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Abstract

A double panel structure, which consists of two panels with air in between,
is widely adopted in many applications such as aerospace, automotive industries, and buildings due to its low sound transmission at high frequencies, low
heat transmission, and low weight. Nevertheless, the resonance of the cavity and the poor sound transmission loss at low frequencies limit the double
panel’s noise control performance. Applying active structural acoustic control to the panels or active noise control to the cavity has been discussed in
many studies. In this thesis, the resonances of the panels and the cavity are
considered simultaneously to further reduce the transmitted noise through an
existing double panel structure. Various control strategies have been compared
and developed to improve the noise control performance. Both numerical and
experimental studies are presented.
A validated structural–acoustic coupled model, which can sufficiently accurately predict the interactions between the structure vibration and acoustic wave propagation for our purpose, has been developed. Various combinations of decentralized structural and cavity feedback control strategies are
numerically studied and compared. The comparison is based on identical
control stability indexes. Moreover, three types of cavity control sources are
presented and compared. The results indicate that the largest noise reduction
within the frequency range from 10 Hz to 1 kHz is obtained with cavity control by loudspeakers modified to operate as incident pressure sources. This
cavity control source has been numerically developed and applied to the double panel structure by using a dynamic loudspeaker, a distributed microphone,
and a distributed velocity sensor with feedback control. Furthermore, a onedimensional incident pressure source has been realized by using a dynamic
loudspeaker, a microphone, and a particle velocity sensor with feed-forward
control.
An alternative control method is by using flat acoustic sources to reduce the
transmitted noise. A flat acoustic source with a small thickness that provides
an even sound frequency response has been developed and realized. Multiple

viii
actuators are used to drive the moving panel of the acoustic source. Control of
the acoustic resonances and structural resonances is required to obtain an even
frequency response. Collocated decentralized feedback control based on velocity sensing was found to be ineffective in controlling these resonances due
to the destabilizing asymmetric modes caused by the coupling of the internal
acoustic cavity and the rigid body vibration of the moving part. Resonances
can be controlled by a set of independent combinations of symmetric driving
patterns with corresponding velocity feedback controllers such that the fundamental mass-air resonance is effectively controlled, as is the lowest bending
mode of the moving part. Finally, a compensation scheme for low frequencies
is used, leading to a flat frequency response in the range of 30 Hz to 1 kHz with
deviations smaller than 3 dB.

Samenvatting

Een dubbel paneel bestaande uit twee platen en een luchtspouw wordt veelvuldig toegepast in de luchtvaart, de autoindustrie en gebouwen vanwege de
lage geluidtransmissie bij hoge frequenties, de lage warmtegeleiding en het
lage gewicht. De resonantie van de spouw en de beperkte geluidisolerende eigenschappen bij lage frequenties beperken de prestatie bij gebruik als geluidbeheersend element. In dit proefschrift worden de resonanties van de panelen en
van de spouw gelijktijdig in beschouwing genomen voor een verdere reductie
van het doorgelaten geluid. Verschillende regelstrategieën worden vergeleken
en verder uitgewerkt ter verbetering van de akoestische prestatie. Numerieke
en experimentele resultaten worden beschreven.
Een gevalideerd vibro-akoestisch model voorspelt voldoende nauwkeurig
de interactie tussen de trillingen van de structuur en de akoestische golfvoortplanting. Verschillende combinaties van regelstrategieën bestaande uit een decentrale terugkoppeling van trillingen en akoestische grootheden worden numeriek vergeleken. Daarnaast worden drie typen bronnen voor de besturing
van het akoestisch veld in de luchtspouw gepresenteerd en vergeleken. De
resultaten laten zien dat in het frequentiegebied van 10 Hz tot 1 kHz de grootste geluidreductie wordt verkregen met een regeling van het akoestisch veld
in de spouw door middel van luidsprekers die worden aangepast tot reflectievrije drukbronnen. Deze regeling van het akoestisch veld in de luchtspouw
werd numeriek ontwikkeld en toegepast op het dubbele paneel met behulp
van een electrodynamische luidspreker, een gedistribueerde microfoon, en een
gedistribueerde snelheidssensor met een teruggekoppelde regeling. Ook werd
een een-dimensionale reflectievrije drukbron gerealiseerd door middel van een
electrodynamische luidspreker, een microfoon, en een deeltjessnelheidssensor
met vooruitregeling.
Een alternatieve regelstrategie voor de vermindering van het doorgelaten
geluid kan maakt gebruik van een platte akoestische bron. In dit onderzoek
werd een platte akoestische bron met kleine dikte en een vlakke frequentieresponsie ontwikkeld en gerealiseerd. Meervoudige actuatoren sturen het be-
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wegende paneel van de akoestisch bron. Beheersing van de akoestische resonanties en de structuurresonanties is nodig om een vlakke frequentieresponsie
te bewerkstelligen. Een decentrale teruggekoppelde regeling met actuator- en
sensorcolocatie gebaseerd op snelheidsmeting bleek geen effectieve methode
voor de beheersing van de resonanties vanwege de destabiliserende asymmetrische modi veroorzaakt door de koppeling tussen het akoestische veld in de
luchtspouw en de rotatie van de bewegende plaat. Beheersing van de resonanties is wel mogelijk door middel van onafhankelijke combinaties van symmetrische bewegingspatronen met bijbehorende teruggekoppelde snelheidssignalen waarmee de fundamentele resonantie bepaald door de bewegende
massa en de stijfheid van de lucht effectief kan worden onderdrukt, evenals de
laagste-orde buigmodus van de bewegende plaat. Tot slot werd een compensatieschema toegevoegd, hetgeen resulteert in een vlakke frequentieresponsie
in het frequentiegebied van 30 Hz tot 1 kHz met afwijkingen kleiner dan 3 dB.
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CHAPTER 1

Introduction

1.1

Background

Traditionally, noise control methods are based on passive noise control, which
means applying damping materials, adding mass, adding resilient elements or
installing absorbing resonators in the system. Passive noise control can effectively reduce noise at high frequencies [1]. However, there is typically much
less noise reduction at low frequencies, and reduction requires a substantial implementation cost because the acoustic wavelengths are much longer than the
damping device [2, 3]. Conversely, active noise control offers the potential advantages of decreased weight and better performance at low frequencies. With
the development of smart materials and computational power, active noise
control has received increasing attention in the past few decades. Traditional
active noise control (ANC) for reducing broadband noise has been successfully
applied in relatively small spaces [4, 5]. However, for a larger control volume,
the 3D wave propagation problem causes the control implementation to become complicated and inefficient. Therefore, active structural acoustic control
(ASAC) has been proposed to simplify the control computation. ASAC can
simplify a 3D problem to a 2D problem by directly controlling the vibrating
structure to reduce the structure’s radiating sound field instead of addressing
3D acoustic wave propagation [4,6]. Furthermore, for a large configuration, decentralized control or distributed control can make the controller suitable for
practical implementations [7–11]. For specific configurations a decentralized
feedback control strategy can be effective [12, 13].
A double panel structure, which consists of two panels with air in the gap, is
another common implementation for noise reduction. The double panel structure offers the advantages of low sound transmission at high frequencies, low
heat transmission, and low weight [1, 14–16]. The double panel structure is
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widely used, such as in the aerospace and automotive industries. Nevertheless, the resonance of the cavity and the poor sound transmission loss at low
frequencies limit the double panel’s noise control performance. Applying active structural acoustic control to the panels or active noise control to the cavity
has been discussed in many papers. However, the improvement of the transmitted noise reduction is limited. The current work compares various control
strategies and provides an effective control strategy for the transmitted noise
reduction through the double panel structure.
This chapter is structured as follows. (1) Firstly, various noise control methods are introduced. (2) Subsequently, the state-of-the-art of noise control strategies for the double panel structure is described. (3) The need for a flat acoustic
source is addressed. (4) A patent research is presented since industrial research
is relevant in this field. (5) Research questions and objectives are given. (6) The
outline of this thesis is provided.

1.2

Noise control methods

Noise control methods can be passive, active, or both passive and active. The
passive approach has been investigated and developed for several decades.
The limitation of the degree of noise reduction and the addition of weight are
the main bottlenecks. However, recently, some research groups have proposed
new passive noise reduction methods such as multiple optimal Helmholtz resonators, distributed vibration absorbers and shunt damping, which improve
the performance of passive noise reduction. These research results are introduced in the following section. On the other hand, active noise control has the
potential of lighter implementations if the noise and vibration levels are not
too high. Furthermore, active control may result in higher reductions of noise
and vibration. However, if the control computation is complicated then the
need for expensive hardware restricts its practical implementation. Recent research results are described in the second part of this section. Moreover, some
researches combining passive and active controls are also presented in this section.

1.2.1

Passive noise control

Passive control is the traditional solution for noise and vibration reduction [2, 17]. The main concept of passive noise reduction is to increase the
damping of the vibrating plate and the cavity, or to add the resonator in the
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cavity. For instance, adding visco-elastic layers on fuselage skin panels or trim
panels is a common solution to reduce noise in aircraft [18–21]. Tube resonators
have been proposed for noise reduction in aircraft cabins and have shown good
performance in the frequency range of 500 Hz to 2 kHz [22]. Passive control
can avoid sensors, actuators, and control electronics. It works well in the high
frequency range where the acoustic wavelengths are much shorter than the
passive control device [3]. However, passive control at low frequencies usually leads to much less noise reduction and comes with a heavy implementation. The main passive control methods and their recent developments are
addressed in this section.
Helmholtz resonators
A Helmholtz resonator consists of a cavity connected to the system of interest
through a narrow tube as shown in Fig. 1.1. In such a way, the Helmholtz resonator acts like a mass on a spring, the air inside the cavity acts like the spring
and the air in the narrow tubes acts like the oscillating acoustic mass. Damping
appears because of the radiation losses at the tube ends and the friction of the
oscillating air in the narrow tubes.

Helmholtz resonator

Narrow tube of
Helmholtz resonator

Air cavity

Helmholtz resonator

Narrow tube of
Helmholtz resonator

Figure 1.1: Helmholtz resonators for noise reduction in an air cavity.

Helmholtz resonators have been used to control sound transmission
between infinite double plates [23, 24]. Those resonators are tuned to the
main noise frequency. However, the finite double plate is more complex than
the infinite case. Therefore, the modeling and investigating on finite double
plate has been studied. A structural-acoustic coupling model of finite double
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plate sound transmission with Helmholtz resonators has been presented in
Ref. [25], which shows how the Helmholtz resonators need to be optimized.
Only tuning the resonator to the mass-air-mass resonance frequency cannot
obtain the biggest reduction of noise transmission. It is more effective to tune
the frequency of the resonator by using average noise transmission loss as an
index. Some traffic noises like jet-aircraft, train, helicopter highway noises are
used as excitation sources in experiments and the results show the effect of
Helmholtz resonators in a practical implementation [25]. Even this method can
improve the isolation of sound transmission; the reduction of sound pressure
is limited to about 10 dB with 6 Helmholtz resonators [26]. Furthermore, the
control performance is affected by the angle of incident sound wave [26].

Shunt piezoelectric damping
Shunt piezoelectric damping uses piezoelectric materials to convert mechanical vibration energy into electrical energy, and then use the resistive component of the shunt circuit to eliminate the energy [27]. Tuning the resonance
frequency of the circuit to the resonance frequency of the structure can effectively reduce the vibration. However, if the resonance frequency of the structure changes due to environmental changes, the resonant circuit becomes ’detuned’ and leads to drastically reduced effectiveness of this method. Therefore, another shunt circuit called state-switched shunt piezoelectric damping
has been proposed, which changes the stiffness by switching between opencircuit (high stiffness) and short circuit (low stiffness) [28]. Consequently, the
system can effectively store the energy with high stiffness and dissipate the energy by changing to low stiffness. This method is less sensitive to environmental changes than the traditional shunt piezoelectric damping method [28, 29].

Inductor
Vibrating
structure PZT
PZT

Resistor

Switch

Figure 1.2: Pulse-switched shunt piezoelectric damping.
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Furthermore, a pulse-switched shunt piezoelectric damping method has been
proposed as shown in Fig. 1.2. The piezoelectric element is briefly switched to a
resistor/inductor shunt circuit in such a way that the piezoelectric element can
generate force opposite to the velocity of the structure [29–31]. This method is
similar to the direct velocity feedback control and is considered as a good noise
control method [14].
Tuned vibration absorber
A tuned vibration absorber (TVA) can absorb a certain frequency of structural
vibration by transferring the vibrating energy from the structure to the vibration of the secondary mass, being the absorber [32, 33]. As shown in Fig. 1.3,
the vibrating structure consists of the mass Ms , the spring Ks and the damper
Cs ; the absorber consisting of the mass Ma , the spring Ka and the damper Ca
is attached to the vibrating structure.
The TVA has been used for a long time in civil engineering to protect tall buildings from wind or earthquake loading. Furthermore, the TVA has also been designed to reduce the vibration of the aircraft fuselage and the aircraft interior
noise [34]. However, for a broadband disturbance this tonal vibration absorber
is not enough. The absorber frequency should be tunable to achieve better
control performance. Therefore, adaptive tuned vibration absorbers (ATVAs)
have been proposed, where the absorber frequency can be tuned by varying its
stiffness element. The varying stiffness technique can be realized by a motordriven mechanism, by piezoelectric stack actuators, by shape-memory alloys,
and by magneto-rheological(MR) fluid [35–37]. For example, in MR fluid design, the natural frequency can be changed from 106 Hz to 149 Hz, which is
almost a 40 % change [37].

Ma
Ka

Ca

}

Vibration absorber

Ms
Ks

Cs

}

Vibrating structure

Figure 1.3: Tuned vibration absorber.
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Active noise control

Because of the heavy implementation, passive noise control leads to increased
fuel cost in practical applications. Furthermore, passive noise control has poor
performance in the low frequency range where the acoustic wavelengths are
much longer than the passive control device or the noise reduction can only be
obtained in a narrow frequency range [3]. To decrease the weight of the implementation and to increase the reduction of noise, more and more researches
focus on active noise control (ANC) [7]. In early studies, active noise control
could obtain reductions of 14 dB (sum of measured squared pressure with 32
sensors) at certain frequencies [38]. With the development of more advanced
control hardware, algorithms, and control theory, the reduction of active noise
control can achieve 10 to 18 dB (radiated sound power at low-frequency resonances of the system) for broadband disturbances [16]. Furthermore, the combination of passive and active noise control can be particularly effective and
has become the trend for broadband noise control, since passive control is more
effective at high frequencies and active control is more effective at low frequencies [39]. This section introduces the principles of active noise control, active
structural acoustic control, and active control schemes.

Active noise control and active structural acoustic control
Generally, an active noise control system consists of sensors (microphones),
secondary sound sources (loudspeakers), and a controller. The control principle uses a loudspeaker to produce a secondary source, which has the same
amplitude but with anti-phase to the original noise source. In such a way, the
control source can cancel the noise source as shown in Fig. 1.4. However, in
Noise source

+

Resulting zero
amplitude wave

=

Control source

Figure 1.4: Active noise control principle.
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order to cancel an acoustic wave in 3D space, 3D modeling, calculations, and
measurements are necessary. This makes active noise control become ineffective and expensive in relatively large spaces [4, 5]. To solve this problem, active structural acoustic control (ASAC) has been proposed [40]. ASAC focuses
on the control of a vibrating plate in order to reduce the sound transmission
through a plate. This means the control objective is simplified to two dimensions. Relationships between the structural vibrations and the sound radiations have been studied at the primary stage [41–43]. Strategies minimizing
the far-field radiated sound power by the near-field sensors have been investigated [44]. Furthermore, the vibration patterns of the structure that produce
effective radiated sound power are called radiation modes. Sensor configurations and radiation mode estimation have been described in Refs. [8, 45].
Moreover, various structural actuators and sensors have been modeled and
compared [46, 47]. Figure 1.5(a) presents an implementation scheme of ASAC
with a microphone as the error sensor and Fig. 1.5(b) uses an accelerometer as
the error sensor. It has been reported that the control performance of ASAC
and ANC shows no clear difference [14]. In the ASAC system, the position
and number of sensors and actuators can be optimized to improve the control performance [40, 48, 49]. Piezoelectric actuators, voice coil actuators and
electrodynamic proof-mass actuators have been used as the control actuators
[16, 50, 51]. Control stabilities have been addressed in Refs. [51, 52].
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Structure
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Radiating sound
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Controller
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(a)
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Actuator Sensor

Control signal

Controller Error signal

(b)

Figure 1.5: Active structural acoustic control: (a) using a microphone as the error sensor;
(b) using an accelerometer on the structure as the error sensor.
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Feed-forward and feedback control
In an active control system, there are two main control strategies: feed-forward
control and feedback control. When a signal correlated to the primary noise
is available, feed-forward control is attractive because it can reduce the noise
for any frequency and attempt to cancel the noise by generating a secondary
signal with opposite phase to the primary noise. Therefore, it is widely used
as an active control methodology. The more accurate the reference signal,
the better the control performance. Figure 1.6(a) presents an ANC controller
with feed-forward control scheme, where the control signal relies on the reference signal. Filtered-reference least mean square (Filtered-x LMS/FXLMS)
feed-forward control is the most often used for harmonic disturbances [53].
However, the reference signal is not always available. For instance, the noise
in aircraft mainly comes from the air turbulence and the engine which means
the vibration comes from everywhere and has a broadband nature as well.
There are too many primary sources to observe and the reference signal
cannot be detected accurately [54]. Therefore it is difficult to obtain good
noise reduction performance in such a situation with feed-forward control.
In contrast to feed-forward control, feedback control does not rely on the
availability of a reference signal. Consequently, many studies choose feedback
control to reduce the noise when the reference signal is unavailable [9–13, 55].
Figure 1.6(b) presents an ANC controller with a feedback control scheme,
where the control signal relies on the error signal. Moreover, direct velocity
feedback (DVFB) control offers an unconditionally stable control system if
appropriate sensors and actuators are used. Modeling and designing of DVFB
control in noise control have been presented in Refs. [52, 56]. Although the
reference signal correlating to the primary disturbance for the feed-forward
controller is not always available, a reformulation method can transform
a feedback controller into an equivalent feed-forward controller [57]. This
method is known as internal model control (IMC). IMC methods applied
to a double panel structure have been shown [58]. Further theories of the
feed-forward, feedback and internal model control are discussed in Chapter 2.
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Figure 1.6: Control scheme (a) feed-forward ANC; (b) feedback ANC.
The transfer of the control source to the reference sensor is not included, it will be taken
into account later in Chapter 2.

