in the two 
plots show that, as the control gains are brought up, the amplitudes of the resonance 
peaks in the two spectra are progressively attenuated by the active damping produced by 
the velocity feedback control loops [6]. Nevertheless, as noticed for the panel Type (m), 
the purple-dashed lines, shows that, when very large larger feedback gains are imple-
mented, the two spectra develop new sharp resonance peaks at higher frequencies than 
those of the panel with no control. In this case too, for very large control gains, the 
feedback loops drive to zero the vibrations at the control positions. This results into a 3�
3 array of pinning points such that the flexural response of the panel is characterize by 
‘quilted’ mode shapes, which resonate at higher frequencies than the modes of the plain 
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panel [30,34,40,140]. The green thick solid lines in the two plots of Figure 16 show that, 
when the optimal feedback gains are implemented, the resonance peaks of the flexural 
response and sound transmission spectra are effectively smoothened at frequencies 
below 1 kHz. Accordingly, as can be noticed from the purple dashed lines in Figure 17, 
the frequency-averaged flexural response and sound transmission are reduced by 17 and 
6 dB respectively. Instead, for very large control gains such that the pinning effect takes 
place, the frequency-averaged flexural response is reduced by 4 dB and the frequency- 
averaged sound transmission is increased by 8 dB. As seen for the panel Type (m), this is 
due to the fact that the quilted flexural vibration of the panel generated by high feedback 
gains radiates sound more effectively than a plain panel [6].

5.2.2 Single-channel feedback control systems
The single-channel feedback control systems Type (p), (q), (r) are now examined with 
respect to the spectra of the flexural kinetic energy and sound transmission ratio shown in 
Figure 18, 19, 20. To start with, Figure 18 shows the two spectra for the smart panel Type 
(p), which is equipped with a 4� 4 array of square piezoelectric patch actuators having 
miniaturized MST accelerometer sensors at their centers. The output velocity signals from 
the error sensors are summed into a single velocity signal, which is inverted and amplified, 
and then feedback to the actuators. The red dotted and blue dash-dotted lines in the two 
plots show that, for moderate feedback control gains, this system produces only minor 
control effects, which are restricted to the first resonance peak. This is because the 
combined signal from the 16 sensors gives an estimate of the volumetric flexural vibration 
of the panel. Moreover, the flexural excitation field produced by the 16 actuators approx-
imates a uniform flexural excitation over the panel. Therefore, the single channel feedback 
system works on the resonant responses of volumetric flexural modes, that is those with 
both even mode numbers. The 4� 4 array of point sensors gives only a rough estimate of 
the volumetric vibration of the panel. Similarly, the 4� 4 array of square piezoelectric 
patch actuators generate only a coarse uniform flexural excitation over the panel surface. 
Therefore, the feedback loop effectively works only on the resonant response of the first 
(1,1) flexural mode. As found with the decentralized control systems discussed above, for 
very large feedback gains, the system tends to pin the flexural vibration of the panel at the 
16 sensor positions such that the spectra of the flexural kinetic energy and sound 
transmission ratio show similar levels as those with no control, but with resonance 
peaks shifted to higher frequencies. The black solid lines in Figure 17 show that, when 
the optimal feedback gain of about 10 is implemented, the flexural response and sound 
transmission averaged between 0 Hz and 2 kHz are brought down by about 15 and 13 dB 
respectively. Nevertheless, as shown by the green solid lines in the two plots of Figure 18, 
this reduction is due primarily to the cancellation of the first resonance peak at about 
72 Hz, which is linked to the resonant response of the first flexural mode of the panel.

Figure 19 shows the spectra of the flexural kinetic energy and sound transmission ratio 
of the smart panel Type (q), which is composed by a matched volume velocity sensor and 
a uniform force actuator made with piezoelectric foils having quadratically shaped 
electrodes bonded on either side of the panel. The four lines in the two plots show 
that, as the control gains are raised, the amplitudes of the peaks generated by resonant 
responses of the panel flexural modes with even mode numbers are progressively 
reduced. Indeed, the green solid lines in Figure 17 show that, as the feedback control 
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gain is increased, the 0 Hz – 2 kHz frequency-averaged flexural kinetic energy and sound 
transmission ratio monotonically fall down toward a minimum value. For instance, for 
control gains greater than 250, both the frequency averaged flexural kinetic energy and 

( b )( a )

Figure 21. Prototype smart panel with a 4� 4 array of decentralized velocity feedback loops formed 
by square piezoelectric patch actuators with accelerometer sensors at their centers [33].

