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Abstract

University of Southampton

Faculty of Engineering and Physical Sciences
Institute of Sound and Vibration Research
Doctor of Philosophy

Active Strategies for the Control of Acoustic Scattering
by Charlie House

The ability to acoustically cloak an object, such that the soundfield with the presence of the
object is identical to that without the presence of the object, has potential applications across
a variety of industries and, for this reason, is an active area of research. An object can
potentially be acoustically cloaked using either passive or active methods, and this thesis
addresses the challenges related to practically implementing active strategies. Active acous-
tic cloaking has the potential to significantly reduce the acoustic scattering from an object
over a broad frequency range, however, examples of practical active acoustic cloaking sys-
tems in the literature currently rely on a-priori information that is not practical to obtain in
most scenarios, and mostly consider tonal disturbances. The robustness of active acoustic
cloaking systems to practical uncertainties has also not yet been considered, which is a key
requirement for many practical implementations. The work presented in this thesis will ad-
dress some of these challenges, using experimental and numerical studies, and provides a
number of key insights into the active cloaking problem.

The work presented in this thesis initially considers the acoustic scattering from a rigid
sphere, upon which an active acoustic cloaking system is implemented using both tonal and
broadband control strategies. The robustness of these systems to realistic perturbations is
assessed, and various methods of increasing the robustness are presented. A method of es-
timating the scattered acoustic pressure in real-time is proposed, which aims to address the
requirement for acoustic sensors in the far-field of the scattering object, as well as the chal-
lenges associated with directly measuring scattered acoustic pressure, and the performance
of this system is quantified.

The acoustic cloaking of flexible bodies is more challenging than that of rigid bodies, due to
the presence of resonant scattering components and, therefore, the latter part of this the-
sis considers the acoustic scattering from a flexible cylinder. The relationship between the
structural response of the scattering body and the scattered acoustic field is analysed, and
the acoustic effect of implementing Active Vibration Control on the scattering body is investi-
gated. An active structural acoustic cloaking system is also implemented experimentally, and
a significant reduction in the scattered acoustic pressure is realised.
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Chapter 1

Introduction

Acoustic scattering describes the interaction between an object and an incident acoustic
wave. When an acoustic wave impinges on a body, if there is a significant difference in
the acoustic impedance between the exterior fluid and the object, the acoustic wave will
scatter. A portion of the energy will reflect off of the object, whilst the rest will refract around,
or be transmitted through, the scattering body. As a result, an acoustic sensor within this
scattered sound field will detect the summation of both the incident and scattered acoustic
pressures, as shown in Figure 1.1. This is the concept behind active Sound Navigation &
Ranging (SONAR), where a pulse of high frequency acoustic energy is emitted through a
fluid medium (usually sea water), and a hydrophone is used to detect the acoustic reflections
from any objects in the vicinity. The time delay between the sound being emitted and the
reflection being received can be related to the distance to the scatterer, whilst a frequency
shift describes the relative velocity of the scatterer [1] .
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Figure 1.1: Schematic diagrams showing an acoustic scattering body (left), and an acoustic sensor
detecting both incident and scattered fields (right).

Knowledge of the acoustic scattering from an object can be leveraged as a scientific research
tool, for example using SONAR to map the sea-floor [2], or to understand the way the acous-
tic scattering from a human’s head can be used to localise the direction of a sound source [3].
However, there are applications where there is an interest in reducing the acoustic scatter-
ing from an object; for example, when performing acoustic measurements in a non-anechoic
space [4—6], or when implementing sound-field control for multiple listeners whose presence
in the soundfield causes acoustic scattering [7] and, therefore, a degraded acoustic perfor-
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mance. There is also a clear interest from the naval defence community in acoustic stealth,
by reducing the acoustic scattering from a vessel and, therefore, reducing the chance of
detection by third-party SONAR. The concept of reducing the acoustic scattering from an
object, effectively making the sound-field with and without the presence of the object identi-
cal, is known as acoustic cloaking. The following sections will provide a review of previous
research that has been conducted into the realisation of acoustic cloaks. A review of the
literature on acoustic scattering will first be presented, followed by a review of the various
active and passive cloaking strategies that have been discussed in the literature.