Adaptive control
The characteristics of the environments can vary with time. When the variation of the environment is too large, a control system based on a fixed control
law may become unstable. Therefore, an adjustable control law is necessary in
a control environment with large parameter variations. Adaptive control provides a control system with time-varying parameters [59]. The adaptive control
adjusts its coefficients in response to new data. It can potentially control a system with non-stationarity caused by changes in the primary noise. Some implementations of adaptive controllers can also be made adaptive with respect
to changes of the secondary path [60]. Adaptive control has been investigated
intensively because of the development in aircraft industry. Aircraft are oper-
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ated in a wide range of speeds and altitudes; control design based on one operation condition cannot make the control system stable [61]. Still more theories
and practical applications of adaptive control are becoming available [61–64].
Moreover, by iteratively adjusting the coefficients of the controller, adaptive
control uses fewer calculations per sample than directly computing the optimal coefficients in one step.
Centralized, decentralized and distributed control
Active control implementations have adopted centralized control for a long
time [65, 66]. A centralized control system uses only one controller for all the
sensors and all the actuators. The controller relies on the prediction of the
transfer functions and uses actuators to control different modes. The predictions are accurate only at the lower-order modes, which are less sensitive to
the environment [67]. The control performance is easily affected when the environment conditions change. Moreover, failure of one control channel could
damage the whole control system. Most importantly, the computation of centralized control is often too complicated and expensive especially for broadband disturbances. It is hard to use centralized control in practical systems because of the expensive hardware. This problem becomes particularly serious
in aircraft for its extremely large vibrating area. A simplified method, which
is called decentralized control, is separating the control units to decrease the
complexity in conventional centralized control. A decentralized control system uses pairs of sensors and actuators as independent control units. The error
signal from the sensor(s) in such a system controls only the corresponding actuator(s). When the sensors and actuators are collocated and dual, the system can
be unconditionally stable [67–69]. Therefore, the control loops become simpler,
and the stability of control system also becomes more robust [70, 71]. Research
shows that the control system can maintain the same performance when there
are 3 of 16 channels that have a failure [72].
In spite of the reduction of computational complexity and the increasing
stability of decentralized control, the noise reduction performance also becomes worse. Therefore, control concepts based on distributed control have
been proposed. The control units of the distributed control system are basically
independent, but there are reference signals which could be passed through
each control unit. Instead of the weak connection between each control unit
in decentralized control, distributed control has a stronger connection between
control units [73]. The control units could share the sensor information to improve the control results. In this way, the global control performance can be
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improved [74,75]. The comparison between centralized, decentralized and distributed control has been investigated, the performance of distributed control
is better than decentralized control in the fundamental mode and is close to
the traditional centralized control [76]. The distributed control system not only
reduces the computational complexity but also achieves performance close to
that of a centralized control system. Active control applied to large-scale objectives by adopting a distributed control system seems promising [77].

1.2.3

Combination of passive and active control

Since passive control can effectively reduce noise transmission at high frequencies, and active control performs better at low frequencies, the combination of
these two noise control methods becomes an important concept of noise reducing design. Here are some examples of this passive and active combined control. An implementation consisting of active noise control, distributed vibration absorber and viscoelastic constrained layer damping has been presented
in Refs. [39]. This combination can increase transmission losses by 9.4 dB and
only add 285 g to the panel (approximately 5 % of the total weight) between
15 Hz - 1 kHz. Combination of loudspeakers and a micro-perforated absorber
can provide effective noise reduction from 100 Hz to 1600 Hz [78]. Therefore,
further development of active noise control strategies applied to structures
with passive noise control leads to high potential in noise control design.

1.3

Double panel structure

A double panel structure, which consists of two panels with air in a gap as
shown in Fig. 1.7, is another common implementation for noise reduction.
The double panel structure offers the advantages of low sound transmission
at high frequencies, low heat transmission, and low weight [1, 14–16]. However, the reduction is not enough, especially in the low frequency range. Moreover, there are cavity resonance problems and good acoustical coupling between incident panels and radiating panels. Accordingly, active noise control
has been applied to the double panel structure to improve the noise reduction [6, 53, 79–82]. Acoustic and vibration coupled models have been investigated in analytical and numerical forms [4,79,83]. The research of active double
panel noise control focuses on the optimized position of sensors and actuators
(putting them on the incident/radiating panel or using loudspeakers in the
cavity), the acoustical coupling between incident panel and radiating panel,
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Figure 1.7: Double panel structure.

and the cavity resonant behaviors. Comparisons of incident panel control and
radiating panel control have been given in Refs. [81, 84]. Results have shown
that if the properties of the incident panel and the radiating panel are very dissimilar, then control of the incident panel control will be useless; the control
should be on the radiating panel. Moreover, less coupling between the incident panel and the radiating panel, which is offered by less similarity between
the properties of incident panel and radiating panel, increases the transmission loss and the control efficiency [6]. If the incident panel and the radiating
panel have identical thickness and material property, the panels would have
in-phase resonant modes, which are the uncontrollable cavity modes [14, 85].
Furthermore, theoretical analysis of applying ideal skyhook actuators and reactive actuators to both panels for active damping control has been discussed
in Refs. [15, 52]. The latter reference also discusses the critical aspect of control
stability for these control configurations. A blended velocity feedback control,
where the blended velocity consists of weighted velocity of the incident panel
and the radiating panel, has been proposed [16]. Applying passive methods
to improve the noise reduction has also been studied. Adding acoustic foam
materials or metamaterials between these two panels to absorb the transmitted noise is reported [86–89]. Viscothermal effects in the air layer, which can
convert vibration energy into heat, for reduction of noise transmitted through
the double panel structure have been studied [90]. However, the study shows
the dissipative properties of the air layer can only effectively reduce structureborne noise. The transmitted noise caused by airborne noise is hardly reduced
by the viscothermal effects.
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Flat acoustic source

Acoustic sources having small thickness offer practical advantages for active
noise control [91, 92] and for audio reproduction [93] because the available
space is often limited. Electroacoustic efficiency of moving coil loudspeaker at
low frequencies is proportional to internal enclosure volume [94,95]. Therefore
the available internal volume of the loudspeaker should be used as efficiently
as possible. Furthermore, conventional moving-coil loudspeakers attempt to
move the membrane or panel as a rigid piston [94]. However, in reality, the
membrane exhibits bending waves. These unwanted bending modes of the
membrane cause the frequency response of the loudspeaker to be colored and
uneven. To achieve an even frequency response, many researchers have designed the materials, structure, and suspension of the membrane to eliminate
these unwanted resonances. Instead of eliminating these unwanted bending
modes, distributed mode loudspeakers (DMLs) technique uses these bending
modes to cause an acoustic output [96–98]. The excitation position is designed
to obtain an evenly distributed modal density, which produces a similar effect
as a continuous spectrum. Various filter topologies have been studied to further equalize the uneven frequency response. This technique offers the advantages of compactness and omnidirectionality. However, the panel resonances
are complex and difficult to control, which often leads to complicated computations and an insufficient low-frequency response. In further development of
DMLs, multiple exciters are applied to the panel, which is known as a multiactuator panel (MAP) [99, 100]. However, the panel response is dependent on
the excitation positions. Therefore, dedicated filters based on the excitation
positions for each individual exciter are essential [101], although commercial
DML products have been seen on the market and further applications of MAPs
have been proposed. For instance, MAPs can function as array loudspeakers
for wave field synthesis (WFS) applications [99]. The DMLs and MAPs still
suffer from poor acoustic response at low frequencies. In a recent study, the
bandwidth of a MAP loudspeaker was extended down to 100 Hz by a physicalpsychoacoustic combined method [102]. Furthermore, air cavities between two
panels are often used to improve noise insulation by passive means [14,82,103].
A larger air gap provides larger acoustic compliance, and therefore, less coupling is obtained. Compact partitions with narrow air gaps lead to less acoustic
insulation, especially at low frequencies. Nevertheless, if a flat acoustic source
with small thickness and sufficient acoustic output at low frequencies is provided, the acoustic insulation at low frequencies can be improved by applying
an acoustic source for active noise control, while sufficient insulation at high
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frequencies is provided by a narrow air gap.

1.5

Patent research

This section presents results of a patent search to give an overview of practical noise control implementations. The noise problem is more significant in
vehicle design, because the noise coming from the engines and the air turbulence is directly experienced by the passengers in the vehicles. Passive noise
control is the conventional noise reduction method; however, its heavy implementation increases the fuel cost, especially in aircraft. Active control such as
Active Noise Control (ANC), Active Vibration Absorbers (AVAs), and Active
Structural Control (ASC) not only avoids this problem but can also improve
the performance of noise reduction in the low frequency range [104–107]. In
general, vehicle structure is an enclosure space. The design of active noise control for the enclosure space has been shown in Refs. [108,109]. Furthermore, for
a large-scale control system, multiple control units (multiple sensors and multiple actuators) are necessary. The design of multiple adaptive noise control
systems is reported in Refs. [110, 111]. Nevertheless, the complex computation
limits the practical implementation of active noise control. Therefore, a decentralized control system was designed, in which each of the control units is independent and the calculation is simplified [112]. However, the noise reduction
performance of a decentralized control system is worse than the noise reduction performance of a centralized control system. Later, another control system, which uses the signals from neighboring sensors to produce the actuating
signals, was introduced [113]. Moreover, methods to improve control stability
have been proposed. For instance, to establish a stability detecting system to
evaluate the stability of the adaptive control system and to improve the speed
and performance as well [114]. The double panel structure, defined by the exterior fuselage wall and the interior trim panel, is a common design in aircraft.
The resonance of the cavity also has a considerable effect on the noise transmission. However, only a small region of the cavity is controlled [115]. The control
performance is also affected by the properties of the actuators. Consequently,
the design of the actuators is another important issue. The control force, which
is the product of the mass and the acceleration of the inertial mass shaker for
well above the resonance frequency, is applied to the vibrating structure in the
conventional shaker control design. To reduce the displacement of the mass,
the reduction of the mass cannot be too large. Instead of the conventional oscillatory force, an oscillatory torque is used on the vibration control to remove
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the constraints on mass reduction in a vibration generator design [116].

1.6

Research scope and objectives

The core objective of this research is to develop a further understanding of
resonance in a double panel structure and to provide a more effective control
strategy for reduction of noise transmitted through a double panel structure.
Therefore, the research questions are:
• What kind of resonance dominates transmitted noise through a double
panel structure?
• With decentralized feedback control, controlling which part of the double
panel structure offers more transmitted noise reduction: the cavity, the
incident panel, or the radiating panel?
• Can the decentralized feedback control performance be further improved
by combining other control strategies?
• Do we already have good control sources for the transmitted noise control? If not, what kind of control source is needed?
To answer the research questions and to accomplish our core research objectives, we have set the following goals for the current work:
• To develop a structural-acoustic coupled Finite Element Method (FEM)
model, which can accurately predict the interactions between the structural vibration and acoustic wave propagation.
• To analyze the dominant structural/acoustic modes of the double panel
structure at resonance frequencies.
• To compare various decentralized control strategies, including structural
and acoustic sensor-actuator configuration designs, to reduce noise transmission through a double panel structure.
• To develop an effective control strategy for the transmitted noise reduction through a double panel structure.

1.7 Thesis outline

1.7
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Thesis outline

This thesis is organized as follows. Chapter 2 introduces our control methods,
which include feedback control, feed-forward control, and adaptive methods
taking into account control stability. Chapter 3 describes the details of our numerical model and the experimental setup. Chapter 4 presents the resonant
behavior analysis of the double panel structure. Decentralized structural and
cavity feedback control results are numerically compared. Chapter 5 introduces and compares three acoustic sources used as decentralized cavity feedback control sources in the double panel structure: an acceleration source loudspeaker, an incident pressure source loudspeaker, and a pressure-controlled
source loudspeaker. Moreover, to further improve the transmitted noise reduction, a combination of feedback and feed-forward decentralized control is presented. Chapter 6 presents the development of the so-called incident pressure
source by modifying a dynamic loudspeaker with feed-forward or feedback
control. Chapter 7 introduces the development of flat acoustic sources, which
can be used as cavity control sources for noise reduction. Finally, Chapter 8
summarizes our research results, answers the research questions and suggests
potential directions for future work.

CHAPTER 2

Control methods

2.1

Introduction

As introduced in Chapter 1, there are several possible active control strategies to reduce acoustic noise. This chapter describes a few of these strategies
as they apply to our system, and their operating principles. When a signal
correlated to the primary noise is available, feed-forward control is attractive
because it can reduce the noise for any frequency and attempt to cancel the
noise by generating a secondary signal with opposite phase to the primary
noise. In contrast to feed-forward control, feedback control does not rely on
the availability of a reference signal. Direct velocity feedback (DVFB) control
provides active damping, offering an unconditionally stable control system if
appropriate sensors and actuators are used. These control systems can also be
realized in larger configurations through decentralized or distributed control,
making the controller more practical to implement [7, 9–11, 117]. Decentralized
feedback control for a broadband objective has been shown to be remarkably
effective [13]. As stability is an essential requirement for the control system,
this chapter also describes methods used to determine and improve the stability. Furthermore, the primary noise can vary with time, if the variation is
too large, a controller with fixed control parameters may become unstable. A
control system with time-varying parameters, which is called adaptive control,
can be applied.
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2.2
2.2.1

Feed-forward control
Decentralized harmonic feed-forward control

Figure 2.1 shows the signal block diagram of a MIMO feed-forward control
system with L error sensors and M actuators, where the noise sources are used
as the reference signals. e(jω) is the M × 1-dimensional
√ vector of error signals,
where ω is the angular frequency [rad s−1 ] and j = −1. G(jω) is the L × M dimensional plant transfer function; u(jω) is the M × 1-dimensional vector of
control signals; d(jω) is the L × 1-dimensional noise source vector, which is the
vector of error signals without the input control signal.

d(jω )

u(jω )

+
+
G(jω )

∑

e (jω )

Figure 2.1: Feed-forward control systems.

From the block diagram in Fig. 2.1, the error signals e(jω) can be derived as
e(jω) = d(jω) + G(jω)u(jω).

(2.1)

For simplicity, the explicit dependence on jω is dropped in the following notation. The cost function is defined as the sum of the square error signals
J = eH e = uH GH Gu + uH GH d + dH Gu + dH d,

(2.2)

where H denotes the Hermitian transpose. Alternatively, the trace of an outer
product of the cost function can be used,
J = eH e = trace(eeH ).

(2.3)

The derivative of the cost function with respect to the control signal is written
as
∂J
∂J
+j
= 2GH Gu + 2GH d,
(2.4)
∂uR
∂uI
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where uR and uI are the real part and the imaginary parts of u. By setting the
above equation to zero, the optimal control signals uopt can be derived as

−1 H
uopt = − GH G
G d.

2.2.2

(2.5)

Stability: control effort weighting factor

As some decentralized control systems are inherently unstable, adding an effort weighting term to the system can improve the stability. Instead of only
using the squared error signals in the cost function (as described by Eq. (2.2)),
the squared control signal with an effort weighting factor β is added. The cost
function J is now defined as
J = eH e + βuH u.

(2.6)

The control signal is then derived as
h
i−1
u = − ĜH G + βI
ĜH d,

(2.7)

where Ĝ is an estimated plant transfer function. In a practical implementation, the plant transfer function G might not be perfectly known, Ĝ is used
in an adaptation algorithm to update the control signals. If the plant transfer
function is perfectly known and can be reliably measured, we can then assume
Ĝ = G. The stability of the decentralized MIMO feed-forward control system
is guaranteed when the real parts of the eigenvalues λ of the matrix ĜGH + βI
are positive. If the system is unstable, β can be set to − min Re(λ) to make the
system just stable [118]. However, feed-forward control needs perfect knowledge of the reference signal to provide good control performance.

2.2.3

Internal model control

Although a reference signal correlating to the primary disturbance for the feedforward controller is not always available, a reformulation method can transform a feedback controller into an equivalent feed-forward controller [57]. This
method is known as internal model control (IMC) as shown in Fig. 2.2. The
dashed line indicates the complete negative feedback controller H, which contains a control filter W and an internal model Ĝ. This internal model is an
estimated model of G, which is the plant response from the secondary sources
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Figure 2.2: Internal model control

to the error sensors. By using this estimated plant model Ĝ, the influence from
the secondary sources to the error sensors can be estimated. Subtracting this
estimated influence from the error signals e can obtain the estimated noise signals d̂ of the true noise signals d, which are used as the reference signals. d̂ are
fed to the control filter W as the estimated reference signals, and the output
control signals u drive the plant G to produce the secondary signals y.

2.3
2.3.1

Feedback control
Multiple decentralized feedback control

Figure 2.3 illustrates the signal block diagram of a multiple-input and multipleoutput (MIMO) feedback control system, assuming there are L error sensors
and M actuators. e(jω) is the M × 1-dimensional vector
of error signals, where
√
ω is the angular frequency [rad s−1 ] and j = −1. G(jω) is the L × M dimensional plant transfer function; u(jω) is the M × 1-dimensional vector
of control signals; d(jω) is the L × 1-dimensional noise source vector, which is
the vector of error signals without the input control signals; and H(jω) is the
M × L-dimensional control matrix, which is a constant for this system. The
time-dependent signals are the real part of the complex vectors (i.e., the timedependent error signals e(t) = Re{e(jω)ejωt }).
From the block diagram in Fig. 2.3, e(jω) can be derived as
e(jω) = [I + G(jω)H(jω)]−1 d(jω),

(2.8)

where I is an identity matrix of dimensions L. To present the physical interactions between each control unit in a MIMO control system, a fully coupled
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Figure 2.3: Direct feedback control system.

multiple channel plant transfer function G(jω) is applied:


G11 (jω) · · · G1m (jω)


..
..
..
G(jω) = 
,
.
.
.
Gl1 (jω)

···

(2.9)

Glm (jω)

where Glm (jω) is the transfer function from the m-th actuator to the l-th sensor.

2.3.2

Nyquist criterion

In theory, the stability of a feedback control system can be unconditionally
guaranteed when the sensors and actuators are dual and collocated [68]. Therefore, the control gain can be increased infinitely to decrease the error signals of
Eq. (2.8) to zero. In practice, determining the system stability is essential for
operating the control system. The Nyquist plot of the open-loop system provides the stability information of the close-loop system, and provides insight
on how to improve the stability. The system is stable if and only if the Nyquist
plot of G(jω)H(jω) does not cross or encircle (-1, 0). However, a stable system
can become unstable in the presence of perturbations. The ability of the system to withstand perturbations is defined by stability margins (e.g. gain margin, phase margin, and modulus margin) in a single-input and single-output
(SISO) control system as shown in Fig. 2.4. The gain margin gm is the minimum increased gain to make the Nyquist plot of G(jω)H(jω) cross or encircle
(-1, 0). The phase margin pm is the minimum extra phase to make the Nyquist
plot cross or encircle (-1, 0). The modulus margin sm is the minimum distance
between (-1, 0) to the Nyquist plot. Practical requirements are gm > 2 and
30◦ < pm < 60◦ .
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Figure 2.4: Stability margins for a SISO control system.

2.3.3

Generalized Nyquist criterion

The generalized Nyquist criterion can be applied to determine the stability of
practical MIMO decentralized control systems [13]. The system is stable if and
only if the locus of det [I + G(jω)H(jω)] does not cross or encircle the origin
(0, 0). On the other hand, in a MIMO system, even a simultaneous change
in the gain or phase in all of the loops may change the shape of the locus of
det [I + G(jω)H(jω)]. Therefore, the margins of a MIMO control system give
different meanings to the classical definitions. One method to access the classical stability margins in a MIMO system is to use the eigenvalue loci. The
eigenvalue loci are the eigenvalues of the frequency response of G(jω)H(jω),
which can provide Nyquist plots with the classically defined margins. Nevertheless, these margins are not practically useful since the system is assumed
as having a simultaneous and identical change in the gain or phase in all of
the loops [119]. Another method is to firstly analyze each individual control
loop to govern the stability margins of each single channel. The stability margins of the single channel present the physics and intrinsic limitations of the
sensor-actuator feedback loop. And the maximum control gain of each individual control unit can be found. However, the margins from this analysis
cannot guarantee the mutual stability of the multiple control units. Therefore,
the next step is to apply the generalized Nyquist stability criterion to prove the
stability of the multiple feedback control system with the maximum mutual
control gain, which is smaller than the maximum single channel control gain
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from each individual control unit [16, 120].
Since the main purpose of determining the stabilities in our work is to compare the noise reduction of various control strategies, this thesis applies simple
but relatively fair stability criteria. The gain stability index, phase stability index, and modulus stability index in a MIMO system are defined as the stability
margins of the locus of det [I + G(jω)H(jω)]. The gain stability index is the
minimum increased gain to make the locus of det [I + G(jω)H(jω)] cross or encircle (0, 0). The phase stability index is the minimum extra phase to make
the mentioned locus cross or encircle (0, 0). The modulus stability index is the
minimum distance between (0, 0) to the mentioned locus. These three stability indexes are shown in Fig. 2.5. Although these indexes are different to the
classical margins in a SISO system, they can provide us with approximations
of control stability margins.