( b )( a )

Figure 22. Prototype smart panel with 16 decentralized velocity feedback loops formed by triangular 
piezoelectric patch actuators with accelerometer sensors at their tips [35].

( b )( a )

Figure 23. Prototype smart panel with 5 decentralized velocity feedback loops formed by electro-
magnetic proof-mass force actuators with accelerometer sensors at their footprints [34].
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the frequency averaged sound transmission ratio are reduced by about 22 dB. As can be 
noticed from the colored lines in Plot (a) of Figure 19, the feedback loop with matched 
volume velocity sensor and uniform force actuator pair effectively control the resonant 
responses of the volumetric modes of the panel, which are characterized by odd mode 
numbers. As discussed in Section 3.1, below the critical frequency [6], the volumetric 
modes are actually the most efficient sound radiators. Therefore, the volume velocity and 
uniform force matched sensor-actuator pair is very effective in reducing the sound 
transmission through the panel, without generating the undesired pinning effect for 
high control gains. In principle, a feedback loop with a matched sensor-actuator pair 
should be unconditionally stable [58], so that the large feedback gains necessary to 
achieve large reductions of the flexural vibration and sound transmission shown by the 
green thick solid lines in the two plots of Figure 17 can be implemented in practice. 
However, the study presented in Ref. [27], showed that this would be true if the two 
transducers were coupled only via flexural vibrations. As discussed in Section 3, they are 
instead coupled both via in-plane extensional and shear vibrations and via out-of-plane 
flexural vibrations. The two coupling effects are out of phase and thus, as shown in Ref. 
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Figure 24. Measured spectra of the spatially averaged velocity (a) and sound radiated power (b) of the 
smart panel shown in Figure 21, without control (solid blue lines) and with control (solid red lines) [33].
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Figure 25. Measured spectra of the spatially averaged velocity (a) and sound radiated power (b) of the 
smart panel shown in Figure 22, without control (solid blue lines) and with control (solid red lines) [35].
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[27], the feedback loop is characterized by limited stability properties. The extent of this 
problem strongly depends on the design of the panel. For instance, thick panels, such as 
for example honeycomb panels, will be characterized by a stronger coupling of the two 
transducers via out-of-plane flexural vibration. Alternatively, transducers formed by dou-
ble layers connected in counter-phase could be used to detect and generate only flexural 
vibrations [139].

To conclude, Figure 20 shows the flexural kinetic energy and sound transmission ratio 
of the smart panel Type (r), which is equipped with a 3� 3 array of proof-mass electro-
magnetic force actuators with at their footprints miniaturized MST accelerometer sensors. 
The output velocity signals from the error sensors are summed into a single velocity 
signal, which is inverted and amplified, and then feedback to the actuators. Similarly to 
panel Type (p) with the square piezoelectric patch actuators, as the feedback control gain 
is raised, this system produces only minor control effects, which are limited to the first 
resonance peak in the spectra of the flexural kinetic energy and sound transmission ratio. 
In this case too, the 9 sensors coarsely estimate the volumetric flexural vibration of the 
panel and the 9 actuators roughly approximate a uniform flexural excitation over the 
panel. Therefore, the single channel feedback system works quite well on the resonant 
responses of first (1,1) mode, but doesn’t produce relevant effects on the resonant 
responses of both the higher order volumetric modes characterized by odd mode 
numbers and the modes characterized by one or both even numbers. As seen above 
for panel Type (p), for very large feedback gains, the system tends to pin the flexural 
vibration of the panel at the nine sensor positions such that the spectra of the flexural 
kinetic energy and sound transmission ratio show similar levels as with no control but 
with resonance peaks shifted to higher frequencies. As a result, the cyan solid lines in the 
two plots of Figure 17 show that, when the optimal feedback gain of about 10 is 
implemented, the frequency-averaged flexural response and sound transmission are 
brought down only by about 12 and 6 dB respectively. The green solid lines in the two 
plots of Figure 20, suggest that these reductions are due primarily to the cancellation of 
the first resonance peak at about 72 Hz, which is linked to the resonant response of the 
first flexural mode of the panel with mode numbers (1,1). For very higher control gains, 
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Figure 26. Measured spectra of the spatially averaged velocity (a) and sound radiated power (b) of the 
smart panel shown in Figure 23, without actuators (solid green lines) with open loop actuators (solid 
blue lines) and with closed loop actuators (solid red lines) [34].