1.1 Acoustic Scattering

Investigation into the acoustic scattering properties of basic rigid and non-rigid scatterers has
been ongoing for many years, dating back to Lord Rayleigh’s research in 1871 [8]. In general
terms, the acoustic scattering from a rigid scattering object can be described in terms of the
forward-scattered component, ie the scattered wave propagating in the same direction as the
incident wave, downstream of the scattering object, and the back-scattered component, ie
the scattered wave propagating in the opposite direction to the incident wave, upstream of the
scattering object. When considering the case of the acoustic scattering from a rigid sphere,
it has been widely shown that at low frequencies, approximately ka < 2, the backscattering
dominates over the forward scatter [9, 10], whilst at high frequencies, approximately ka > 2,
the forward scatter is dominant due to the acoustic shadowing effect [11]. This can be seen
in the soundfield plots shown in Figure 1.2, which have been generated from numerical sim-
ulations and present the total, incident, and scattered soundfields when an incident acoustic
plane wave, propagating upwards, impinges on a rigid spherical scattering object at ka = 1
and ka = 10. The directivity of the scattered fields shown in Figure 1.2 is consistent with
analytical studies presented in the literature [8, 11-13].

7

Total Acoustic Pressure = Incident Acoustic Pressure +  Scattered Acoustic Pressure

ka=10

i

Total Acoustic Pressure = Incident Acoustic Pressure +

Figure 1.2: A graphic showing the total, incident, and scattered soundfields when a rigid sphere is
excited by an incident plane wave propagating upwards at ka = 1 (top) and ka = 10 (bottom).

Most of the literature discussed above considers a rigid scattering object, however, it is also
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insightful to consider the acoustic scattering from flexible scatterers. Faran [14] and Doolittle
et al [15] worked on the modelling of rigid and elastic cylinders in 1951 and 1966 respectively,
using Hankel functions and spherical harmonics to express the scattered field analytically.
Flax et al [16] and Diarmuid Murphy et al [17] continued this work in 1978, comparing the
scattering behaviour of rigid and elastic cylinders, and started to investigate the fluid load-
ing effects of the external medium. Diarmuid Murphy et al [18] investigated the resonant
scattering from a flexible fluid-loaded elastic shell using normal-mode analysis to isolate the
resonant scattering component from the off-resonance component. They concluded that the
off-resonance scattering can be approximated by that of a rigid body, leading to the com-
monly used assumption that the acoustic scattering from an object is composed of rigid and
flexible components. In 2006, Bobrovnitskii developed an analytical model to describe the
acoustic scattering from an infinite cylinder, based on the impedance difference between the
scatterer and the external fluid (water in this instance) [19, 20]. Figure 1.3 shows the results
of this model, plotting non-dimensional scattered power against non-dimensional frequency.
This was done for three different boundary conditions: Rigid, flexible (assuming steel), and
soft. The flexible steel cylinder shows clear resonances in the scattered sound power when
compared to the rigid cylinder, confirming the theory that a flexible structure will have in-
creased scattering when it is excited at resonance.
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Figure 1.3: Non-dimensional scattered sound power for a steel shell in water (solid line), a rigid
cylinder (dashed line 1) and a soft cylinder (dashed line 2) presetned in [20]

Having described the basic principles of scattering from both rigid and flexible structures, the
next stage is to consider how this scattering can be controlled. A review of previous work
in the active and passive acoustic cloaking fields is presented in the following two sections,
with a focus on the practical implementation of such systems.