Im

reciprocal of the
gain stability index

1
modulus stability index

1

Re

phase stability index
ω
det[I+G(jω)H(jω)]

Figure 2.5: Stability indexes for a MIMO control system.

2.3.4

Collocated sensor-actuator control pairs

Direct velocity feedback (DVFB) control may be considered as the simplest
method of active damping control [68], which aims to reduce the vibration
of the structure by directly feeding the measured signal from a velocity sensor
with a fixed gain to a force actuator. DVFB control can provide active damping
to the structure without a model of the structure. Moreover, while DVFB control is very simple, it can be unconditionally stable if collocated sensor-actuator
pairing is used. A collocated sensor-actuator pair indicates that the sensor and

26

2 Control methods

actuator are physically located at the same position and energetically conjugated, such as a force actuator with a displacement/velocity/acceleration sensor. This stability is unconditionally guaranteed for any position of a sensoractuator pair in the structure and for any disturbance to the system [71]. An
example of a DVFB control system with a collocated sensor-actuator control
pair is shown in Fig. 2.6.

Controller

Velocity sensor
H

Point force actuator
Figure 2.6: A DVFB control system with a collocated sensor-actuator control pair.

In theory, the unconditional stability means the control gain can be increased
infinitely to decrease the error signals to zero providing zero residual vibration. While a pair of collocated sensor-actuators guarantees the alternative
pole/zero pattern in both SISO and MIMO systems, a flipped pole/zero pattern may exist when non-collocated sensor-actuator pairs are used [68, 121]. In
frequency responses, the poles correspond to the resonance frequencies and
the zeros correspond to the anti-resonance frequencies. Figure 2.7 presents a
bode plot of a collocated velocity sensor response to a point force actuator.
A resonance frequency leads to a 180◦ phase lag and an anti-resonance frequency leads to a 180◦ phase lead. The unconditional satiability of a collocated
DVFB control is the consequence of the alternative pole/zero pattern, which
ensures the phase response is always between -90◦ and 90◦ as shown in Fig. 2.7.
Furthermore, this collocated stability concept in structure control has been extended to active noise control systems [122]. As collocated sensor-actuator
pairs are not always available in practical applications, the limitations of using
non-collocated sensors and actuators has been studied [67, 123]. Regardless,
collocated sensors and actuators should be used in DVFB control whenever
possible.
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Figure 2.7: Bode plot of a collocated sensor-actuator control pair.

2.4

Adaptive control

Adaptive control provides a control system with time-varying parameters,
which are altered to minimize the mean-square error. Therefore, by iteratively
adjusting the coefficients of the controller, adaptive control uses fewer calculations per sample than directly computing the optimal coefficients in one step.
Moreover, since the adaptive control adjusts its coefficients in response to each
new data, it can potentially control a non-stationary system, which may be
caused by changes in the primary noise. This section introduces two adaptive
control algorithms applied to our system.

2.4.1

Steepest-descent algorithm

Assuming there are L error sensors and M actuators, e is defined as the M × 1dimensional vector of error signals, G is the L × M -dimensional plant transfer
function, and u is the M ×1-dimensional vector of control signals. The steepestdescent algorithm adjusts the control signals iteratively to minimize the sum
of squared errors J = eH e.
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The steepest-descent adaptation rule for the controller is


∂J
∂J
+j
,
u(n + 1) = u(n) − µ
∂uR (n)
∂uI (n)

(2.10)

where µ is the convergence factor and uR (n) and uI (n) are the real and imaginary parts of the control signals at the n-th iteration. The steepest-descent algorithm subtracts the vector proportional to the derivative of the cost function
with respect to the control signals from the control signals to derive the adapted
control signals at the next iteration. If the error signals reach the steady-state
value at each iteration, the error signals at the n-th iteration can be written as
e(n) = d + Gu(n).

(2.11)

Using Eqs. (2.4) and (2.11), the steepest-descent adaptive method given in
Eq. (2.10) can be written as
u(n + 1) = u(n) − αGH e(n),

(2.12)

where α = 2µ is the final convergence coefficient. To guarantee a stable control
system, the control effort weighting factor can be included by replacing the
cost function with J = eH e + βuH u. Equation (2.12) with the control effort
weighting factor is written as
u(n + 1) = (1 − αβ)u(n) − αGH e(n).

(2.13)

If there are modelling errors or plant uncertainties, the estimated plant model
Ĝ can be used to adjust the control signals, then the control signals become
u(n + 1) = (1 − αβ)u(n) − αĜH e(n).

2.4.2

(2.14)

Regularized modified filtered-error LMS algorithm

Our work uses another adaptive algorithm, which is called regularized modified filtered-error least mean square (RMFeLMS) algorithm. The least mean
square (LMS) algorithm provides the advantages of low complexity and relatively good robustness. However, the LMS does not guarantee a rapid convergence. To improve the convergence properties of the adaptive controller,
the RMFeLMS eliminates the inherent delay in the adaptive path by using an
inner-outer factorization of the transfer path between the actuators and the error sensors. Double control filters combined with a regularization technique
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(which can preserve the factorization properties) are used for compensating
the delay. Compared to the standard filtered-reference and filtered-error algorithm, RMFeLMS has good convergence properties. A detailed RMFeLMS
algorithm description can be found in [124, 125]. A block diagram of the
adaptive MIMO RMFeLMS scheme, where the dashed line indicates the controller, is shown in Fig. 2.8. Assuming there are K reference signals, L error
sensors and M actuators. P, the primary model, is the L × K-dimensional
transfer function between the reference signals and the error signals; d is the
L × 1-dimensional vector of the primary noise source. G, the plant model,
is the L × M -dimensional transfer function between the actuators and the error sensors. W is the M × K-dimensional control filter and D represents a
delay operator. The (L + M ) × M -dimensional augmented plant Ḡ consists
of G and a M × M -dimensional regularization function Greg to avoid saturated control signals. To improve the convergence and to ensure stability, an
L × M -dimensional all-pass function Ḡi and M × M -dimensional minimum
phase function Ḡo are used to perform the inner-outer factorization, where
Ḡ = Ḡi Ḡo , Ḡ−1
o (q)Ḡo = IL , in which q is the unit delay operator and IL is
the identity matrix of dimensions L, and Ḡ∗i (q) = ḠTi (q −1 ), where T denotes
the transpose. Internal model control (IMC) can be realized by subtracting
the contribution of the secondary sources on the reference signals, where the
K × M -dimensional transfer function is Grp and the K × 1-dimensional vector

P

xref
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-

G̅
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W

+

-1

G

G̅o

d
e

+

Greg
D
xd

D
W

++

+

-

D
D

+

ea

LMS

G̅i*

D

Figure 2.8: Regularized modified filtered-error adaptive least mean square (RMFeLMS)
control scheme with IMC.
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of reference signals is xref [54, 57]. The adaptation rule for the controller based
on the LMS algorithm is obtained as
Wi (n + 1) = Wi (n) − αea (n)xd (n − i),

(2.15)

where Wi (n) is the i-th filter at the n-th iteration, ea is the M × 1-dimensional
vector of auxiliary error signals, α is the convergence coefficient and xd is the
K × 1-dimensional vector of delayed reference signals.

2.5

Conclusions

In this chapter, a description is given of control strategies and their operating
principles as they apply to our system. Stability is an essential requirement
for the control system. Methods to determine and improve the stability are
given as follows. (1) The control effort weighting factor can improve the stability of a feed-forward control system. (2) The Nyquist criterion can determine
the stability of a SISO feedback control system. (3) The generalized Nyquist
criterion can be used to determine the stability of a MIMO feedback control
system. Moreover, DVFB control can be unconditionally stable if collocated
sensor-actuator pairing is used. If the reference signal for a feed-forward controller is not available, applying IMC can reformulate a feedback controller into
a equivalent feed-forward controller. Furthermore, two adaptive algorithms
are given. (1) The steepest-descent algorithm adjusts the control parameters
to minimize the sum of squared errors. (2) The RMFeLMS algorithm uses regularization and an inner-outer factorization technique to provide an adaptive
algorithm with low complexity, good robustness and good convergence.

CHAPTER 3

Finite element method model and
experimental setup

This chapter is based on:
J. H. Ho and A. Berkhoff, "Comparison of various decentralised structural and cavity feedback control strategies for transmitted noise reduction through a double panel
structure," Journal of Sound and Vibration, vol. 333, no. 7, pp. 1857–1873, 2014.

3.1

Introduction

This chapter describes our numerical model, assumptions, experimental setup
and model validation. First, a finite element method model including both
acoustic and structural properties is introduced. The near field sound pressure
is related to the kinetic energy of the radiating panel at lower modes [122]. A
minimum amount of sensors was found to provide precise estimation of the
panel’s kinetic energy. Moreover, an equivalent piezoelectric load equation,
which is used to simplify the model, is given. Then a detailed experimental
setup is described. Finally, the model validation, where we excited the system with a piezoelectric patch and validated the kinetic energy response of the
radiating panel, is presented.

3.2

Structural-acoustic coupled model

We use the finite element method (FEM) with the COMSOL Multiphysics 4.3b
(COMSOL, Inc., Burlington, MA 01803, USA) to model and analyze the characteristics of our system. To accurately model the system, the acoustic and
structural properties must be considered simultaneously. Moreover, the interactions between the properties should be applied to both sides to achieve a
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more accurate result. Therefore, there are two domains in our model: the fluid
domain and the solid domain. The relationship of the acoustic pressure in the
fluid domain to the structural deformation in the solid domain is linked as described below. In the solid domain, the pressure load (normal force per unit
area) on the structure Fp [N m−2 ] produced by the fluid pressure pa [Pa] on
the fluid-solid interacting boundaries is given by
Fp = −n · pa ,

(3.1)

where n is the normal vector of the solid boundaries. In the acoustic fluid
domain, the normal acceleration to the acoustic pressure an [m s−2 ] on the
fluid-solid interacting boundaries can be derived from the second derivatives
of the structural displacements with respect to time utt [m s−2 ]:
an = n · utt .

(3.2)

By applying Eqs. (3.1) and (3.2), the interaction between the acoustic field and
solid structure can be investigated. The resonant behavior and sound transmission of a double panel structure are investigated based on the model shown in
Fig. 3.1. A spherical incident pressure wave acts as the primary noise source.
To produce an asymmetric incident noise wave, this wave is generated from the
bottom corner of the source cavity. This primary noise source from the source
cavity first enters an aluminum panel (the incident panel), then a 35-mm-thick

Radiating panel
35mm middle cavity
Incident panel
Source cavity

Spherical incident pressure wave

Absolute pressure [Pa]

Figure 3.1: Structural-acoustic interaction model.

3.3 Near field sound pressure

33

layer of air (the middle cavity), followed by a honeycomb panel (the radiating
panel). These two panels are simply supported. Furthermore, high absorbing
materials are applied to the surface of the source cavity to reduce the resonant
energy from the source cavity. The detailed model parameters are provided in
Table 3.1.

3.3

Near field sound pressure

The energy of the near field sound pressure wave is related to the kinetic energy of the radiating panel at lower modes [122]. Figure 3.2 shows the near field
sound pressure wave from the radiating panel of the double panel structure.
Directly calculating the near field sound pressure requires more computation
than calculating the kinetic energy of the radiating panel. Therefore, to analyze
the control performance of various control strategies, we use the kinetic energy
of the radiating panel to represent the near field sound. Although the surface
mass density affects the ratio of the kinetic energy of the radiating panel to
the radiated sound pressure above the radiating panel, all the kinetic energy
frequency response in the current work is obtained from the same honeycomb
material, which means the ratio is fixed. Moreover, the current work presents

Figure 3.2: Near field sound pressure wave from the radiating panel.
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Source cavity

Piezoelectric patches

Honeycomb panel (radiating panel)

Aluminum panel (incident panel)

Inner dimensions
Rigid boundary

Inner dimensions
High absorbing surface, acoustic impedance

Dimensions
Density
Young’s modulus
Poisson’s ratio
Strain coefficient d31

Dimensions
Density
Young’s modulus
Poisson’s ratio
Loss factor

Dimensions
1.Validation model
2.Controlled analysis model
Density
Young’s modulus
Poisson’s ratio
Loss factor

Parameters

420 ∗ 297 ∗ 35

420 ∗ 297 ∗ 350
1000

72.4 ∗ 72.4 ∗ 0.264
7800
52
0.33
-190

420 ∗ 297 ∗ 5.8
409
3.7
0.33
0.03

420 ∗ 297 ∗ 1
420 ∗ 297 ∗ 2
2700
70
0.33
0.03

Values

[mm3 ]

[mm3 ]
[Pa s m−1 ]

[m V−1 ]

[mm3 ]
[kg m−3 ]
[GPa]

[mm3 ]
[kg m−3 ]
[GPa]

[mm3 ]
[mm3 ]
[kg m−3 ]
[GPa]

Unit

Table 3.1: Model parameters.

Middle cavity
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the transmitted noise reduction comparison of various control strategies applied to the same double panel structure. We compared the structure’s near
field sound pressure, which can be represented by the kinetic energy of the radiating panel. Therefore, the far field radiation efficiency of the radiating panel
does not affect the presented comparison results. However, to fully present the
controlled results of various control methods, the sound pressure level at 10
cm above the radiating panel surface and the radiated sound power level of
the radiating panel are given in Sections 4.4 and 5.2.

3.4

Kinetic energy estimation

As mentioned above, we used the kinetic energy of the radiating panel to represent the near field sound pressure from the panel. The measured kinetic
energy of the panel was derived from the sensors on the panel. These sensors
were equally distributed on the panel. We used the average velocity of these
sensor points to calculate the kinetic energy of the panel. Therefore, more sensor points can improve the accuracy of the kinetic energy estimate, particularly
for the higher vibration modes. However, in practice, the number of detecting
sensors is limited. The required number of sensors depends on the mode shape
complexity of the panel. To guarantee the accuracy of our kinetic energy estimate and to avoid estimation errors because of an insufficient number of sensors, we first compared the accuracy of various sensor numbers using the FEM
model. A panel was excited by an incident acoustic wave, and the kinetic energy estimates for this panel from 1, 2, 4, 5, 9, 16, and 25 velocity sensor points
were compared with the integral kinetic energy of the entire panel. To provide
an accurate approximation of the panel response, the distance between two adjacent monitoring positions should be smaller than half a bending wavelength
of the panel. The bending wave speed of the radiating panel was 259 m s1 and the half bending wavelength of the panel was 6.5 cm at the maximum
frequency 2 kHz. The panel model was divided up into 1718 elements and the
distance between two adjacent positions was less than 15 mm, which is smaller
than the half bending wavelength of the panel. Figure 3.3 shows the kinetic energy frequency response of the panel from 10 Hz to 2 kHz. At each frequency,
the error is the absolute difference in dB between the estimated kinetic energy
and real kinetic energy. We average all of these errors to obtain the estimation
error, which is shown in Table 3.2 for the various sensor results. These results
show that using only one sensor on the panel is insufficient for obtaining a correct estimate because a single sensor cannot present the characteristics of any

36

3 Finite element method model and experimental setup

Kinetic Energy [dB rel. 1J/Pa2]

mode shape that is higher than the first mode, such as (2, 1), (1, 2), and (2, 2).
However, below 1 kHz, the estimated kinetic energy from 5 and 9 velocity sensor points can precisely match the integral kinetic energy. Therefore, we can
use the average velocity from 5 or 9 sensors to estimate the kinetic energy of
the entire panel. In our model validation, the measured kinetic energy was derived from 9 sensors on the panel. In our real-time control, we used 5 sensors,
which were the error sensors in the feedback control loop, to derive the kinetic
energy of the panel.

−80
−100
−120
−140

Panel integral
1 sensor
5 sensors
9 sensors

−160

2

3

10

10
Frequency [Hz]

Figure 3.3: Kinetic energy numerical analysis of the radiating panel derived from different numbers of sensor points.

Table 3.2: Kinetic energy difference.
Average difference of kinetic energy[dB]
(Average(abs(10 log10 (ΣKEsensors /ΣKEpanel integral ))))
Sensor number(s)
10 Hz–500 Hz
10 Hz–1 kHz
10 Hz–2 kHz

1
6.622
6.064
7.121

2
3.982
4.810
5.512

4
0.989
1.500
2.157

5
1.739
2.037
2.277

9
0.145
1.073
1.879

16
0.017
0.200
0.884

25
0.030
0.059
0.513
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Equivalent piezoelectric load

In the current work, piezoelectric patches are applied for the structural control.
Piezoelectric materials offer the advantages of rapid response and compact dimensions. The equivalent piezoelectric load equation for laminar piezoelectric
actuators is adopted to simplify the model, where the piezoelectric force can
be represented as line moments on the edges of the piezoelectric patch shown
in Fig. 3.4 [71]. The line moment is given by
Mp = −Ep d31 hV,

(3.3)

where Mp [N] is the moment per unit length, Ep [GPa] is the Young’s modulus
of the piezoelectric patch, d31 [m Volt-1] is the piezoelectric strain coefficient,
h [m] is the distance between the mid-plane of the piezoelectric patch and the
mid-plane of the panel, and V [Volt] is the control voltage applied to the patch.
In our numerical analysis, the control load from each piezoelectric patch is
applied as four line moments on the panel.

Mp

Mp
Mp

Mp

Figure 3.4: Four line moments represent the equivalent piezoelectric load for a laminar
piezoelectric actuator.

3.6

Experimental setup

Figure 3.5 shows our experimental setup. The double panel is mounted on a
rectangular box, which is referred to as the source cavity. A loudspeaker in the
bottom of the rectangular box generated the primary noise. The kinetic energy
of the radiating panel can be derived by measuring the velocity of this panel.
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The structural control sets on the radiating panel (five piezoelectric actuators
and five acceleration sensors) are shown in Fig. 3.6. Furthermore, this box was
constructed with 40-mm-thick walls of acrylic plates to prevent the sound from
leaking through the side walls. Although we provide only the kinetic energy
results, the transmitted sound was also measured by locating a microphone
above the top panel.

Figure 3.5: Experimental setup for real-time control.

Figure 3.6: Five sensor-actuator pairs on the radiating panel.