44 P. GARDONIO ET AL.



the frequency-averaged flexural response is lowered by 6 dB whereas the frequency- 
averaged sound transmission is raised by 3 dB.

5.2.3 Summary on feedback control systems
The results presented in this section have shown that, in general, the multi-channel 
feedback control systems outperform the single channel systems. This is the case parti-
cularly for the systems with the 4� 4 array of piezoelectric patch actuators or the system 
with the 16 triangular piezoelectric patch actuators. Instead, the system with the 3� 3 
array of proof-mass actuators does not generate the same levels of control. This is partially 
because this system is composed by 9 control units only, whereas the other two encom-
pass 16 units. Nevertheless, this disparity arises from the fact that the proof-mass electro-
magnetic actuators are heavier and occupies more space. Therefore, to have a realistic 
smart structure, comparatively fewer units are used than for the panels with the piezo-
electric patches. In this respect, it is important to emphasize that this study assumed all 
feedback loops could implement the control gains necessary to generate the desired 
control action. In practice, every type of feedback loop has intrinsic limitations due to both 
stability of the feedback loop and saturation effects of the actuators, which therefore may 
not be able to deliver the required control action. As already noticed for the feed-forward 
control systems, the single channel systems set to control the volumetric component of 
the flexural vibration using a matched volume velocity sensor and uniform force actuator 
made from large piezoelectric foils with quadratically shaped electrodes of the panel 
generate significant reductions of the sound transmission at low frequencies below 
500 Hz.

6. Prototype panels

Figure 21–23 show three prototype smart panels, which were studied in Refs. [33–35]. The 
panel shown in Figure 21 is composed by 4� 4 array of decentralized velocity feedback 
loops using square piezoelectric patch actuators with at their centers small accelerometer 
sensors. The panel depicted in Figure 22 is also characterized by 16 velocity feedback 
loops, which are made by triangularly shaped piezoelectric actuators, with their base 
edges evenly scattered over the perimeter of the panel, and small accelerometer sensors 
at their tips. Finally, the panel shown in Figure 23 encompasses five velocity feedback 
loops formed by a proof-mass electromagnetic force actuator with at its footprint an 
accelerometer sensor.

Plots (a) in Figure 24–26 show the 0–1 kHz spectra of the spatially averaged flexural 
vibration of the three panels measured with a laser vibrometer. Also, Plots (b) show the 
0–1 kHz spectra of total sound power radiated by the three panels measured in an 
anechoic chamber with a standard setup composed by 9 microphones. The panel with 
4� 4 array of square piezoelectric patches produces quite a large reduction of the flexural 
response over the whole frequency range. More specifically, it generates 10 to 20 dB 
reductions of the resonance peaks in the 0–1 kHz frequency range. Also, it effectively 
controls the sound radiation, with reductions of the resonance peaks in the 0–1 kHz 
frequency range comprised between 5 and 15 dB. The panel with the 16 triangular 
piezoelectric patches is slightly less effective. Nevertheless, it generates between 5 to 
15 dB reductions of the flexural vibration resonance peaks in the 0–1 kHz frequency band. 
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Also, it reduces by 5 to 10 dB the sound radiation resonance peaks comprised between 0 
and 1 kHz. Finally, the panel with the 5 proof-mass electromagnetic force actuators is 
characterized by quite significant passive control effects. Indeed, contrasting the green 
lines for the plain panel with the blue lines for the panel with the open loop proof-mass 
electromagnetic actuators, it can be noted that all resonance peaks in the 0 Hz – 1 kHz 
frequency band are effectively smoothened. Thus, the response and sound radiation at 
resonance frequencies is lowered by 10 to 15 dB. When the five feedback loops are closed, 
there is an additional 10 dB reduction of the flexural response and sound radiation below 
about 200 Hz. It should be emphasized that both the response and sound radiation at low 
frequencies was quite high compared to those at higher frequencies. Therefore the five 
feedback control loops produce a significant effect such that the response and sound 
radiation in the whole 0 Hz – 1 kHz are brought down to a constant low level.