1.2 Passive Acoustic Cloaking

Passive acoustic cloaking is a means of reducing the acoustic scattering from an object using
passive control methods. This usually involves the application of a material to the scattering
object, and this may be either a conventional material or an acoustic metamaterial. The for-
mer, which utilises the acoustic absorption properties of a material to reduce the amplitude of
an incident wave prior to it reaching the scattering body, has the effect of reducing the back-
scattered wave, however, has minimal effect on the shadow zone downstream of the object
[21]. The low-frequency limit of passive acoustic cloaking using conventional materials is
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proportional to the thickness of the material and, therefore, it is often impractical to cloak an
object to low frequency incident sound. Acoustic metamaterials, however, consist of arrays
of unit-cells containing sub-wavelength structures [22] which, over a narrow frequency band,
can provide advanced material properties that result in effective masses and stiffnesses that
can be tuned to be significantly larger or smaller than can be achieved using conventional
materials [23]. Careful design of the sub-wavelength structure allows for the optimisation of
these material properties to achieve a beam-steering effect, which allows an incident acous-
tic wave to be steered around an object rather than impinging upon it [24].

In terms of metamaterial based acoustic cloaks, Pendry et al [25] presented a method to opti-
mise the effective density and bulk modulus of a metamaterial, and discuss how this could be
used to realise an acoustic cloak. Zigoneanu et al [26] have published experimental results
of a practical ground cloaking device, using a lattice structure of layers of perforated acrylic,
as shown in Figure 1.4. The effective density and bulk modulus of the ground cloak (when
excited at 3 kHz) are similar to the material properties of air, minimising the characteristic
impedance mismatch and, therefore, causing negligible scattering. The performance of this
device, when cloaking a scattering object placed on a ground plane, is shown in Figure 1.5.
The presented plots show the scattered acoustic pressure field, measured with a scanning
microphone, caused by the ground plane (top), the ground and the object (middle) and the
ground and the cloaked object (bottom). Although the ground cloak is not perfect (possibly
due to manufacturing tolerances), it is clear from these results that the device significantly
reduces the acoustic scattering from the object. Similar ground cloaking devices have been
designed by Bi et al [27] and Kerrian et al [28] to cloak objects underwater, with both publica-
tions achieving comparable levels of performance to those presented in Figure 1.5. Although
passive acoustic cloaks using metamaterials are effective, as shown in Figure 1.5, their per-
formance is limited to a relatively narrow frequency range.

1.5 mm

Figure 1.4: Acoustic Cloaking Pyramid presented in [26], consisting of many layers of perforated
acrylic

In order to extend the bandwidth over which a metamaterial is effective, additional unit-cells
tuned to multiple frequencies can be introduced [29], however, doing so can result in similar
size limitations to those experienced when using conventional material for passive control.
For these reasons, the use of active control to reduce the acoustic scattering from an object
has been investigated, and the following section will present a review of the literature on
active acoustic cloaking.
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Figure 1.5: Measured scattered fields of the ground, the ground with the object, and the ground with
the cloaked object at 3 kHz from [26]

1.3 Active Acoustic Cloaking

Active control is a technique that can be used to attenuate a disturbance signal using sec-
ondary control sources [30]. Due to the principle of linear superposition, if a suitable control
signal can be generated, the disturbance signal at a given point can be entirely cancelled out
through destructive interference [31], as shown in Figure 1.6. Implementing active control to
minimise a disturbance at a single location (local active control) can achieve significant levels
of attenuation [32], whilst implementing control to minimise the disturbance over a larger area
(global active control) can be more challenging due to the need for a large number of control
sources and error sensors [33]. Active control systems can be designed to minimise either
a broadband disturbance signal [34], or can focus on tonal control; the latter is common
when the disturbance signal is dominated by a strong tonal component such as with engines
or rotating machinery [35, 36]. Both feedforward and feedback control architectures have
been demonstrated practically and in the literature, depending on the availability of a suitable
reference signal, and adaptive algorithms are often included to allow for small variations in
environmental conditions [37].

The use of active control to minimise the acoustic scattered pressure from an object is often
referred to as Active Acoustic Cloaking. This thesis will primarily focus on addressing the
challenges of practically implementing an Active Acoustic Cloaking system and, therefore, a
review of the literature on Active Acoustic Cloaking will now be presented.