3.7 Model validation

3.7
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Model validation

To validate our numerical model, a kinetic energy response comparison between the simulation and experiment was performed. We used the kinetic energy response of the radiating panel, whereas there was an excitation force on
the radiating panel (the honeycomb panel). Figure 3.7 shows the experimental
setup for our model validation. One piezoelectric patch was attached to the
honeycomb panel to apply the excitation force. Then, we measured the acceleration of the panel from nine positions to derive the panel’s kinetic energy,
which is based on the panel integration of the acceleration, and compared the
result with that from the numerical simulation, as shown in Fig. 3.8. The figure
shows that the numerical model can sufficiently accurately predict the practical
sensor-actuator response in a single panel structure for our purpose. To further
validate the double panel interaction result, we added another panel below the
radiating panel with a 35-mm-thick air gap to change the structure into a double panel structure. This second panel was a 1-mm-thick aluminum panel,
which has a high resonance density. The excitation force was only applied on
the radiating panel. Figure 3.9 shows that the number of resonance peaks of the
double panel structure increases because of the resonance contributions from
the incident panel and cavity. However, the numerical model can estimate the
practical sensor-actuator response in a double panel structure with reasonable
error. The 1-mm-thick aluminum panel with a high resonance density was chosen to obtain a more complex response object to compare with our numerical
model. However, because of the concern for control stability, instead of the 1-

Figure 3.7: Experimental setup for model validation.
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mm-thick aluminum panel, a 2 mm-thick aluminum panel was attached to the
double panel structure for subsequent analysis and experiments.

2

Kinetic energy [dB rel. 1J/V ]
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Figure 3.8: Experimental and simulated kinetic energy response of the radiating panel:
the single panel structure.
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Figure 3.9: Experimental and simulated kinetic energy response of the radiating panel:
the double panel structure.
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Conclusions

In this chapter, the details of our numerical model and experimental setup are
described. A structural-acoustic coupled FEM model, which can sufficiently
accurately predict the interactions between the structure vibration and acoustic
wave propagation for our purpose, has been developed and validated. The
kinetic energy of the radiating panel is used to represent the structure’s near
field sound pressure in our study. A minimum amount of 5 sensors has been
found to accurately estimate the kinetic energy of our entire radiating panel
from 10 Hz to 2 kHz.

CHAPTER 4

Structural, cavity, and combined control

This chapter is based on:
J. H. Ho and A. Berkhoff, "Comparison of various decentralised structural and cavity feedback control strategies for transmitted noise reduction through a double panel
structure," Journal of Sound and Vibration, vol. 333, no. 7, pp. 1857–1873, 2014.

4.1

Introduction

In this chapter, we present the results of applying structural control, cavity
control, and structural-cavity combination control to the double panel structure. First, we applied piezoelectric patches on the incident panel and radiating panel to control the structure. The limitation of the structural control was
analyzed, and the real-time structural control was measured to prove our conclusions obtained from the numerical analysis. Next, we analyzed the cavity
control using acceleration source loudspeakers as the cavity sources. Finally,
we combined these two methods, which is referred to as the structural-cavity
combination control, and compared the various control methods to find the
most effective strategy for the transmitted noise reduction.

4.2

Feedback structural control

Two simply supported panels with a 35-mm-thick air gap comprised the double panel structure. The incident panel was a 2-mm-thick aluminum panel,
and the radiating panel was a 5.8-mm-thick honeycomb panel. The parameter
details are listed in Table 3.1. In the structural control case, an analysis is given
of five piezoelectric patches attached to each panel as shown in Fig. 4.1.
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On each piezoelectric patch, there is one collocated acceleration sensor that
functions as the error sensor for the velocity feedback control system.

Figure 4.1: Control sets on the panels.

4.2.1

Radiating and incident panel control

Table 4.1 lists the Nyquist plots for the following structure-controlled cases. As
described in Section 2.3.3, a MIMO control system is stable if and only if the locus of det [I + G(jω)H(jω)] does not cross or encircle the origin (0, 0). Since the
accelerometer and the piezoelectric patch were neither dual nor collocated, the
feedback loop was not unconditionally stable. The system therefore included a
low-pass filter with a cut-off frequency of 1 kHz to prevent instability at higher
frequencies. Zoomed figures around the origin are listed in the table to confirm
the system stability. In the first and second plots, only the incident panel was
controlled with control gain 800. In the third and fourth plots, only the radiating panel was controlled with control gain 330. The plots show that with the
low-pass filter, the stability was improved at higher frequencies. Moreover, because these plots do not encircle or cross the origins, the stability of the system
is guaranteed.
The control performance of these two cases without and with the low-pass
filter is shown in Figs. 4.2 and 4.3. Figure 4.3 shows that the low-pass filter
does not weaken the control performance. Moreover, although controlling the
radiating panel can effectively reduce the near field sound in a single panel

4.2 Feedback structural control
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Table 4.1: Numerical analysis of panel control positions, locus of det[I + G(jω)H(jω)]
from 10 Hz to 20 kHz: from 10 Hz to 1 kHz (blue solid lines) and from 1 kHz to 20 kHz
(green dotted lines).

Control position
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structure, it cannot reduce all of the resonance peaks in a double panel structure. For instance, for the first few resonance peaks, only the second and fourth
peaks can be reduced by controlling the radiating panel. However, the first
and third peaks were barely reduced. In contrast, the first and third peaks can
be significantly reduced by controlling the incident panel, but the second and
fourth peaks were barely reduced.

Kinetic Energy [dB rel. 1J/Pa2]
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−110
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Figure 4.2: Simulated kinetic energy response of the radiating panel with panel control.
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Figure 4.3: Simulated kinetic energy response of the radiating panel with low-pass filtered panel control.
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Resonant modes analysis

In the double panel structure, there is a major drop of the sound transmission loss, where the sound transmission loss can even be less than that of a
single panel structure. This particular frequency is referred to as the massair-mass frequency, where the two panels have anti-phase motion and the air
acts as a spring [3]. The calculated mass-air-mass resonance frequency for unbounded panels is 256 Hz in this case, while the resonance frequency at 250 Hz
is shown in our FEM simulation result. To further describe the difference, the
uncontrolled resonant mode shapes of the panels and the uncontrolled acoustic pressure distribution in the cavity are shown in Table 4.2. The mode shapes
show that the first and third resonance frequencies are dominated by the resonant modes of the incident panel. Conversely, the second and fourth resonance
frequencies mainly result from the radiating panel. Furthermore, the fifth resonance peak at 500 Hz is dominated by the acoustic resonance of the cavity.
Table 4.3 shows the mode shapes of the radiating panel with various structural
control methods. From these results, we can observe that the peaks that are
dominated by the incident panel resonant modes (120 Hz and 300 Hz) can be
effectively reduced by applying the incident-panel piezoelectric actuators. In
contrast, the peaks that are dominated by the radiating panel resonant modes
(250 Hz and 460 Hz) can be effectively reduced by applying the radiating-panel
piezoelectric actuators. Thus, all of the structure-dominated resonance peaks
can be reduced when the radiating panel and incident panel are controlled, as
shown in the last row of Table 4.3. The control gain for both controlled-panel
cases should be readjusted to ensure the stability of the system. The Nyquist
plot is shown in Table 4.4, where the control gains for the incident panel and
radiating were 500 and 300, respectively. In the second plot, the low-pass filter was applied. Figure 4.4 shows the control performance when both panels
were controlled and shows the low-pass filter does not weaken the control performance. Although all of the structure-dominated resonance peaks can be
reduced, the size of this reduction decreased. Because of the interference between these two panels, the control gain of both panels was limited. Therefore,
the reduction of these resonance peaks was limited. Furthermore, the result
shows that although controlling the two panels can reduce most of the resonance peaks, which also include the mass-air-mass resonance frequency, it can
barely reduce the resonance peak at the cavity-dominated resonance frequency
(500 Hz).
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Frequency [Hz]

120

250

300

Table 4.2: Simulated mode shapes of the uncontrolled system.

Displacement mode shapes

Absolute pressure
distribution

460

500

Both panels controlled

Radiating panel controlled

Incident panel controlled

Uncontrolled

Frequency [Hz]

120

250

300

460

Table 4.3: Simulated mode shapes of the radiating panel with various structural control methods.
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Table 4.4: Numerical analysis of both panels controlled, locus of det[I + G(jω)H(jω)]
from 10 Hz to 20 kHz: from 10 Hz to 1 kHz (blue solid lines) and from 1 kH to 20 kHz
(green dotted lines).
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Figure 4.4: Simulated kinetic energy response of the radiating panel with both panels
controlled.

4.2.3

Real-time control

To further support the conclusions of the numerical analysis, a real-time structural control measurement was performed. First, we applied the structural
control to a single panel structure, whereby five piezoelectric actuators were
attached to the panel. The excitation noise source was the acoustic pressure
produced by a loudspeaker. The control result indicated that the structural
control could effectively reduce the resonant energy in the single panel structure (Fig. 4.5). Next, we added a second panel (the incident panel) under the
first panel (the radiating panel) with an air layer between the panels to change
the system into a double panel structure. The structural control was only applied to the radiating panel, and the control result is shown in Fig. 4.6. The
figure shows that controlling only the radiating panel in a double panel structure can only reduce certain peaks instead of all of the resonance peaks because
these resonance peaks were not only determined by the resonant modes of the
radiating panel. This result agreed with our numerical analysis. The resonance
frequencies of a double panel structure result from not only the radiating panel
but also the incident panel. Therefore, both panels should be controlled simultaneously in a double panel structure. Nevertheless, resonant energy also
emerges from the cavity, such as the frequency at 500 Hz. This resonant energy can be barely reduced by adding active damping to the structure. This
limitation of the structural control should be considered in the system design.
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Figure 4.5: Experimental kinetic energy response of the radiating panel: single panel
control result.
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Figure 4.6: Experimental kinetic energy response of the radiating panel: double panel
control result.
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Feedback cavity control

The previous section has shown that applying direct velocity feedback control
to the structure cannot effectively control the cavity-dominated resonance in
a double panel structure. To solve this problem, six decentralized cavity controllers were modeled in the middle cavity between the double panels. An
analysis is given of six loudspeakers installed in the cavity between these double panels (Fig. 4.7). In front of each loudspeaker, there is one microphone
that functions as the error sensor for the feedback control system. The microphone positions are the circles marked with red in Fig. 4.7. The loudspeaker
was a dynamic loudspeaker and thus assumed to operate as an acceleration
source above the resonance frequency. The Nyquist plot of this MIMO decentralized control system with a control gain of 0.0003 is shown in Table 4.5. In
the second plot, a low-pass filter with a cut-off frequency of 1 kHz to prevent
instability at higher frequencies was applied to the control system. The locus
of det[I + G(jω)H(jω)] does not encircle or cross the origin, which guarantees
the stability of the control system.
Figure 4.8 shows the control performance without and with the low-pass filter and shows that the low-pass filter does not weaken the control performance.
With the cavity control, the kinetic energy can be reduced not only at the
structure resonance-dominated frequencies but also at the cavity resonancedominated frequencies. The result shows that cavity control can provide significant transmitted noise. Therefore, cavity control strategies were further investigated, as discussed in Chapter 5.

Figure 4.7: Distribution of control sets for cavity control.
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Table 4.5: Numerical analysis of panel control positions, locus of det[I + G(jω)H(jω)]
from 10 Hz to 20 kHz: from 10 Hz to 1 kHz (blue solid lines) and from 1 kHz to 20 kHz
(green dotted lines).
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Figure 4.8: Simulated kinetic energy response of the radiating panel with cavity control.

4.4

Feedback combined control and comparisons

To improve the control performance, we applied structural control and cavity
control to the system simultaneously, which is referred to as structural-cavity
combination control. The stability was guaranteed with a fully coupled plant
transfer matrix, in which 16 actuators and 16 sensors were simultaneously considered. All the open loop frequency response functions are computed above
the crossover frequency, and every Nyquist plot does not cross or encircle the
origin (0, 0). In addition, we compared the control performance of the structural control, cavity control, and combination control based on identical stability indexes. The gain stability index, phase stability index, and modulus
stability index in Table 4.6 are defined as the stability margins of the locus
of det[I + G(jω)H(jω)] from 10 Hz to 1 kHz. An infinity gain margin index
means the smallest value at the x-axis of the locus of det[I + G(jω)H(jω)] from
10 Hz to 1 kHz is larger than 1. Although the margin indexes from the full frequency spectrum should be considered, since the instability is caused at higher
frequencies in practical applications, the stability at higher frequencies can be
improved. For example, decreasing the distance between the loudspeaker and
the microphone can improve the stability because the phase lag caused by the
distance between the sensor and the actuator is decreased substantially, particularly at higher frequencies. Furthermore, the phase crossover frequency,
which happens above 1 kHz, of the system is given to provide a complete view
of the system.
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Phase stability index

Gain stability index

Control gain

Combinations

0.87

58.7

Inf.

0.00042

6 loudspeakers (acc.
source*)

8841 [Hz]

0.98

60.7

Inf.

350(inc.);150(rad.)

10 pzt (inc. and rad.
panel*)

7818 [Hz]

0.96

-61.0

Inf.

0.00021(lsp.*); 300(inc.);
125(rad.)

6 loudspeakers (acc.
source) and 10 pzt (inc.
and rad. panel)

Table 4.6: Numerical analysis of stabilities, kinetic energy reduction and radiated sound power reduction from 10 Hz
to 1 kHz.

Modulus stability index

10 [kHz]

4.6

Phase crossover frequency
[10 Hz–20 kHz]

2.9

Total kinetic energy reduction(10 log10 (ΣKEuncontrolled /ΣKEcontrolled ))[dB]
4.9

2.8

4.6

Total radiated sound power reduction(10 log10 (Σradiated poweruncontrolled /Σradiated powercontrolled )))[dB]
4.8

Abbreviations: acc., acceleration; inc., incident; rad., radiating; lsp., loudspeaker, and inf., infinity.
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The controlled results are presented in three plots: the kinetic energy of
the radiating panel, the sound pressure level (SPL) at 10 cm above the radiating panel and the radiated sound power level (SWL) of the radiating panel
(Figs. 4.9 - 4.11). Moreover, we calculated the total kinetic energy reduction and
the total radiated sound power reduction of each control method from 10 Hz
to 1 kHz to provide a clearer index of the noise reduction (Table 4.6). The table
shows that applying cavity control can reduce more of the radiating panel’s
kinetic energy and the total radiated sound power than the other two methods. Although the combination control method controls both the structure and
cavity, the control gain is limited because of the stability constraint. Therefore,
the combination control method cannot provide more noise reduction than the
cavity control method.
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Figure 4.9: Simulated kinetic energy response of the radiating panel with various control methods.
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Figure 4.10: Simulated SPL response of the radiating panel with various control methods.
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Figure 4.11: Simulated SWL response of the radiating panel with various control methods.

4.5 Conclusions

4.5

59

Conclusions

Various control configurations for reducing the transmitted sound through a
double panel structure have been studied. The investigations explain the difficulty of reducing noise by only controlling the radiating panel in a double
panel structure. Numerical analysis showed that with direct velocity feedback
control, piezoelectric actuators should be simultaneously applied to the incident panel and radiating panel in a double panel structure. This strategy is
required because the resonant energy in a double panel structure is not only
determined by the radiating panel but also by the incident panel and cavity.
Therefore, the structural control should be applied to both panels. However,
the interaction between the two panels reduces the control stability and limits
the control performance. Moreover, structural control can barely reduce the
resonant energy, which is dominated by the cavity resonance. Similar conclusions have been obtained from experimental results.
To further improve the control performance, various combinations of structural control methods and cavity control methods have been numerically studied and compared. To maintain fairness, the comparison was based on identical control stability indexes. The analysis has shown that cavity control can
provide more noise reduction than structural control. Therefore, further analysis of the cavity control is given in the following chapter.

CHAPTER 5

Comparison of cavity control strategies

Part of this chapter is based on:
J. H. Ho and A. Berkhoff, "Comparison of various decentralised structural and cavity feedback control strategies for transmitted noise reduction through a double panel
structure," Journal of Sound and Vibration, vol. 333, no. 7, pp. 1857–1873, 2014.
J. H. Ho and J. Kalverboer and A. Berkhoff, "Comparisons between various cavity and
panel noise reduction control in double-panel structures," in THE ACOUSTICS 2012
HONG KONG (Invited), 13-18 May 2012, Hong Kong. pp. 1-6.

5.1

Introduction

From the previous comparison between various combinations of structural
control methods and cavity control methods, we find that cavity control can
provide significant noise reduction. Therefore, we present further investigations of various cavity sources in this chapter. Three types of cavity control
sources are introduced, and the control performances are compared. The first
type is a dynamic loudspeaker source, which operates as an acceleration source
above the resonance frequency. The second type is an incident pressure source.
The third type is controlling the pressure at the cavity boundaries. These three
cavity control methods are applied at the boundaries of the cavity. The location
of a cavity control source, which can be modeled as an acceleration source, incident pressure source, or pressure-controlled boundary, is marked in blue in
Fig. 5.1. There are six cavity control sources along the cavity sides. To detect
the error signal, there is one microphone in front of each control source.
In our model, sound wave radiation and propagation is governed in the
frequency domain by
∇p̂ + jωρv̂ = 0,
(5.1)
∇ · v̂ + jωκp̂ = 0,

(5.2)
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Figure 5.1: Cavity control source configuration.

where ∇ is the gradient in Eq. (5.1); ∇ is the divergence in Eq. (5.2); p̂ [Pa] is the
pressure; ρ [kg m−3 ] is the density of air; v̂ [m s−1 ] is the particle velocity and
κ [Pa−1 ] is the compressibility of air. Equation (5.1) is the equation of Newton’s
Law, and Eq. (5.2) is based on mass conservation.
The following sections provide the principles of the three cavity control
sources: an acceleration source loudspeaker, an incident pressure source loudspeaker, and a pressure-controlled source loudspeaker.

5.1.1

Acceleration source loudspeaker

A dynamic loudspeaker is the most common type of loudspeaker. It can
be assumed to operate as an acceleration source above the resonance frequency [126]. To model this type of loudspeaker, we control the acceleration of
the loudspeaker surface. According to Eq. (5.1), the acceleration can produce
an acoustic pressure p̂ to the system as follows,
−n · ∇p̂ = ρn · â,

(5.3)

in which n is the normal vector to the loudspeaker surface and â = jωv̂ [m s−2 ]
is the acceleration of the loudspeaker surface. The acoustic source impedance
of the loudspeaker is assumed to be infinite.

5.1 Introduction
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Incident pressure source loudspeaker

The incident pressure source loudspeaker is used to produce a pressure source
with a non-reflecting source boundary. A non-reflecting boundary condition (NRBC) equation, derived by Givoli and Neta, is applied to the model
to introduce an incident pressure source into the system without reflections
at the system’s boundary [127]. This equation is based on a reformulation of
the Higdon Non-Reflecting Boundary Condition [128,129]. The Higdon NRBC
relies on a series of linear partial differential equations. By adjusting the parameters of the boundary condition, the reflection coefficient can be reduced to
zero for a certain incident angle. A higher order of the Higdon NRBC provides
more incident angles that can be perfectly absorbed. Thus, less reflection is
produced by the boundary. However, the order of the Higdon NRBC is limited
in practical application because of computational difficulty. The Higdon NRBC
orders and angles must be chosen based on experience to optimize the overall
performance. The NRBC derived by Givoli and Neta uses additional auxiliary
variables on the boundary to enable using the original Higdon NRBC up to
any order. The second-order Givoli and Neta NRBC in the frequency domain
is defined by
n · ∇p̂ + jk p̂ +

j∇2 p̂i
j∇2 p̂
= n · ∇p̂i + jk p̂i +
,
2k
2k

(5.4)

where ∇2 is the Laplacian, and k is the wave number. The pressure p̂ at the
boundary can be derived if the incident pressure source p̂i [Pa] is known.
Furthermore, this equation can present the interactions in near-real conditions
without any derivatives beyond the second order.
An example of this incident pressure source is shown in Fig. 5.2. The right
side of Fig. 5.2(a) acts as an incident pressure source loudspeaker with p̂i . In
addition, a point source is present in the center. With these two sources, the
pressure at the boundary (the right side of Fig. 5.2(a)) varies as the sum of
these two pressure waves. Figure 5.2(b) is the pressure distribution along the
right side of Fig. 5.2(a), where the x-axis is the pressure value and the y-axis is
the position along this boundary. It can be observed that the pressure varies
along the boundary.
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Figure 5.2: Incident pressure source illustration: (a) pressure distribution; (b) pressure
along the boundary.