7. Concluding remarks

This paper has presented a comprehensive overview of the principal characteristics of 
smart panels equipped with feed-forward and feedback multi-channel and single-channel 
systems for the control of the flexural response and sound transmission due respectively 
to tonal and to broadband acoustic disturbances. All configurations are composed by 
a flat aluminum core panel equipped with point/distributed sensors and point/distributed 
actuators, which encompass arrays of small square/triangular piezoelectric patch actua-
tors, a large piezoelectric foil with quadratically shaded electrodes sensor/actuator, arrays 
of miniaturized MST accelerometer sensors, arrays of microphone sensors and arrays of 
proof-mass electromagnetic actuators. The sensor–actuator configurations and the con-
trol architectures of all panels considered in the study are suitably displayed in Table 2–5. 
The principal conclusions drawn from the study on the panels implementing feed-forward 
systems for the control of tonal disturbances can be summarized in the following points.

(1) The multi-channel systems with a) the 4� 4 array of square piezoelectric patch 
actuators, b) the perimetric 16 triangular piezoelectric actuators, c) the 3� 3 array 
of proof-mass electromagnetic actuators, set to minimize the total sound radiation 
estimated by 5 microphone sensors, generate significant reductions of the flexural 
response and sound transmission up to a certain cutoff frequency. The control 
bandwidth depends on both the number of control actuators and the number of 
microphone error sensors. In general, these systems operate in two ways. Firstly, at 
low frequencies where the flexural vibration is characterized by the resonant 
responses of low order flexural modes, they tend to mitigate the resonant response 
of each mode. Secondly, at higher frequencies where the flexural vibration is 
characterized by the overlap of the resonant responses of multiple flexural 
modes, they tend to rearrange, and in some case even to enhance, the response 
of specific modes in such a way as to obtain a destructive mutual sound radiation 
effect between the overlapping modes.

(2) The multi-channel systems with a) the 4� 4 array of square piezoelectric patch 
actuators and b) the 3� 3 array of proof-mass electromagnetic actuators, set to 
minimize the vibration of the panel measured by arrays of collocated acceler-
ometers, generate limited reductions of the flexural response and sound 
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transmission. This is because they tend to pin the panel at the error positions such 
that new flexural modes characterized by ‘quilted’ shapes are generated, which 
radiate sound more efficiently.

(3) The multi-channel system with the 16 perimetric triangular piezoelectric actuators, 
set to minimize the vibration of the panel measured by 16 accelerometers at their 
tips, generates quite significant reductions of the sound transmission. This is 
because the system attenuates the vibration along the perimeter and thus reduces 
the vibrating surface of the panel such that, overall, there is a lower sound 
transmission.

(4) The single-channel systems with a) the 4� 4 array of square piezoelectric 
patch actuators and b) the 3� 3 array of proof-mass electromagnetic actua-
tors, set to minimize the total sound radiation estimated by 5 microphone 
sensors, produce good reductions of the sound transmission at low frequen-
cies where the sound radiation is controlled by the volumetric vibration of the 
panel. These systems would not work well if they were set to cancel the 
volumetric vibration of the panel estimated by arrays of collocated acceler-
ometers since, as discussed in point 2, they would tend to pin the panel and 
thus increase the sound radiation.

(5) The single-channel systems formed by a piezoelectric foil with quadratically shaded 
electrodes effectively reduce the sound transmission both when the actuator is set 
to minimize the total sound radiation estimated by 5 microphone sensors or to 
minimize the volumetric vibration of the panel measured with a matched piezo-
electric foil with quadratically shaded electrodes. The latter is a rather compact and 
lightweight solution, which, however, requires a careful design to ensure the 
coupling between the two transducers occurs via out-of-plane flexural vibrations 
rather than in-plane extensional and shear vibrations.