The performance of any active control system is governed by a number of factors, one of
which is the suitability of the measured error signal. This is the signal that the active control
algorithm attempts to minimise and, therefore, it must accurately represent the undesired
physical disturbance. In most active noise control systems, for example, the undesired physi-
cal disturbance is the total acoustic pressure, which can be directly measured and, therefore,
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Figure 1.6: A graphic showing how an active control system can use destructive interference to reduce
a primary acoustic disturbance.

minimised. In the context of an active acoustic cloaking system, the undesired physical dis-
turbance is the scattered acoustic pressure, as this contains all of the components of the
scattered field (rigid scattering, resonant scattering, back scattering, shadowing etc). If the
scattered acoustic pressure is identified and directly minimised, using either structural or
acoustic control sources, significant attenuation in the scattered sound field can be achieved
as has been demonstrated using numerical modelling by Cheer [38] and Eggler [39]. In
these studies, acoustic cloaking was demonstrated over a fairly wide frequency range using
secondary acoustic sources [38], and secondary structural sources [39], to directly minimise
the scattered acoustic field. However, it was assumed in both cases that the scattered dis-
turbance field was perfectly known.
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(a) The arrangement for the cloaking system pre- (b) Reductions in the scattered acoustic field
sented in [38], showing the control sources for the achieved by the system presented in [38] when
exterior control geometry (crosses), and a single using acoustic control sources. This is plotted
plane of the full three- dimensional grid of error against ka, where o is the radius of the sphere,
sensors (dots), as well as the scattering sphere. and k is the acoustic wave number.

Figure 1.7: Modelling setup and simulated results from the cloaking system proposed in [38]

Figure 1.7 shows the system considered in [38], as well as the achieved attenuation in the
scattered field when the system is used to acoustically cloak a rigid sphere, over a fine fre-

6
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quency sweep. Figure 1.7b shows the cost functions for Active Noise Control, Sound Field
Reproduction, and Active Acoustic Cloaking since the performance of these three active
strategies are compared in [38], however the Active Noise Control and Sound Field Re-
production systems are not discussed further in this thesis. In addition to investigating the
frequency dependence of the cloaking performance, [38] also presents a study into the effect
of the position of the acoustic control source array, and shows that as the spacing between
the control sources and the scattering object is reduced, the acoustic cloaking performance
is increased. This leads to the work by Eggler [39] et al, which investigates the use of struc-
tural control actuation in place of the acoustic control sources utilised in [38]. Figure 1.8
presents one of the simulation results published in [39]; Figure 1.8a shows the scattered
acoustic field due to an elastic cylinder excited by an incident plane wave at 167 Hz, and Fig-
ures 1.8b and 1.8c show the same sound field when the scattered component is controlled
using either acoustic or structural control sources respectively. Significant attenuation in the
scattered field is shown, especially when using structural control sources. Similar results are
also shown in [39] for a range of frequencies between 167 Hz and 350 Hz.
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(a) (b)
Figure 1.8: Active acoustic cloaking system presented by Eggler [39]. (a) Acoustic pressure field and
shell deformation under plane wave excitation at 167 Hz, (b) Acoustic pressure field using acoustic
control sources, (c) Acoustic pressure field using structural control sources

-
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Although both [38] and [39] show significant reductions in the scattered acoustic field and,
therefore, effective cloaking of the scattering objects, the presented results are all based on
computational modelling. They also both assume that perfect knowledge of the scattered
acoustic field is available, however, as shown in Figure 1.1, it is impossible to directly mea-
sure the incident and scattered sound fields separately in practice and any acoustic sensor
will detect both components. Extraction of the scattered field from the total pressure would
require an additional processing step or a more advanced sensing strategy. Therefore, al-
though this previous work clearly shows physical insight into the acoustic cloaking problem,
the utilised systems are not practically implementable without the development of more ad-
vanced sensing methods.

Friot et al [40] developed a potential solution to the scattered field detection problem, with
the development of an active acoustic cloaking system using two concentric rings of micro-
phones surrounding the scattering object, as shown in Figure 1.9a. Wave decomposition
allows the inward and outward travelling waves to be extracted which, for the given physical
setup, correspond to the incident and scattered components. The performance of this sys-
tem was simulated using numerical modelling, predicting reductions in the scattered field of
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(a) The transducer arrangement for the 2D cloak- (b) Attenuation in scattered sound pressure
ing system presented in [40], showing the two con- achieved by the 1D experimental implementation
centric rings of microphones as well as the ring of of the system presented in [40]. The dashed line
control sources. is the scattered sound pressure level before active

control, and the solid line is the scattered sound
pressure level after active control.