5.1.3

Pressure-controlled source loudspeaker

The third cavity control source is referred to as a pressure-controlled source
loudspeaker. This cavity source controls the pressure at the boundary, which
is the surface of the loudspeaker. The pressure p̂ at the boundary is controlled
as our control pressure value p̂c [Pa]:
p̂ = p̂c .

(5.5)

An example of this pressure-controlled source loudspeaker is shown in Fig. 5.3.
The right side of Fig. 5.3(a) acts as a pressure-controlled source loudspeaker
with p̂ = p̂0 . In addition, a point source is present in the centre. With the
pressure-controlled source loudspeaker, the pressure at the controlled boundary (the right side of Fig. 5.3(a)) is maintained as the design value p̂0 , as shown
in Fig. 5.3(b), where the x-axis is the pressure value and the y-axis is the position along this boundary.
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Figure 5.3: Pressure-controlled source illustration: (a) pressure distribution; (b) pressure
along the boundary.

5.2

Cavity control performance comparisons

The noise reductions of these three cavity control sources are presented in three
plots: the kinetic energy of the radiating panel, the sound pressure level at
10 cm above the radiating panel and the radiated sound power level of the
structure (Figs. 5.4 - 5.6). The comparison is based on identical stability indexes (Table 5.1). The result shows that the pressure-controlled source loudspeaker can effectively reduce the broadband kinetic energy, but it increases
the energy at certain frequencies, such as 600 Hz. In contrast, the incident pressure source loudspeaker does not increase the energy at any frequency below
1 kHz. Therefore, the broadband reduction of the kinetic energy is higher than
it is for the other two source types, being 13.3 dB. This incident pressure source
uses a non-reflecting boundary, which means that the energy can be propagated outside of the cavity. Although there are no practical loudspeakers that
use this source, an incident pressure source loudspeaker can be created using
a dynamic loudspeaker, a microphone, and a velocity sensor with a feedback
control loop.
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10 [kHz]

0.00042
Inf.
58.7
0.87

Acceleration source

2187 [Hz]

0.2
34.6
59.8
0.62

Incident pressure source

6360 [Hz]

0.029
Inf.
59.8
0.75

Pressure-controlled source

Table 5.1: Numerical analysis of stabilities, kinetic energy reduction and radiated sound power reduction from 10 Hz
to 1 kHz.
Loudspeaker type
Control gain
Gain stability index
Phase stabilityindex
Modulus stabilityindex
Phase crossover frequency
[10 Hz–20 kHz]

Total kinetic energy reduction(10 log10 (ΣKEuncontrolled /ΣKEcontrolled ))[dB]
4.9
13.3
13.2
Total radiated sound power reduction(10 log10 (Σradiated poweruncontrolled /Σradiated powercontrolled )))[dB]
4.8
13.2
11.7
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Figure 5.4: Simulated kinetic energy response of the radiating panel with various cavity
control sources.
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Figure 5.5: Simulated SPL response of the radiating panel with various cavity control
sources.
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Figure 5.6: Simulated SWL response of the radiating panel with various cavity control
sources.

5.3

Feed-forward control

In this section, decentralized feedback control is combined with decentralized
harmonic feed-forward control to further reduce the transmitted noise through
the double panel structure. We use the steepest-descent algorithm in the current work to have an adaptive feed-forward control system. The adaptation
rule for the controller is given in Section 2.4.1. Furthermore, a control effort
weight factor β is used to stabilize the feed-forward control system, details of
which are described in Section 2.2.2. The control signals u of the decentralized
MIMO feed-forward control system are
h
i−1
u = − ĜH G + βI
ĜH d,
(5.6)
where G is the plant transfer function of the control source, Ĝ is the estimated
plant transfer function, H denotes the Hermitian transpose, d is the contribution of the primary source on the error sensor. The stability of the decentralized
MIMO feed-forward control system is guaranteed if the real parts of the eigenvalues λ of the matrix ĜGH + βI are positive. If the system is unstable, β can
be set to − min Re(λ) to make the system just stable [118].
First, various sensor-actuator combinations in feed-forward control are numerically analyzed. For the structural control method, accelerometers with
piezoelectric patches on the incident panel, the radiating panel, and both panels are applied. For the cavity control method, microphones with incident
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Figure 5.7: Simulated kinetic energy response of the radiating panel with various
sensor-actuator configurations with decentralized harmonic feed-forward control.
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Figure 5.8: Values of β and regularized β.

pressure source loudspeakers are used. The results are shown in Fig. 5.7.
The results indicate that piezoelectric patches on the radiating panel provide
more transmitted noise reduction than the piezoelectric patches on the incident panel. Moreover, incident pressure source loudspeakers applied as the
feed-forward cavity control sources even increase the transmitted noise. Since
the error signals in the feed-forward cavity control method are the pressure
inside the cavity, the cavity feed-forward control method does not guarantee
the performance of the radiating panel. Nevertheless, the controller can be less
aggressive if β in Eq. (5.6) is increased. We apply various β to the feed-forward
cavity controller as shown in Fig. 5.8, where β = − min Re(λ). Regulariza-
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Figure 5.9: Incident pressure source feed-forward controlled with various β : simulated
average sound pressure level inside the cavity.
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Figure 5.10: Incident pressure source feed-forward controlled with various β : simulated kinetic energy of the radiating panel.

tion is applied to large, middle, and small regularized β to limit the minimum
β not being less than 1/1000 of the maximum β. The average pressure inside the cavity and the kinetic energy of the radiating panel are presented in
Figs. 5.9 and 5.10. As mentioned, small β leads to an aggressive controller and
provides more pressure reduction. In contrast, large β gives small pressure reductions. On the other hand, small β leads to great increased kinetic energy of
the radiating panel. Only a large β can avoid the increased kinetic energy of
the radiating panel. Therefore, the incident pressure sources with pressure sensors inside the cavity for the feedback cavity control provide the largest trans-
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mitted noise reduction among other sensor-actuator configurations. For the
feed-forward cavity control method, this sensor-actuator configuration cannot
reduce the transmitted noise through the double panel structure. The combination of decentralized feedback and feed-forward control is presented in
Fig. 5.11. The incident pressure source, which can provide the largest reduction of transmitted noise in the previous section, is applied as the feedback
cavity control source. This feedback control is combined with various feedforward structural control configurations, which include piezoelectric patches
on the incident panel, the radiating panel and both panels. The comparison
indicates that piezoelectric patches on the radiating panel with feed-forward
control combined with incident pressure source loudspeakers with feedback
control can provide the largest transmitted noise reduction. The improvement
of the control effect offered by the piezoelectric patches on the radiating panel
with feed-forward control is presented in Fig. 5.12, where the green-dashed
line presents the control effect of the decentralized feedback controller and
the red-dotted line presents the control effect of the decentralized feedback
and feed-forward combined controller. This combination provides the largest
transmitted noise reduction through the double panel structure among all the
other sensor-actuator configurations we introduced in Chapters 4 and 5.
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Figure 5.11: Simulated kinetic energy response of the radiating panel with feedback
and feed-forward combined control, where incident pressure source loudspeakers are
applied with feedback control and various sensor-actuator configurations are applied
with feed-forward control.
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Figure 5.12: Simulated kinetic energy response of the radiating panel with feedback
and feed-forward combined control providing the largest transmitted noise reduction,
where incident pressure source loudspeakers are applied with feedback control and
piezoelectric patches on the radiating panel with feed-forward control.

5.4

Conclusions

In this chapter, three types of cavity control sources for the feedback control were compared: an acceleration source loudspeaker, an incident pressure
source loudspeaker, and a pressure-controlled source loudspeaker. The comparison has shown that the incident pressure source loudspeaker can achieve
the largest total kinetic energy decrease of 13.3 dB and the largest total radiated sound power decrease of 13.2 dB within the frequency range from 10 Hz
to 1 kHz.
To further improve the control effect, we combined decentralized direct
feedback control with decentralized harmonic feed-forward control. From the
noise reduction comparison between various sensor-actuator configurations, it
was found that piezoelectric patches on the radiating panel with feed-forward
control combined with incident pressure source loudspeakers with feedback
control provided the largest transmitted noise reduction. This incident pressure source loudspeaker can be realized by using a dynamic loudspeaker, a
microphone, and a velocity sensor with a feedback or feed-forward control
loop. The development of incident pressure source loudspeakers is presented
in the following chapter.

CHAPTER 6

Development of incident pressure sources

Part of this chapter is based on:
J. H. Ho and A. Berkhoff, "Development of dynamic loudspeakers modified as incident
pressure sources for noise reduction in a double panel structure," in 20th International
Congress on Sound and Vibration (ICSV 20), 7-11 Jul. 2013, Bangkok, Thailand. pp.
1-7.

6.1

Introduction

This chapter presents the development of an incident pressure source, which
was found to be an effective control source for reducing the transmitted noise
through a double panel structure in Chapter 5. The double panel structure consists of two panels with air in between and offers the advantages of low weight,
low sound transmission at high frequencies, and thermal insulation. Therefore, this structure is often applied in the aerospace and automotive industries.
However, the main issues of the double panel structure are the resonance of the
cavity and the high noise transmission at low frequencies. Both the two panels
and the cavity cause the resonance, which limits the noise reduction performance. To improve the noise reduction of the double panel structure, many papers have discussed applying active structural acoustic control to the panels or
active noise control to the cavity [1, 14, 16]. In Chapters 4 and 5, we considered
the resonance of the panels and the cavity simultaneously and numerically
compared various decentralized structural and cavity feedback control strategies based on identical control stability indexes, as described in Section 2.3.3.
Cavity control by loudspeakers, which are modified to operate as incident pressure sources, was found to provide the largest noise reduction. As an extension
of the previous chapters, this chapter presents the realization of this incident
pressure source in one dimension by using a dynamic loudspeaker, a micro-
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phone, and a particle velocity sensor with feed-forward control. The incident
pressure source is defined as a pressure source for which there is no reflecting pressure from the incident boundary. In order to minimize the reflecting
pressure from the boundaries, we apply a wave separation technique [130]. To
improve the convergence rate and stability, the regularized modified filterederror least mean square (RMFeLMS) algorithm described in Section 2.4.2 is applied to our real-time feed-forward control system [124, 125, 131]. Moreover,
a numerical model shows that this incident pressure source can be obtained
both in a one-dimensional duct and a three-dimensional cavity with feedback
control.
This chapter has four main sections. Section 6.2 describes the incident pressure source development and the wave separation method. Section 6.3 shows
the experimental setup and the real-time control result of the feed-forward control. Section 6.4 presents the numerical study of the incident pressure source
development with feedback control. Finally, this dynamic loudspeaker modified control source is numerically applied to the double panel structure as the
noise control source. Section 6.5 gives the conclusions.

6.2
6.2.1

Development of an incident pressure source
System configuration

The incident pressure source is defined as a pressure source for which there
is no reflecting pressure from the incident boundary. In other words, the reflecting pressure from the solid surface vanishes. Therefore, we use the reflecting pressure instead of the total pressure as our error signal. The reflecting pressure can be derived by measuring the pressure and the velocity. Figure 6.1 shows our system configuration. A dynamic loudspeaker generates the
primary source; another dynamic loudspeaker placed between the primary
source and the solid surface gives the secondary source; one pressure sensor
and one gradient pressure sensor, which functions as a particle velocity sensor,
are placed at the same position in the duct to measure the error signal. The
incident pressure source is realized by minimizing the reflecting pressure with
a feed-forward controller or a feedback controller.
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1. Pressure sensor
2. Gradient pressure sensor
Reflecting pressure (Pr)

Primary source

Pr

Pr

Pi

Pi

Pr

Pr

Pi

Pi

Solid
surface

Incident pressure (Pi)
Secondary source

Figure 6.1: The configuration of the control system.

6.2.2

Wave separation technique

For plane wave propagation, the momentum equation in the time domain is
written as
∂v
∂p
ρ
+
= 0,
(6.1)
∂t
∂x
where ρ = ρ(x) [kg m−3 ] is the density of the air; p = p(x, t) [Pa] is the pressure;
v = v(x, t) [m s−1 ] is the particle velocity; t [s] is the time and x indicates the
wave propagate on x-axis. Assuming the incident pressure propagates in the
positive x-direction, the incident pressure in the time domain can be expressed
as pi (x, t) = p̂i cos(kx − ωt + ϕ), where p̂i is the amplitude of the incident
pressure, which can be a function of frequency, k [m−1 ] is the wave number,
ω [rad s−1 ] is the angular frequency, ϕ [rad]is the phase angle (an arbitrary
value of the phase angle of the wave at the origin at t = 0). Using Eq. (6.1), the
incident wave can be written as
∂vi
1
= p̂i sin(kx − ωt + ϕ),
∂t
ρ

(6.2)

where vi = vi (x, t) [m s−1 ] is the particle velocity corresponding to the incident
wave pi [Pa]. vi can be obtained as
vi =

p̂i
pi
cos(kx − ωt + ϕ) = .
ρc
ρc

(6.3)

On the other hand, the reflecting pressure pr (x, t) propagates in the negative
x-direction, and can be written as
pr (x, t) = p̂r cos(−kx − ωt + ϕ),

(6.4)
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where p̂r is the amplitude of the reflecting pressure, which can be a function
of frequency. The particle velocity vr = vr (x, t) [m s−1 ] corresponding to the
reflecting wave pr = pr (x, t) [Pa] is
vr = −

pr
p̂r
cos(−kx − ωt + ϕ) = − .
ρc
ρc

(6.5)

The total particle velocity and total pressure can be written as
v = vi + vr =

pi
pr
− ;
ρc ρc

p = pi + pr .

(6.6)
(6.7)

Then the incident pressure and the reflecting pressure in the time domain can
be expressed as
1
(6.8)
pi = (p + ρcv);
2
1
pr = (p − ρcv).
(6.9)
2
Equations (6.8) and (6.9) show that we can obtain the incident pressure and the
reflecting pressure by measuring the pressure and the particle velocity.

6.3
6.3.1

One-dimensional realization with feed-forward
control
Experimental setup

The regularized modified filtered-error adaptive least mean square (RMFeLMS) algorithm is applied to the real-time feed-forward control implementation in this section. The details of RMFeLMS are described in Section 2.4.2.
The experimental setup is shown in Fig. 6.2. A 250-cm-long duct is used; the
radius of the duct cross section is 7.5 cm. The left end of the duct is the primary
source generated by a dynamic loudspeaker, and the right end of the duct is
a sealed solid surface. The primary noise is generated by filtering white noise
with a simple low-pass filter. We use another dynamic loudspeaker as the secondary source, which is placed 206 cm away from the primary source. One
pressure microphone and one gradient pressure microphone, which functions
as the particle velocity sensor, are placed in the duct at the same position.

6.3 One-dimensional realization with feed-forward control
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Figure 6.2: Experimental setup for real-time control.

6.3.2

Real-time control results

We evaluated two sensor-actuator configurations. Figure 6.3 shows these two
sensor positions, sensor position 1 locates in front of the secondary source,
sensor position 2 locates between the primary source and the secondary
source. Configuration 1 uses the error sensors placed at sensor position 1,
which is 206 cm away from the primary source. Configuration 2 uses the error
sensors placed at sensor position 2, which is 155 cm away from the primary
source.
155cm
206cm
250cm
Sensor position 1

Solid
surface

Sensor position 2
Primary source
Secondary source
Figure 6.3: Sensor positions.
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Figure 6.4 presents the reduction of the reflecting pressure, which is the error signal, with configuration 1 control. The results show that the RMFeLMS
feed-forward control can effectively reduce the reflecting pressure with an average 26.2 dB reduction, assuming that the error sensor provides an exact measure of the reflected pressure. The total pressure measured at positions 1 and 2
is shown in Figs. 6.5 and 6.6. The resonance in the duct is removed by reducing the reflecting wave. Moreover, although the error sensor is placed at
position 1, the improvement can also be seen at position 2. Figure 6.7 presents
the reduction of the reflecting pressure with configuration 2 control. This configuration gives an average 25.4 dB reduction. The total pressure measured at
position 1 and 2 is shown in Figs. 6.8 and 6.9. The duct resonance is effectively
removed at position 2, as shown in Fig. 6.9. However, the control system cannot control the resonance behind the error sensor, for instance at position 1, as
shown in Fig. 6.8. The result shows, with the RMFeLMS feed-forward control,
that both configurations can effectively remove the resonance between the primary source and the error sensors and realize an incident pressure source.
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Figure 6.4: Reflecting pressure response: with real-time feed-forward configuration 1
control.
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Figure 6.5: Total pressure response at sensor position 1: with real-time feed-forward
configuration 1 control.
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Figure 6.6: Total pressure response at sensor position 2: with real-time feed-forward
configuration 1 control.
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Figure 6.7: Reflecting pressure response: with real-time feed-forward configuration 2
control.
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Figure 6.8: Total pressure response at sensor position 1: with real-time feed-forward
configuration 2 control.
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Figure 6.9: Total pressure response at sensor position 2: with real-time feed-forward
configuration 2 control.
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6.4.1

Performance in a duct

In this section, we use the finite element method (FEM) with the COMSOL
Multiphysics 4.3b (COMSOL, Inc., Burlington, MA 01803, USA) to model the
duct, as described in Section 6.3. The walls of this 3D duct are rigid boundary surfaces and one of the duct-ends is the primary noise source as shown in
Fig. 6.10. The model is meshed with tetrahedral elements. Two configurations
are analyzed. In configuration 1, surface A is the control source and surface
B is a rigid boundary surface. In configuration 2, surface A is a rigid boundary surface and surface B is the control source. With a feedback controller, the
control source aims to minimize the pressure reflecting from the duct-end. The
performance of modifying a dynamic loudspeaker operating as the incident
pressure source is presented.
In theory, the stability of a feedback control system can be unconditionally
guaranteed when the sensors and actuators are dual and collocated. Therefore,
we use the average pressure and velocity over the surface of the control source
as the error signals for the feedback controller. We have modeled the control configuration introduced in Section 6.3, where the control source locates
206 cm away from the primary noise source. This configuration is referred to
as configuration 1, where surface A facing in the y-direction is the surface of

z
y

x

Figure 6.10: The configuration of the duct model:
Configuration 1: surface A is the control source and surface B is a rigid surface.
Configuration 2: surface A is a rigid surface and surface B is the control source.
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the control source and surface B facing in the x-direction is the surface of the
rigid duct-end, as shown in Fig. 6.10. However, the transfer function between
the sensor and the actuator indicates that using pressure in the x-direction has
a phase-lag problem as shown in Fig. 6.11. On the other hand, using pressure
in the direction perpendicular to the surface of the control source as the error
signal can provide a stable system.
In order to control the pressure in the x-direction with a stable feedback
controller, we place the control source at the end of the duct facing in the xdirection. This configuration is referred to as configuration 2, where surface B
facing in the x-direction is the surface of the control source and surface A facing in the x-direction is a rigid surface as shown in Fig. 6.10. The total pressure
response along the duct with and without control is shown in Fig. 6.12. The
x-axis is the distance to the primary source, the y-axis is the frequency, and the
z-axis is the normalized SPL. To provide two distinguishable plots in the same
figure, the controlled response is offset by -150 dB. The result presents that
control configuration 2 greatly removes the resonance inside the duct. This in-