The principal conclusions drawn from the study on the panels implementing feedback 
control systems for the control of broadband disturbances can be summarized in the 
following points.

(1) The multi-channel systems, which implement decentralized velocity feedback 
loops using a) the 4� 4 array square piezoelectric patch actuators, b) the 16 
perimetric triangular piezoelectric patch actuators, c) the 3� 3 array of proof- 
mass electromagnetic actuators with collocated accelerometer sensors, generate 
active damping effects, which effectively dampen the resonant responses of the 
low order flexural modes of the panel. As a result, both the flexural response and 
the sound transmission are significantly reduced up to a cutoff frequency, which is 
determined by the density of feedback loops.

(2) These decentralized velocity feedback loops require a precise tuning of the control 
gains since, for large values, the feedback actions tend to pin the panel at the error 
sensor positions so that no active damping is generated. In this case, the response 
and sound transmission of the structure is characterized once more by the resonant 
responses of new lightly damped flexural modes, which are characterized by higher 
natural frequencies and modified shapes due to the pinning constraints produced by 
the feedback loops. In particular, the panels with the 4� 4 array of square 
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piezoelectric patch actuators and the 3� 3 array of proof-mass electromagnetic 
actuators generate the typical ‘quilted’ mode shapes which radiate sound more 
effectively such that, overall, the sound transmission is increased rather than 
reduced.

(3) The single channel velocity feedback loop based on a) the 4� 4 array of square 
piezoelectric patch actuators, b) the 3� 3 array of proof-mass electromagnetic 
actuators with at their centers accelerometer sensors, effectively dampen the low 
order volumetric modes, which are responsible for the sound transmission at low 
frequencies. Nevertheless, also in this case the feedback gain must be carefully 
tuned to generate the desired active damping action. Indeed, with large feedback 
gains, the feedback action tends to pin the panel at the 16 error sensor positions so 
that no active damping is generated. Accordingly, the flexural response and sound 
transmission is controlled by the resonant response of new lightly damped modes, 
which radiate sound more efficiently.

(4) The single channel velocity feedback loop using a matched volume velocity sensor 
and uniform force actuator made from piezoelectric foils with quadratically shaded 
electrodes bonded on either side of the panel effectively controls the low fre-
quency volumetric modes of the panel and thus the low frequency sound transmis-
sion through the panel. This distributed sensor–actuator pair doesn’t show the 
pinning effect that characterizes the systems using point sensors. Therefore, the 
control gain does not need fine tuning. On the contrary, a large gain is sufficient to 
cancel the error signal, that is to cancel the volumetric vibration component of the 
panel measured by distributed sensor, which primarily contributes to the sound 
transmission at low frequencies.

Overall, the study has shown that, multi-channel systems with arrays of small sensors 
and small actuators can generate significant reductions of the flexural response and 
noise transmission over a wide low audio frequencies band. For feed-forward control, 
the multi-channel systems should rely on microphone sensors, which estimate the 
radiated sound field. Alternatively, for feedback control, the decentralized multi- 
channel systems should encompass collocated and dual structural sensor-actuator 
pairs. However, both architectures may be affected by high-frequencies control spil-
lover, which could arise respectively from the coarse estimate of the sound radiation 
with a finite number of microphones or the so called ‘pinning effect’ generated at 
the structural error sensors. These drawbacks can be suitably overcome by single- 
channel feed-forward and feedback systems using collocated and dual distributed 
piezoelectric sensor-actuator pairs, which cover the whole surface of the panel. For 
instance, the electrodes of the piezoelectric transducers can be conveniently shaded 
in such a way as the sensor measures the volumetric vibration of the panel and the 
actuator excites the volumetric vibration of the panel. In this case, either control 
architectures can be set to minimize, with limited control spillover effects, the 
volumetric vibration of the panel. In this way, the flexural response and noise 
transmission can be effectively reduced, although, compared to multi-channel sys-
tems, over a smaller low audio frequencies band.
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