Bode Diagram
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Figure 6.11: Transfer functions between the sensor and the actuator of control configuration 2. Blue-dash line: pressure in the x-direction as the error signal; green-solid line:
pressure in the y-direction as the error signal.
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dicates that the reflecting pressure from the duct-end is effectively minimized.
The detailed SPL response along the duct is shown in Fig. 6.13.
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Figure 6.12: Normalized total pressure response along the duct: Blue-plot:uncontrolled;
red-plot: controlled with configuration 2.
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Figure 6.13: Simulated total pressure response: with feedback control configuration 1.
(a) SPL at 50 cm; (b) SPL at 206 cm; (c) SPL at 240 cm
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Performance in a double panel structure

In Chapter 5, the results show that the incident pressure control source provides the largest noise reduction in a double panel structure. Although the
incident pressure source has been experimentally and numerically obtained in
the previous sections, the wave inside the duct is close to a one-dimensional
wave propagation. Applying this modified loudspeaker source to the cavity
control in a double panel structure requires further analysis, since the wave
propagation in the double panel structure is a three-dimensional problem. This
section presents the investigation and development of this incident pressure
source applied to a three-dimensional cavity. To continue the results obtained
in Sections 6.3 and 6.4, where the minimized reflecting pressure is used as an
example of the incident pressure source, the minimized reflecting pressure is
applied to the double panel structure control in this section. The minimized
reflecting pressure can be implemented in COMSOL by using a non-reflecting
boundary condition (NRBC) model [127]. A slight difference exists between
applying the NRBC and applying the incident pressure source as the feedback
control source to the system, as shown in Fig. 6.14. However, as both are regarded as the incident pressure source, they can both provide effective noise
reduction. A detailed description and definition of the incident pressure control source is given in Section 5.1. Therefore, the following development aims
to minimize the reflecting pressure in the cavity and to provide NRBC cavity
sidewalls in order to reduce the transmitted noise through the double panel
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Figure 6.14: Simulated kinetic energy of the radiating panel of the double panel structure with various control strategies.
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structure. Furthermore, as shown in Fig. 6.15, more NRBC sidewalls provide
more transmitted noise reduction, since less resonance exists.
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Figure 6.15: Simulated kinetic energy of the radiating panel of the double panel structure with various amount of non-reflecting cavity sidewalls

Reflecting pressure direction selection
The NRBC cavity sidewalls can be obtained by minimizing the reflecting pressure from the solid surface of the cavity sidewalls. However, unlike the duct
control system, controlling the reflecting pressure inside the cavity is a threedimensional issue. Further analysis of applying control sources facing in different directions is studied. Two loudspeakers facing in two different directions
are analyzed, as shown in Fig. 6.16. Loudspeaker-X has the sound radiating
surface perpendicular to the x-axis and loudspeaker-Y has the sound radiating
surface perpendicular to the y-axis. As mentioned in the previous section, the
error signals are obtained by the average total pressure and velocity over the
loudspeaker surface. The transfer functions between the loudspeaker-X and
the average pressure, pressure in the x-, y- and z-directions over the surface of
the control source are shown in Fig. 6.17. The results indicate that using pressure in the x-direction as the error signal for loudspeaker-X provides better
control stability than using pressure in the y- and z-directions. Similar results
have been found in loudspeaker-Y as shown in Fig. 6.18. Using pressure in
the y-direction as the error signal provides better control stability than using
pressure in the x- and z-directions. This means using pressure in the direction perpendicular to the loudspeaker surface as the error signal provides a
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x
Figure 6.16: Configuration of control loudspeakers.
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Figure 6.17: Transfer functions between the sensor and the actuator of loudspeaker-X.
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Bode Diagram
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Figure 6.18: Transfer functions between the sensor and the actuator of loudspeaker-Y.

stable feedback control system. Therefore, we use pressure in the x-direction
as the error signal for loudspeaker-X and use pressure in the y-direction as the
error signal for loudspeaker-Y. Figure 6.19 presents the control performance
of applying loudspeaker-X to minimize the total pressure or the pressure in
the x-direction. The results show that a non-reflecting sidewall facing in the xdirection, which is labeled as NRBC-X, can be obtained by using loudspeaker-X
to minimize the pressure in the x-direction. Moreover, instead of minimizing
the total pressure, minimizing the pressure in the x-direction can effectively
reduce the transmitted noise through the double panel structure. The same results are found in using loudspeaker-Y as shown in Fig. 6.20. A non-reflecting
sidewall facing in the y-direction, which is labeled as NRBC-Y, can be obtained
by using loudspeaker-Y to minimize the pressure in the y-direction. The transmitted noise can be effectively reduced by applying loudspeaker-Y to minimize
the pressure in the y-direction. In conclusion, the incident pressure source can
be obtained by applying a dynamic loudspeaker to minimize the pressure in
the direction perpendicular to the loudspeaker surface with feedback control.
And the transmitted noise can be effectively reduced by applying this modified
dynamic loudspeaker.
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Figure 6.19: Simulated kinetic energy of the radiating panel of the double panel structure in three conditions: using loudspeaker-X to minimize total pressure or pressure in
the x-direction; and applying a non-reflecting sidewall facing in the x-direction.
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Figure 6.20: Simulated kinetic energy of the radiating panel of the double panel structure in three conditions: using loudspeaker-Y to minimize total pressure or pressure in
the y-direction; and applying a non-reflecting sidewall facing in the y-direction.
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MIMO control results
To increase the transmitted noise reduction, multiple controllers are applied to
the system. The control results for a 2-channel MIMO control are presented
in Fig. 6.21. The 2-channel MIMO control has two loudspeaker-Xs at the opposite side of the cavity. The results show that two non-reflecting sidewalls
facing in the x-direction at the opposite side of the cavity, which is labeled
as 2 NRBC-Xs, can be obtained by using two loudspeaker-Xs at the opposite
side of the cavity for minimizing the pressure in the x-direction. Moreover,
the 2-channel MIMO control provides more noise reduction than the SISO control. This agrees with Fig. 6.15, where more NRBC cavity sidewalls provide
more transmitted noise reduction. The same results are found in applying
two loudspeaker-Ys as shown in Fig. 6.22. More combinations of multiple
controllers, which include another 2-channel MIMO control and a 4-channel
MIMO control, are presented in Fig. 6.23. This 2-channel MIMO control has
one loudspeaker-X and one loudspeaker-Y and the 4-channel MIMO control
has two loudspeaker-Xs and two loudspeaker-Ys. However, the control gain of
these two combinations is limited to the control stability and less noise reduction is provided than applying 2-loudspeaker-Xs or 2-loudspeaker-Ys control.
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Figure 6.21: Simulated kinetic energy of the radiating panel of the double panel structure with NRBC and modified loudspeaker-X control.
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Figure 6.22: Simulated kinetic energy of the radiating panel of the double panel structure with NRBC and modified loudspeaker-Y control.
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Figure 6.23: Simulated kinetic energy of the radiating panel of the double panel structure with multiple modified loudspeakers control.
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A comparison was made between the control performance of the dynamic
loudspeakers modified as the incident pressure sources and the other two cavity control sources introduced in Chapter 5, as shown in Fig. 6.24. This incident
pressure source provides the largest transmitted noise reduction and is numerically obtained by modifying a dynamic loudspeaker.
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Figure 6.24: Simulated kinetic energy of the radiating panel of the double panel structure with various cavity control sources.

6.5

Conclusions

The one-dimensional real-time realization of the incident pressure source loudspeaker with feed-forward control is presented in this chapter. Our studies
show that the reflecting pressure was reduced by 26.2 dB on average and that
the pressure resonance in the duct can be effectively removed. Therefore, our
work shows the incident pressure source loudspeaker can be realized by using
a dynamic loudspeaker, a microphone, and a particle velocity sensor with a
feed-forward controller. And a non-reflecting boundary condition can be realized by minimizing the reflecting pressure from the solid surface. Furthermore,
this pressure source loudspeaker has been numerically developed both in a
one-dimensional duct and in a three-dimensional cavity by using a dynamic
loudspeaker, a distributed microphone and a distributed velocity sensor with
a feedback controller. This dynamic loudspeaker modified as an incident pressure source loudspeaker, which is found to be the most effective noise control
source for a double panel structure in Chapters 4 and 5, has been applied to the
double panel structure and effectively reduces the transmitted noise.

CHAPTER 7

Flat acoustic sources

This chapter is based on:
J. H. Ho and A. Berkhoff, "Flat acoustic sources with frequency response correction
based on feedback and feed-forward distributed control," submitted to The Journal of
the Acoustical Society of America.

7.1

Introduction

As we introduced in Chapter 1, a flat acoustic source is an alternative control
source to reduce the transmitted noise through the double panel structure. The
double panel structure provides noise insulation by the air gap between the
two panels. A larger air gap offers less acoustic coupling because it has larger
acoustic compliance. Consequently, compact partitions with narrow air gaps
result in less acoustic insulation, especially at low frequencies. The insufficient acoustic insulation at low frequencies can be improved by applying the
flat acoustic sources for active noise control, while sufficient insulation at high
frequencies is provided by a narrow air gap.
In this chapter, a honeycomb sandwich structure is used as the sound radiation panel because this structure has a low density and high bending stiffness. These properties lead to low modal density and high electroacoustic conversion efficiency. Low modal density reduces the complexity of the panel
vibration, which provides a more stable control condition. Furthermore, the
honeycomb sandwich structure is combined with a thin cavity, and the face of
the sandwich structure internal to the source is perforated to increase acoustic compliance and electroacoustic conversion efficiency [132]. The perforated
honeycomb panel structure, which is the moving part of the acoustic source,
is driven by multiple actuators. To obtain an even frequency response, distributed direct velocity feedback control is applied to control the acoustic and
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structural resonances. However, the collocated decentralized feedback control can destabilize asymmetric modes caused by the coupling of the internal
acoustic cavity and rigid body vibration of the moving panel, but a designed
sensor-actuator configuration can effectively control these resonances. Moreover, response of the acoustic source can be improved, potentially by equalizing both the magnitude and phase response with digital filters [133–135].
For instance, an inner-outer factorization provides a technique to determine
a minimum-phase transfer function with a stable inverse, which can be used to
equalize the frequency response [136]. Based on the inner-outer factorization,
a minimum-phase regularized inverse (MPRI) method is used to obtained the
optimum frequency response equalization with limited inverse gain [124, 125].
An approximate method is the Linkwitz filter, which provides a simple method
to compensate the response at low frequencies [137]. A comparison between
the MPRI method and the Linkwitz filter is given. The principal contributions
of the present work are (1) the use of a perforated honeycomb panel as the
radiating panel in a thin acoustic source; (2) the distributed feedback control
combined with feed-forward control applied to this panel; and (3) the detailed
control stability analysis and the given sensor-actuator configuration design
principles.
This chapter has four main sections. Section 7.2 describes a multichannel
decentralized feedback control system for a fully coupled plant matrix and a
method for control stability analysis, a perforated honeycomb panel structure
combined with a cavity, and methods for compensating insufficient response
at low frequencies. Section 7.3 describes the implementation, the experimental
setup, and the numerical model. Section 7.4 presents the stability analysis of
the system, where the excitation positions and Nyquist analysis are studied.
Various control configurations are discussed in Section 7.5. The control performance, in terms of the measured sound pressure level (SPL) response above
the flat panel loudspeaker, is presented and the control principles are given.

7.2
7.2.1

Method
Perforated honeycomb panel

The modal complexity of a panel should be as low as possible to allow the
panel to be controlled with a relatively simple control system. Therefore, a honeycomb sandwich structure, which provides high stiffness and low density, is
used as the sound-radiating panel. Moreover, the honeycomb sandwich struc-
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Figure 7.1: Side view of the flat panel loudspeaker configuration.

ture includes one perforated panel, which is connected to a cavity. Thus, the
air inside the honeycomb structure can flow in and out to the cavity through
the holes in the perforated panel. In other words, the total effective air volume
is both the air inside the cavity and the air inside the honeycomb structure.
Therefore, the effective air layer thickness is increased, and the dimensions of
the cavity can be reduced. Figure 7.1 presents the configuration of the flat panel
loudspeaker.
Moreover, the radius of the holes, the distance between the holes, and
the area ratio of the holes to the perforated panel are considered to guarantee that the air can flow in and out through the perforated panel with
a negligible viscous effect. Based on Beranek’s model [138], the acoustic
impedance Zperf [N s m−3 ] of the perforated plate is modeled by
Zperf =

ρ p
tp
πr2
r
{ 2ηω[ + 2(1 − 2 )] + jω[tp + 1.7r(1 −
)]},
Sp σ
r
d
dh
h

(7.1)

where ρ [kg m−3 ] is the density of air, Sp [m2 ] is the area of the perforated plate,
σ is the dimensionless area porosity, η is the dynamic viscosity, ω [rad s−1 ] is
the angular frequency, tp [m] is the plate thickness, r [m] is the hole radius,
dh [m] is the distance between the holes and j is the unit imaginary number.
This model is valid within the frequency range where the frequency f [Hz]
satisfies
10
0.01
√ ≤r≤
,
(7.2)
f
f
which indicates that the hole size is much smaller than the acoustic wavelength. For the perforated panel in this study, the model is valid between
15 Hz and 4 kHz. Neglecting the radiation impedance including mass effects,
the acoustic impedance of the cavity and the honeycomb plate corresponds

96

7 Flat acoustic sources

3

Magnitude of acoustic impedance [Pa.s/m ]

8

10

Cavity
Honeycomb plate
Perforated plate
Total

6

10

4

10

2

10

0

10

−2

10

0

10

1

10

2

10
Frequency [Hz]

3

10

4

10

Figure 7.2: Lumped acoustic impedance load as seen by the back of the radiating structure.

to the air volume of the cavity and the hollow space of the honeycomb structure respectively. A lumped-element acoustic model of the perforated panel
coupled with the cavity and actuators is constructed. The acoustic impedance
frequency response of the perforated panel, honeycomb panel, and cavity is
shown in Fig. 7.2. The acoustic impedance of the perforated panel is negligible
compared to the cavity and honeycomb panel below 1 kHz.

7.2.2

Multiple decentralized feedback control

To improve the uneven sound frequency response of the panel, we apply a
direct velocity feedback control on the panel. This direct velocity feedback
control functions as active damping on the panel to flatten the peaks and dips
of the response. Then, the feedback control signal is added to the driving signal
of the loudspeaker to compensate the colored response. Figure 7.3 illustrates
the signal block diagram of a feedback control system. e(jω) is √
the error signal
matrix, where ω is the angular frequency [rad s−1 ] and j = −1. G(jω) is
the plant transfer matrix; u(jω) is the feedback control signal matrix; dd (jω) is
the original driving source matrix, which is the error signal without the input
feedback control signal; and H(jω) is the control matrix, which is a constant in
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dd(jω)

+

∑

e(jω)

G(jω)

-

u(jω)
H(jω)

Figure 7.3: Feedback control systems.

the current work. The time-dependent signals are the real part of the complex
vectors (i.e., the time-dependent error signal e(t) = Re{e(jω)ejωt }).
From the block diagram in Figure 7.3, e(jω) can be derived as
e(jω) = [I + G(jω)H(jω)]−1 dd (jω)G(jω),

(7.3)

where I is an identity matrix. To present the physical interactions between each
control unit in a multiple-input and multiple-output (MIMO) control system, a
fully coupled multiple channel plant transfer matrix G(jω) is applied:

G11 (jω) · · ·

..
..
G(jω) = 
.
.
Gl1 (jω) · · ·


G1m (jω)

..
,
.

(7.4)

Glm (jω)

where Glm (jω) is the transfer matrix from the m-th actuator to the l-th sensor.
In theory, the stability of a feedback control system can be unconditionally
guaranteed when the sensors and actuators are dual and collocated [68]. However, non-ideal conditions exist in practical applications. For a single-input,
single-output (SISO) control system, the Nyquist stability criterion is used to
determine the stability of the system. The system is stable if and only if the
Nyquist plot of G(jω)H(jω) does not cross or encircle (-1, 0). On the other
hand, for a MIMO control system, the generalized Nyquist stability criterion
is applied. The system is stable if and only if the locus of det [I + G(jω)H(jω)]
does not cross or encircle the origin (0, 0) [13].
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Feed-forward response correction filter

To equalize the response of the loudspeaker at low frequencies, the minimumphase regularized inverse method (MPRI) method is used [124, 125, 136]. The
inverse is based on an L×M -dimensional transfer function G(q) obtained from
system identification [139], in which q is the unit delay operator. An identified
state-space model is augmented with a regularizing function Greg (q) which
limits the gain of the inverse at frequencies for which the magnitude of G(q) is
small. The augmented state-space model is defined by


G(q)
Ḡ(q) =
.
(7.5)
Greg (q)
An inner-outer factorization of the augmented state-space model
(7.6)

Ḡ(q) = Ḡi (q)Ḡo (q),

is used to determine an M × M -dimensional minimum-phase transfer function
having a stable inverse, for which Ḡ−1
o (q)Ḡo (q) = IL , in which IL is the identity matrix of dimensions L . The L × M -dimensional transfer function Ḡi (q)
is all-pass, i.e., Ḡ∗i (q)Ḡi (q) = IM , in which the asterisk denotes the adjoint
operator Ḡ∗i (q) = ḠTi (q −1 ), in which T denotes transpose and IM is the identity matrix of dimensions M . The all-pass property can be used to show that
Ḡ∗o (q)Ḡo (q) = Ḡ∗ (q)Ḡ(q) = G∗ (q)G(q) + G∗reg (q)Greg (q). The inverse is used
as the minimum-phase feed-forward response correction filter.
An approximate method to increase the insufficient response of the loudspeaker at low frequencies is to apply a Linkwitz filter as the feed-forward
response correction filter. Figure 7.4 presents the frequency response of an uncompensated loudspeaker, a second-order Linkwitz filter, and a desired loudspeaker. The transfer function of the Linkwitz filter is obtained by dividing the
transfer function of the desired loudspeaker with that of the uncompensated
loudspeaker.
Gu (s) =

s2 Tu2
,
u
s2 Tu2 + sT
Qu + 1

(7.7)

Gd (s) =

s2 Td2
,
d
s2 Td2 + sT
Qd + 1

(7.8)

s2 Tu2 Td2 +
Gd
L(s) =
=
Gu
s2 Tu2 Td2 +

sTu Td2
Qu
sTu2 Td
Qd

+ Td2
+ Tu2

,

(7.9)
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Figure 7.4: Frequency response: an uncompensated loudspeaker, a second-order
Linkwitz filter, and a desired response.

where s is the Laplace transform parameter.
Equation (7.7) presents
the original Laplace-domain transfer function of the uncompensated loudspeaker Gu (s). Equation (7.8) is the desired Laplace-domain transfer function of the loudspeaker Gd (s). The Laplace-domain transfer function of
the Linkwitz filter L(s) is expressed as Eq. (7.9). Tu , Qu , Td , and Qd are the
coefficients related to the properties of the loudspeaker.
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Implementation and numerical model

This section describes our implementation, experimental setup, and numerical model. First, the panel structure, driving force, control sensors, and measurement setup are described. Then, the acoustic-structural coupled numerical
model is introduced. The model validation is presented in the final section.

7.3.1

Implementation

We used a 0.5-mm-thick aluminum panel as the closed upper layer of the honeycomb sandwich structure. The perforated lower layer was a 0.3-mm-thick
perforated steel panel with holes 5 mm in diameter. These two panels were
connected by an aluminum honeycomb structure, as shown in Fig. 7.5. The
honeycomb sandwich panel had a volume of 605*415*22 mm3 and a weight of
1.112 kg. The lower perforated panel was attached to a cavity with a depth of
13 mm. The perforated honeycomb panel was suspended by ethylene propylene diene monomer (EPDM) rubber with a thickness of 1 mm and a width of
15 mm. Five voice coil actuators (BEI Kimco Magnetics, type: LA18-12-000A,
linear voice coil actuator) were mounted on the lower layer of the perforated
honeycomb panel, as shown in Fig. 7.6. Each actuator provides a peak force of
44.5 N and a maximum stroke of 3 mm in both sides. The DC resistance and the
force sensitivity of the actuator are 2.6 Ω and 7.78 N/Ampere. Five accelerometers (B&K, type:4517-002, piezoelectric shear accelerometer), which functioned
as the error sensor for the direct velocity feedback control, were mounted to the
upper layer and collocated with the voice coil actuators. The real-time control
platform was realized on a field-programmable gate array (FPGA) with a sam-

Figure 7.5: The perforated honeycomb panel.
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pling frequency of 100 kHz. Furthermore, an amplifier designed by H. Kuipers,
University of Twente, was applied to provide the driving current for the voice
coil actuators. This amplifier delivered a proportional output current to an
input voltage with a constant ratio of 2 Ampere/Volt. Detailed data of the
voice coil actuator, the accelerometer and the amplifier can be found in Appendices A, B and C. The back view of the flat panel loudspeaker is shown in
Fig. 7.7. The near field sound pressure was measured 5 cm above the panel, as
shown in Fig. 7.8.

Figure 7.6: Five voice coil actuators were mounted on the perforated honeycomb panel
as the driving actuators.

Figure 7.7: Back view of the flat panel loudspeaker.
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Microphone

Flat panel
Cavity

Figure 7.8: The radiated sound pressure level was measured 5 cm above the flat panel
loudspeaker.

7.3.2

Numerical model

FEM model
We used the finite element method (FEM) with COMSOL Multiphysics 4.3b
(COMSOL, Inc., Burlington, MA 01803, USA) to model our system. The acoustic and structural properties were considered simultaneously to more accurately model the system. Two domains, a fluid domain and a solid domain,
were used to model the acoustic and structural properties. The interactions between these two domains were applied to both sides to provide a more accurate
model. These two domains are linked as described below. In the solid domain,
the pressure load (normal force per unit area) on the structure Fp [N m−2 ] produced by the fluid pressure pa [Pa] on the fluid-solid interacting boundaries is
given by
Fp = −n · pa ,
(7.10)
where n is the normal vector of the solid boundaries. In the acoustic fluid
domain, the normal acceleration to the acoustic pressure an [m s−2 ] on the
fluid-solid interacting boundaries can be derived from the second derivatives
of the structural displacements with respect to time utt [m s−2 ]:
an = n · utt .

(7.11)

The interaction between the acoustic field and solid structure can be stud-
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ied by applying Eqs. (7.10) and (7.11). The following simplifications have been
made. First, a homogeneous solid panel was used to model the perforated
honeycomb panel. Second, instead of modeling the air volume inside the honeycomb structure, the total effective air volume was modeled by increasing the
air volume inside the cavity. Third, the force of the voice coil actuator was modeled as a point force. The weight of the voice coil actuators and accelerometers
were modeled as additional masses on the panel according to their positions.
Finally, the suspension was modeled as springs among the edges of the panel.
The detailed model parameters are provided in Table 7.1.
Table 7.1: Model parameters.
Parameters

Values

Unit

Flat panel

Dimensions
Density
Young’s modulus
Poisson’s ratio
Loss factor

605 ∗ 415 ∗ 22
201
3.1
0.33
0.06

[mm3 ]
[kg m−3 ]
[GPa]

Cavity

Inner dimensions
Rigid boundary

605 ∗ 415 ∗ 28

[mm3 ]

Additional mass

Weight

0.4

[kg]

666

[kN m−2 ]

Suspensions

Spring constant per unit length
(parallel to the panel surface)
Spring constant per unit length
(normal to the panel surface)
Loss factor

66.6

[kN m−2 ]

0.4
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Model validation
Here, the resonance frequencies and kinetic energy responses obtained in the
simulations and experiments are compared to validate our numerical model.
First, an impact hammer modal test was conducted to measure the resonance
frequencies of the honeycomb perforated panel, which was not attached to the
cavity as shown in Fig. 7.9 [140]. Table 7.2 presents the measured and simulated
resonance frequencies of the perforated honeycomb panel.

Figure 7.9: Setup of the impact hammer modal test.

Table 7.2: Resonance frequencies of the perforated honeycomb panel.
Resonant
Mode

Experiment
[Hz]

Simulation
[Hz]

Error
[%]

1
2
3
4
5
6

221
256
506
571
611
775

218
243
510
541
643
752

-1.4
-5.1
0.8
-5.3
5.2
-3.0
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Then, the perforated honeycomb panel was attached to the cavity. The response of the panel was measured while the panel was excited by a shaker.
The panel response was measured twice with two different excitation points to
avoid measurement errors as shown in Fig. 7.10 [140]. The measured and simulated resonance frequencies of the panel-cavity coupled system are provided
in Table 7.3.



Figure 7.10: Setup of the shaker test.

Table 7.3: Resonance frequencies of the panel-cavity coupled system.
Resonant
Mode

Experiment
[Hz]

Simulation
[Hz]

Error
[%]

1
2
3
4
5
6
7
8

42
152
195
200
286
354
443
510

40
140
170
230
290
390
460
550

-4.8
-7.9
-12.8
15.0
1.4
10.2
3.8
7.8
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To further validate the model, the measured and simulated kinetic energy
response of the panel, which was excited by five voice coil actuators, was compared, as shown in Fig. 7.11. The data obtained from the simulations and experiments differ because we used a homogeneous solid panel to model the honeycomb perforated panel. The results demonstrate that our numerical model can
estimate our system with reasonable error.

Kinetic Energy [dB rel. 1J/V2]
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Figure 7.11: Kinetic energy response of the panel excited by five voice coil actuators in
parallel connection.

7.4

Control stability

The vibration and sound radiation response of the flat panel greatly depends
on the excitation positions. A designed excitation position can reduce the complexity of the response. A less complex control system can provide a more stable and easier feedback control condition. Therefore, we compared the panel
response of various excitation positions to determine the excitation configuration. Moreover, a well-designed sensor-actuator configuration can increase
the control stability in the feedback control system. Next, another stability
analysis is presented. We used the Nyquist criterion and generalized Nyquist
criterion to determine and present the control stability of our system. Three
sensor-actuator configurations, which are two SISO control systems and one
distributed MIMO control system, are presented. The frequency range of the
analysis is 10 Hz to 1 kHz, where the benefit of this flat panel loudspeaker is
expected.
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Excitation positions

We applied voice coil actuators on the panel to excite the panel. However, the
positions of the actuators affect the vibration response of the flat loudspeaker
system. The energy of the near field sound pressure wave is related to the
kinetic energy of the radiating panel at lower modes [122]. Therefore, the kinetic energy of the radiating panel can represent the near field sound. In this
section, we used the kinetic energy response of the panel to analyze the effect
of the excitation positions. The measured radiated sound pressure response
of the panel is presented in the next section. Figure 7.12 presents three exci-

Corner actuator

Center actuator

All actuators

Figure 7.12: Excitation positions.

tation position configurations. The first configuration, where we applied one
actuator located in the corner of the panel, provided an asymmetric excitation
force. The second configuration, where we applied one actuator located in the
center of the panel, provided a symmetric excitation force. The third configuration, where we applied five equally distributed actuators on the panel in parallel connection, provided a symmetric and equally distributed excitation force.
Figure 7.13 presents the variations in the simulated kinetic energy response of
the panel for varying excitation positions. The corner actuator, which located
asymmetrically to the panel, excited numerous resonant modes of the system
and caused high modal density. However, a symmetrically located actuator,
for example the center actuator, excited fewer resonant modes than an asymmetrically located actuator. Moreover, applying an equally distributed excitation force, as in the all-actuator configuration, can further reduce the modal
density. A less complex panel vibration can provide a more stable and easier
feedback control condition. Therefore, the system design should avoid asymmetric excitation positions. Similar results were found in the measured data as
shown in Figure 7.14. Furthermore, both the simulated and measured results
indicated that there was a major resonance peak at very low frequencies when
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the corner actuator was applied. The resonance frequency of this peak was
mainly affected by the suspension properties. The approximate estimation of
the suspension properties in our numerical model caused the difference in the
resonance frequency of this peak. The mode shape is shown in Fig. 7.15. The
excitation force should avoid amplifying this resonant mode, for instance, by
applying the same excitation force to the upper-right and lower-left corners.
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Figure 7.13: Simulated kinetic energy response of the panel with various excitation positions.
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Figure 7.14: Measured kinetic energy response of the panel with various excitation positions.
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Figure 7.15: Illustration of the mode shape.

7.4.2

Nyquist stability analysis

The results from the previous section illustrate that driving all actuators with
the same signal excites fewer resonant modes; in other words, a single-output
control system with an equally distributed force provides a less complex system. However, a distributed control system with multiple controllers provides
better controllability and can be applied to a large-scale system without a complicated control loop. Moreover, distributed multiple controllers have better
failure tolerance in the sense that the failure of one controller does not directly
affect other controllers. Therefore, in this section, we used the Nyquist criterion and generalized Nyquist criterion to determine the stabilities of the SISO
and MIMO control systems. Two cases of the SISO feedback control system
were analyzed. In the first case, the error signal was measured by the center
sensor, and the same control signal was sent to all five actuators. In the second case, one of the corner sensors was used as the error sensor, and the five
actuators were driven by the same control signal. The distributed MIMO control system discussed in this section used five sensors, and the control signal
was fed back individually to the collocated actuators. The Nyquist plots and
stability of these three cases with a same control gain are shown in Table 7.4.
As introduced in Section 2.3.3, the gain stability index and phase stability index were used in the MIMO control system. From the analysis, both of the
SISO control systems provide better stabilities than the MIMO control system.
Furthermore, the crossover frequency of the MIMO control system occurs at a
very low frequency with a small control gain. However, the response is more
stable, except for the first resonant mode. This result agrees with the previous
section. The system resonance at 15 Hz is effectively excited when driving on
the corner actuator. The distributed MIMO control system drives these five
actuators independently. Using non-identical driving forces yields the same
effect as driving on the corner position only. Therefore, this type of excitation
force should be avoided.
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Nyquist plot

Gain margin \
stability index
Phase margin \
stability index
Gain crossover
frequency [Hz]
Phase crossover
frequency [Hz]

5

0

−5

Imaginary Axis

Table 7.4: Nyquist stability analysis.
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Control results

In this section, the SPLs measured above the flat panel loudspeaker resulting
from various control configurations are presented. First, two configurations of
the SISO feedback control system are presented. Then, a sensor-actuator configuration designed MIMO control system to further improve the performance
is presented. Furthermore, the principles of sensor-actuator configuration design are provided. Another MIMO control configuration is presented as an
example to demonstrate the principles. Finally, the feedback control is combined with a feed-forward control to improve the insufficient response of the
flat loudspeaker at low frequencies.

7.5.1

Feedback control configurations

SISO control system
Section 7.4 illustrates that a SISO control provides more stability than a MIMO
control in our system. Therefore, we began with the SISO control. We used
only one sensor to obtain the error signal and then applied the identical control
signal to all five voice coil actuators. Two sensor positions were analyzed in
this study; the configurations are shown as Fig. 7.16. Because the accelerometer
and voice coil actuator were neither dual nor collocated, the feedback control
loop was only conditionally stable. The stability can be guaranteed when the
Nyquist plot of G(jω)H(jω) does not cross or encircle (-1, 0). The Nyquist plots
of the system are shown in Table 7.5. Figures zoomed in near (-1, 0) are listed
in Table 7.5 and confirm the stability.

Corner sensor
Error signal

Controller

2
3

5

Error signal

Control signal

1
4

Center sensor
Controller

: Error signal
: Control signal
: Accelerometer

2
3

Control signal

1
5

4

: Voice coil actuator

Figure 7.16: Two configurations of SISO control.

: Error signal
: Control signal
: Accelerometer
: Voice coil actuator
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The near field SPL response of the control results is shown in Fig. 7.17. The
first resonance peak was greatly reduced by both of the control configurations.
However, the resonance peak at 420 Hz was only slightly reduced when using the corner sensor and was actually increased when using the center sensor. This resonance at 420 Hz causes control system instability, as shown in
Table 7.5. Further sensor-actuator configuration design is necessary to further
improve the SPL response.

Table 7.5: Two configurations of a SISO control, the Nyquist plot of G(jω)H(jω) from
10 Hz to 1 kHz.

the Nyquist plot of
G(jω)H(jω)

Configuration

Zoomed around (-1, 0)

Nyquist Plot

Nyquist Plot
2
Imaginary Axis

Corner sensor

Imaginary Axis

5

0

1
0

−1

−5
0
5
Real Axis

10

−2
−2

Nyquist Plot

0
Real Axis

2

Nyquist Plot
2
420 Hz
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Center sensor

Imaginary Axis

5 420 Hz

0

1
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0
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Figure 7.17: Measured SPL response of the flat loudspeaker with a SISO feedback control.

MIMO control system
To improve the control performance at 420 Hz, we further investigated the
resonant mode shape at this frequency. Figure 7.18 presents the mode shape
at 420 Hz for both the measured and simulated results. The mode shape illustrates that the center point moves opposite to the corner points at this frequency. Therefore, use of either the center sensor or corner sensor cannot fully
present the vibration of the panel. Additional sensors are necessary to accurately detect the vibration of the panel. Nevertheless, the figure illustrates that
these four corner points move together at this resonance frequency. Therefore, two sensors are sufficient to further improve the control performance at
420 Hz. We applied two sensors, with one center sensor as the error sensor to
the center actuator and one corner sensor as the error sensor to the four corner
actuators. Figure 7.19 shows the sensor-actuator configuration. The Nyquist
plots of the system are shown in Table 7.6. The figures zoomed in around the

Figure 7.18: Mode shape at 420Hz.
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origin are listed in the table to confirm the stability of the system. The near field
SPL response of the control results is shown in Fig. 7.20. With this 2-channel
control, both the first resonance peak and the resonance peak at 420 Hz can be
effectively reduced. The result illustrates that all of the resonance peaks below
1 kHz can be effectively reduced by this control configuration.
Error signal
Ch.1
Ch.2

Control signal
Ch.1
Ch.2

Controller

2

: Error signal for channel 1
: Control signal for channel 1

1

3

: Error signal for channel 2
: Control signal for channel 2
: Accelerometer

4

5

: Voice coil actuator

Figure 7.19: Configuration of the 2-channel MIMO control.

Table 7.6: 2-channel MIMO control, locus of det[I + G(jω)H(jω)] from 10 Hz to 1 kHz.
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Figure 7.20: Measured SPL response of the flat loudspeaker with a 2-channel MIMO
feedback control.

Example
A further sensor-actuator analysis based on the previous results is presented in
this section. The design follows two principles. First, the excitation positions
should be symmetric, and second, the sensor-actuator configuration should
consider the fact that the center point moves in the opposite direction to the
corner points at the resonance frequency 420 Hz. As an example, a 3-channel
MIMO control system was measured in this study. Three sensors were applied: the center sensor as the error sensor to the center actuator and two corner sensors as the error sensors to two pairs of the corner actuators, as shown
in Fig. 7.21.
Error signal
Ch.1
Ch.2
Ch.3

Control signal
Controller

2
3

Ch.1
Ch.2
Ch.3

1
5

4

: Error signal for channel 1
: Control signal for channel 1
: Error signal for channel 2
: Control signal for channel 2
: Error signal for channel 3
: Control signal for channel 3
: Accelerometer
: Voice coil actuator

Figure 7.21: Configuration of the 3-channel MIMO control.
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The Nyquist plots of the system are shown in Table 7.7. The figure zoomed
in near the origin is shown in the table to confirm the stability of the system.
The near field SPL response of the 3- and 2-channel control configurations is
shown in Fig. 7.22. The figure illustrates that the 3- and 2-channel MIMO control systems performed similarly.
Table 7.7: 3-channel MIMO control, locus of det[I + G(jω)H(jω)] from 10 Hz to 1 kHz.
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Figure 7.22: Measured SPL response of the flat loudspeaker with a MIMO feedback
control: 2-channel configuration and 3-channel configuration.
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Response equalization at low frequencies

In this section, we applied a feed-forward response correction filter to further
improve the insufficient response of the loudspeaker at low frequencies. Three
filters, which includes two MPRI filters and one Linkwitz filter, to compensate
the measured feedback controlled response are presented in Fig. 7.23. The first
MPRI filter equalized a single pressure response and the second MPRI filter
was obtained by five accelerometers. The result indicates there is good potential for the MPRI filter applied in a MIMO control system. Furthermore,
the second-order Linkwitz filter gives similar compensation to the MPRI filter,
which offers the optimum response equalization as shown in Fig. 7.24. Therefore, we implemented the second-order Linkwitz filter with 35 and 105 Hz
cut-off frequencies to the real-time control system. The measured near field
SPL response above the loudspeaker resulting from 2- and 3-channel dis-
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Figure 7.23: Bode plot of three filters based on measured feedback controlled response:
the Linkwitz filter, the MPRI filter with one microphone, and the MPRI filter with five
accelerometers.
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tributed feedback and feed-forward combined MIMO control systems is shown
in Fig. 7.25. The response illustrates that with the feed-forward control, the attenuated response of the loudspeaker at low frequencies can be compensated
without affecting the feedback control performance.
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Figure 7.24: Simulated SPL response equalization based on measured feedback controlled response: without equalization, with the Linkwitz filter, the MPRI filter with
one microphone, and the MPRI filter with five accelerometers.
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Figure 7.25: Measured SPL response of the flat loudspeaker with a feedback and feedforward combined MIMO control: 2-channel configuration and 3-channel configuration.
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Conclusions

This chapter presents an acoustic source with a small thickness that provides
an even sound frequency response. The real-time control results indicate that
the frequency response of the radiated sound from a perforated honeycomb
panel combined with a thin cavity can be greatly improved by applying a simple and stable distributed feedback and feed-forward combined control to the
panel. However, an inappropriate sensor-actuator configuration could easily
destabilize the asymmetric resonant modes caused by the coupling of the internal acoustic cavity and the rigid body vibration of the panel. In particular, it
was shown that a straightforward decentralized controller based on collocated
force actuators and velocity sensors fails to meet the performance requirement
because of a destabilizing mode at 15 Hz. The detailed stability analysis in this
chapter illustrates that more sensor-actuator control channels cannot guarantee the control stability. In contrast, fewer channels can provide a stable control
system if the sensor-actuator configuration follows the design principle that the
excitation force should be symmetrically applied on the panel. A designed set
of independent combinations of symmetric driving patterns with corresponding velocity feedback controllers can effectively control both the fundamental
mass-air resonance and lower bending modes of the panel. However, the minimum number of sensors depends on the mode shapes within the working
bandwidth. The perforated honeycomb panel presented in this work provides
efficient space utilization and a lower modal density. Therefore, the distributed
feedback control system can effectively flatten the sound frequency response
of the perforated honeycomb panel below 1 kHz with only two accelerometer
sensors. Finally, as an example of the compensation scheme for the response
at low frequencies, the Linkwitz filter, which provides a similar result to the
optimum equalization offering by the MPRI filter in this study, was applied as
the feed-forward control. A flat frequency response in the range of 30 Hz to
1 kHz with deviations smaller than 3 dB was obtained.

CHAPTER 8

Conclusions

8.1

Conclusions

In this thesis, we have presented methods to reduce transmitted noise through
a double panel structure and have developed control sources to improve the
performance. In this final chapter, we summarize our research results, answer
the research questions and suggest potential directions for future work.
• Decentralized structural feedback control
Both numerical analysis and experimental results showed that with direct velocity feedback control, piezoelectric actuators should be simultaneously applied to the incident panel and radiating panel in a double
panel structure. This strategy is required because the resonant energy in a
double panel structure is not only determined by the radiating panel but
also by the incident panel and cavity. Therefore, structural control should
be applied to both panels. However, the interaction between the two panels reduces the control stability and limits the control performance. Moreover, structural control can barely reduce the resonant energy, which is
dominated by the cavity resonance.
• Decentralized cavity feedback control
A comparison has shown that for the configuration presented in the current work, cavity control can provide more noise reduction than structural control and structural-cavity combined control. Therefore, three
types of cavity control sources were compared: an acceleration source
loudspeaker, an incident pressure source loudspeaker, and a pressurecontrolled source loudspeaker. The results have shown that the incident
pressure source loudspeaker can achieve the largest total kinetic energy

122

8 Conclusions
decrease of 13.3 dB and the largest total radiated sound power decrease
of 13.2 dB within the frequency range from 10 Hz to 1 kHz.

• Decentralized feed-forward and feedback combined control
To further improve the transmitted noise reduction, we combined the decentralized direct feedback control with the decentralized harmonic feedforward control. Comparison between various sensor-actuator configurations indicates that using piezoelectric patches on the radiating panel
with feed-forward control combined with incident pressure source loudspeakers with feedback control can provide the largest transmitted noise
reduction for the double panel structure presented in the current work
within the frequency range from 10 Hz to 1 kHz.
• One-dimensional realization of the incident pressure source loudspeaker
The incident pressure source is a pressure source for which there is no reflecting pressure from the boundary. This source can be realized by minimizing the reflecting pressure from the solid surface. A one-dimensional
incident pressure source loudspeaker has been realized by using a dynamic loudspeaker, a microphone, a particle velocity sensor and a feedforward controller. The real-time measurement showed that the reflecting pressure was reduced by 26.2 dB on average and that the pressure
resonance in the duct can be effectively removed.
• Three-dimensional model of the incident pressure source loudspeaker
The three-dimensional incident pressure source has been numerically
modeled by using a dynamic loudspeaker, a distributed microphone and
a distributed velocity sensor with feedback control. Similar to the onedimensional case, the incident pressure source is obtained by minimizing
the reflecting pressure. Minimizing the reflecting pressure in the direction perpendicular to the loudspeaker surface can provide better control
performance than minimizing the total pressure or the reflecting pressure
in other directions. This dynamic loudspeaker modified as the incident
pressure source loudspeaker has been numerically applied to the double
panel structure and the transmitted noise was effectively reduced.
• Frequency response improvement of a flat panel loudspeaker
To improve the frequency response of the flat panel loudspeaker, two
methods were applied. The frequency response of a flat panel loudspeaker can be flattened by applying direct velocity feedback control on
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the panel, and the insufficient acoustic response of the loudspeaker at
low frequencies can be compensated by applying frequency equalization
based feed-forward control. Real-time control results indicate that the
frequency response of the radiated sound from a perforated honeycomb
panel combined with a thin cavity can be greatly improved by applying a simple and stable distributed feedback and feed-forward combined
control to the panel.
• Stability of driving the flat panel loudspeaker
An inappropriate sensor-actuator configuration could easily destabilize
the asymmetric resonant modes caused by the coupling of the internal
acoustic cavity and the rigid body vibration of the panel. The detailed
stability analysis in Chapter 7 illustrates that more sensor-actuator control channels cannot guarantee the control stability. In contrast, fewer
channels can provide a stable control system if the sensor-actuator configuration follows the design principle that the excitation force should be
symmetrically applied on the panel.
• Performance of the perforated honeycomb panel loudspeaker
The principles of driving the flat panel loudspeaker with stable direct
feedback control have been presented. Moreover, the perforated honeycomb panel presented in this work provides efficient space utilization
and low modal density. Therefore, the distributed feedback control system can effectively flatten the sound frequency response of the perforated
honeycomb panel below 1 kHz with only two accelerometer sensors. Finally, a second-order Linkwitz filter, which was found to provide similar
performance to the optimum frequency equalization offered by the MPRI
filter in this study, was applied to compensate the insufficient response at
low frequencies. A flat frequency response in the range of 30 Hz to 1 kHz
with deviations smaller than 3 dB was obtained.
The main contributions of the current work are:
• Various decentralized feedback control strategies, including structural
and acoustic sensor-actuator configuration designs, to reduce noise transmission through the double panel structure have been numerically compared, all of which are based on identical control stability indexes.
• Effective decentralized feed-forward and feedback combined control
strategies for the transmitted noise reduction through the double panel
structure are presented.
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• A one-dimensional incident pressure source has been realized by using a dynamic loudspeaker, a microphone and a particle velocity sensor with feed-forward control. A three-dimensional incident pressure
source has been numerically modeled by using a dynamic loudspeaker, a
distributed microphone and a distributed velocity sensor with feedback
control.
• A flat panel loudspeaker with small thickness, which can offer a flat frequency response in the range of 30 Hz to 1 kHz with deviations smaller
than 3 dB, is realized.

8.2

Answers to the research questions

We shall now answer the research questions posed in Chapter 1.
• What kind of resonance dominates transmitted noise through a double
panel structure?
The results show that in the range of 10 Hz to 1 kHz, every resonance
peak of the transmitted noise response of the double panel structure presented in the current work is dominated by one of the following: the
incident panel resonance, the radiating panel resonance, or the cavity
resonance. However, there is no single structural/cavity resonance that
dominates the transmitted noise resonance in the whole frequency range.
• With decentralized feedback control, controlling which part of the double panel structure offers more transmitted noise reduction: the cavity,
the incident panel, or the radiating panel?
Both numerical analysis and experimental results showed that with direct velocity feedback control, piezoelectric actuators should be simultaneously applied to the incident panel and radiating panel in a double
panel structure. However, because of the interference between these two
panels, the control gain of both panels was limited. Moreover, direct velocity feedback control can barely reduce the resonant energy, which is
dominated by the cavity resonance. The comparison indicates that decentralized feedback cavity control can provide more noise reduction than
decentralized feedback structural control for the configuration presented
in the current work within the frequency range from 10 Hz to 1 kHz.

8.3 Potential directions for future work
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• Can the decentralized feedback control performance be further improved by combining other control strategies?
We have combined decentralized direct feedback control with decentralized harmonic feed-forward control. With the noise reduction comparison between various sensor-actuator configurations, piezoelectric
patches on the radiating panel with feed-forward control combined with
incident pressure source loudspeakers with feedback control was found
to effectively provide further transmitted noise reduction.
• Do we already have good control sources for the transmitted noise control? If not, what kind of control source is needed?
Two effective control sources have been introduced and developed in our
work:
1. Incident pressure source loudspeaker
A one-dimensional incident pressure source has been realized by using
one dynamic loudspeaker, a microphone, a particle velocity sensor and
a feed-forward controller. Furthermore, this modified loudspeaker has
been numerically modeled in three dimensions by using a dynamic loudspeaker, a distributed microphone, a distributed velocity sensor, and a
feedback controller.
2. Flat panel loudspeaker
A flat panel loudspeaker with a small thickness that provides a smooth
sound frequency response in the range of 30 Hz to 1 kHz with deviations smaller than 3 dB has been developed by using a perforated honeycomb panel and a designed set of independent combinations of symmetric driving patterns with corresponding velocity feedback controllers.

8.3

Potential directions for future work

• Use other error signals for the incident pressure control sources in the
feed-forward part.
In Chapter 5, we found that the incident pressure sources provide the
largest transmitted noise reduction for the configuration presented in the
current work within the frequency range from 10 Hz to 1 kHz when used
as the feedback control sources. However, the incident pressure sources
hardly provide any noise reduction in the feed-forward part. An interesting direction for future analysis is to use other error signals for the
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incident pressure source control in feed-forward control. For instance,
the error sensors on the radiating panel.

• Realize the incident pressure source with feedback control.
A three-dimensional model has shown that this incident pressure source
can be obtained by using a dynamic loudspeaker, a distributed microphone and a distributed velocity sensor with feedback control. And this
incident pressure source applied as the feedback control source provides
the largest transmitted noise reduction among other control sources presented in the current work. Therefore, a three-dimensional realization of
this incident pressure source with feedback control is an interesting topic
for further exploration.
• Use piezoelectric patches as the actuators of the flat panel loudspeaker.
Energy consumption is an issue for loudspeakers at low frequencies.
Compared to moving-coil actuators, piezoelectric actuators as the loudspeaker driving actuators provide several advantages: (1) theoretically, piezoelectric actuators can keep large strain/displacement without
power consumption; (2) the energy has the potential to be continuously
transferred between the piezoelectric materials and the compressed air
in the cavity; and (3) piezoelectric actuators have compact dimensions.
Therefore, using piezoelectric patches as the actuators is a potentially interesting research direction.
• Use carbon fiber reinforced plastic for the sound radiation panel of the
flat panel loudspeaker.
The sound radiation panel of the flat panel loudspeaker with a low density and high bending stiffness offers low modal density and high electroacoustic conversion efficiency. Low modal density reduces the complexity of the panel vibration, which provides a more stable control condition. Therefore, we use a honeycomb sandwich structure as the sound
radiation panel. In the current work, the honeycomb sandwich panel is
made of metal materials. The performance of the flat panel loudspeaker
can be improved by replacing the metal part with a material which has
low density and high stiffness, such as carbon fiber reinforced plastic
(CFRP).
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Nomenclature

Greek
α
β
η
κ
λ
µ
ρ
ω

Convergence coefficient
Control effort weighting factor
Dynamic viscosity
Compressibility of air
Eigenvalue
Convergence factor
Density of air
Angular frequency

Operators and functions
j
Re(A)
Im(A)
AH
AT
A−1
trace(A)
det(A)
min(A)
∂A
∂B

∇A
∇·A
∇2 A
q

√
Imaginary unit (j= −1)
Real part of A
Imaginary part A
Hermitian transpose of A
Transpose of A
Inverse of A
Trace of A
Determinant of A
Minimum value of A
Derivative of A with respect to B
Gradient of A
Divergence of A
Laplacian of A
Unit delay operator
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Nomenclature

Scalars
an
c
Ca
Cs
d31
dh
Ep
f
gm
h
J
k
K
Ka
Ks
KE
L
M
Ma
Mp
Ms
n
p
p̂
pa
p̂c
pi
p̂i
pm
p̂o
pr
p̂r
Qu
Qd
r
s
sm
Sp
t
tp
Td
Tu
v
vi
vr
V
Zperf

Normal acceleration to the surface
Sound speed
Damping of vibration absorber
Damping of vibrating structure
Piezoelectric strain coefficient
Distance between the holes
Young’s modulus of the piezoelectric patch
Frequency
Gain margin
Distance
Cost function
Wave number
Number of reference sensors
Spring stiffness of vibration absorber
Spring stiffness of vibrating structure
Kinetic energy of the radiating panel
Number of error sensors
Number of actuators
Mass of vibration absorber
Moment per unit length
Mass of vibrating structure
The n-th iteration
Pressure (time domain)
Pressure (frequency domain)
Pressure in the fluid domain
Control pressure value
Incident pressure
Amplitude of the incident pressure
Phase margin
Specific control pressure value
Reflecting pressure
Amplitude of the reflecting pressure
Property coefficients of the uncompensated loudspeaker
Property coefficients of the desired loudspeaker
Hole radius
Laplace domain parameter
Modulus margin
Area of the perforated plate
Time
Plate thickness
Property coefficients of the desired loudspeaker
Property coefficients of the uncompensated loudspeaker
Particle velocity
Particle velocity in the incident direction
Particle velocity in the reflecting direction
Voltage
Acoustic impedance of the perforated plate

Nomenclature

Vectors and matrices
â
d
d̂
ea
Fp
G
Ḡ
Ĝ
Ḡi
Ḡo
Grp
Greg
Gu
Gd
H
I
IL
IM
L
n
P
u
uI
uR
uopt
utt
v̂
W
Wi
xref
xd
y

Acceleration
Primary noise source signals
Estimated primary noise source signals
Auxiliary error signals
The pressure load (normal force per unit area) on the structure
surface produced by the fluid pressure
Plant transfer function
Augmented plant transfer funciton
Estimated plant transfer function
Minimum-phase plant transfer funciton
All-pass plant transfer funciton
Transfer function between the secondary sources and the reference
sensors
Regularized function
Transfer function of the uncompensated loudspeaker
Transfer function of the desired loudspeaker
Control matrix
Identity matrix
L-dimensional identity matrix
M-dimensional identity matrix
Transfer function of the Linkwitz filter
Normal vector of the surface
Primary transfer function
Control signals
Imaginary part of control signals
Real part of control signals
Optimal control signals
Second derivatives of the structural displacements with respect to
time
Particle velocity
Control filter
The i-th control filter
Reference signals
Delayed reference signals
Secondary signals
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Nomenclature

Abbreviations
acc.
ANC
ASAC
ASC
ATVA
AVA
AVC
CFRP
dB
DML
DVFB
EPDM
FEM
Filtered-x LMS
FPGA
FLXLMS
IMC
inc.
LMS
lsp
MAP
MIMO
MPRI
MR
NRBC
PZT
rad.
RMFeLMS
SISO
SPL
SWL
TVA
WFS

Acceleration
Active noise control
Active structural acoustic control
Active structural control
Adaptive tuned vibration absorber
Active vibration absorber
Active vibration control
Carbon fiber reinforced plastic
Decibel
Distributed mode loudspeaker
Direct velocity feedback
Ethylene propylene diene monomer
Finite element method
Filtered-reference least mean square
Field-programmable gate array
Filtered-reference least mean square
Internal model control
Incident
Least mean square
Loudspeaker
Multi-actuator panel
Multiple-input and multiple-output
Minimum-phase regularized inverse
magneto-rheological
Non-reflecting boundary condition
Piezoelectric
Radiation
Regularized modified filtered-error least mean square
Single-input and single-out
Sound pressure level
Sound power level
Tuned vibration absorber
Wave field synthesis
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Datasheet of the voice coil actuator
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Datasheet of the accelerometer
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Specifications – Miniature DeltaTron Accelerometers
Types 4517 and 4517-002
Units

Ordering Inf

4517

4517-002

Dynamic Characteristics
Voltage Sensitivity (@ 160Hz)

mV/g

Measuring Range

10 ±10%

g

± 500

Frequency Response

See typical amplitude response

Mounted Resonance Frequency

kHz

75

Amplitude Response ±10% (typical)a

Hz

1 to 20000

Residual Noise

mg

6

Transverse Sensitivity

%

<5

Electrical Characteristics
Output Impedance
At room temperature

DC Output
Bias Voltage

In specified temp. range

Ω

< 100

V

10 ±15%

V

8 to 16

Power Supply

mA

2 to 20

Start-up Time

s

<1

Grounding

Case grounded

Insulated

Environmental Characteristics
Temperature Range

°C (°F)

–51 to +121 (–60 to +250)

Humidity

Hermetically sealed

Max. Operational Shock (peak)

g pk

Base Strain Sensitivity

5000

Equiv. g/μ strain

Thermal Transient Sensitivity

0.08

0.05

Equiv. %/°C (%/°F)

0.05 (0.03)

ms2/°C (g/°F)

2.6 (0.15)

Thermal Shock Sensitivity
Physical Characteristics
Dimensions

See outline drawing

Weight

gram (oz.)

0.6 (0.021)

Case Material

1.0 (0.035)
Titanium

Connector

3–56 UNF thread

Mounting

Adhesive

a. Individual frequency response calibration up to 10 kHz
All values are typical at 25°C (77°F) unless measurement uncertainty is specified

[%]

Phase [Degrees]

Amplitude
Phase

20

0

0

-10

-20
3

5

10

20

50

100

200

COMPLIANCE WITH STANDARDS
Compliance with EMC Directive and
Low Voltage Directive of the EU

500

1k

2k

5k

10k

20k [Hz]

050105

10

OPTIONAL ACC
• AO 0531: PVC
32 UNF to BNC
(+23 to +158°F
• AO 0038: 260°
10–32 UNF, le
• AO 0122: 250°
noise cable, 1
• AO 1382: Teflo
screened 10–
• JP 0145: Plug
• QS 0007: Tube
• YJ 0216: Bees
• QA 0230: Rem

SERVICE
• 4517-CAF: Min
Accredited Ca
• 4517-CAI: Min
Accredited Ca
• 4517-CTF: Min
Traceable Cali
• 4517-CTI: Min
Traceable Cali
• 4517-EW1: Mi
Extended War

* Additional acces
(see www.bksv.c

Individual Frequency Response
Sensitivity

Types 4517 and
following access
• Carrying box
• Calibration cha
• Low noise cab
nector to 10–3
1.2 m (4 ft)
• Removal wren

Compliance with the EMC
requirements of Australia and New
Zealand

PRODUCT DATA

Piezoelectric Accelerometer
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— Types 4517 and 4517-002
on Accelerometers
®

mately giving a unique characterisation and securing the
integrity of the vibration measurement.

∅ 6.35

3-56 UNF

3-56 UNF

The 4517
sensitivity given on the
calibration chart has been
4517-002
measured at 159.2 Hz with a 95% confidence level, using
8.9
a coverage8.15factor k = 2.
∅ 7.85

Versions

Type 4517-002 has an anodized case providing electrical
insulation. 11.48
3.8

Recommended Mounting

2.7

2

12.2
+

+

4.6

Due to the small size, careful mounting is required to
∅ 5.3
ensure correct
operation
over the full frequency range of
Mounting surface
Mounting surface
the accelerometer.
4517-002Figure B.2: Dimensions of4517
the accelerometers.
8.15

∅ 6.35

8.9

3-56 UNF

All dimensions in mm

11.48
3.8

+

2

12.2
2.7

ent undergoes
ign. Two recarranged on
design gives
munity to base
signal is col. The housing
t is quartz.

Figure B.1: Accelerometers: B&K 4517 and 4517-002.

3-56 UNF

uilt-in preamms of voltage

4517-002

∅ 7.85

Shear accelweight makes
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ature a minia special, dea 10–32 UNF
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APPENDIX C

Amplifier

C9

n

hole
hole
hole
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4
3
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1

V4

VNEG = -24
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OPAMP

VOFF = 0
VAMPL = 1.4
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-
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22u
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Figure C.1: Schematics of the amplifier for driving the voice coil actuators.
I=Uin / R
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