Figure 1.9: Source/sensor configuration for the 2D computational modelling, and measured results of
a 1D implementation, from [40]

an order of magnitude at low frequencies. The high frequency performance of the system
was limited by the sensor spacing and, therefore, adjusting the distance between the two
rings of sensors, and increasing the number of sensors per ring, is expected to increase the
performance bandwidth. The proposed method was initially validated experimentally with a
simple 1D experiment in a duct, and over 20 dB of attenuation was achieved in the scat-
tered pressure between 100 Hz and 700 Hz, as shown in Figure 1.9b. However, Friot et al
subsequently demonstrated a 2D cloaking capability [41], where a parallelepiped scattering
object was placed in an anechoic chamber, along with rings of microphones and loudspeak-
ers as discussed previously. In this experimental study, the incident sound field was a 280
Hz tone generated by a single primary loudspeaker. The experimental setup is shown in
Figure 1.10a, with the far-field measured performance (in the z = 0 plane) shown in Figure
1.10b. From these results, it can be seen that, by using the proposed strategy of sensing
and controlling the scattered field, the proposed method is able to achieve reductions in the
scattered field of over 30 dB at the single frequency considered.

Although the acoustic cloaking system described in [40, 41] was able to demonstrate rea-
sonable active cloaking performance, the 2D experimental setup required a large number of
microphones to accurately separate the incident and scattered pressure waves, which may
not always be practical to implement. Han et al [42] proposed a method to avoid the need
for the second ring of error sensors by modelling the transfer function between scattered
pressure and total pressure, rather than measuring it. The simulated transfer functions are
used to estimate the scattered component of the pressure signals, which are then used as
the disturbance signals for an active control system. This system was implemented in a lab-
oratory experiment using a spherical scatterer, and reductions in the scattered field of up to
8 dB were achieved. The robustness of this sensing strategy was not considered in [42] and,
given that the accuracy of the sensing strategy is dependent on the quality of the compu-
tational model used to generate the transfer functions, it would be insightful to consider the
robustness of the system.
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Figure 1.10: Experimental setup and measured results for the 2D cloaking system proposed in [41]

It should be noted that the results presented in [40—42] only considered back scattering.
The systems did not attempt to reduce refractive scattering (scattering ‘downstream’ of the
scattering object), neither were they able to control scattering in all 3 dimensions. Although
the experimental results presented in [41] cloak a 3D object, they only attempt to control the
scattered field over a 2D plane. Furthermore, the results consider a tonal disturbance, inci-
dent from a single direction, and do not comment on the robustness of the system to physical
uncertainties.

An alternative cloaking strategy is proposed in [43] where, instead of attempting to control
the scattered pressure directly, the system aims to minimise the total sound pressure level
within a region surrounding the scattering object. By minimising the acoustic energy incident
on the scattering object, the scattered field will also be reduced without the requirement of a
real-time measurement of the scattered acoustic pressure. To do this, the scattering object
was surrounded by three arrays of multi-pole point sources. These devices are optimised
such that the incident pressure around the scattering object is zero, whilst having a high-
order directivity such that their influence in the far-field is negligible. The performance of this
cloaking method is investigated using numerical simulations, and an example of some of the
results is presented in Figure 1.11. This figure shows the control and total acoustic pressure
fields when the control sources are optimised using either a Green’s function formulation,
or a Singular Value Decomposition formulation, both of which create an effective quiet zone
around the scattering object and, therefore, the scattered acoustic pressure-field outside of
the control region is negligible.

The concept proposed in [43] has since been analytically applied to a thin plate by Futhazar
et al [44], where four 50th order multipole sources were simulated surrounding a scattering
object. An extract of the results from this simulation study is presented in Figure 1.12, and
shows the quiet zone surrounded by the four sources, which have negligible effect on the
exterior field. Whilst demonstrating cloaking capabilities in simulation, the use of high-order
multipole acoustic sources in both [43] and [44] significantly limits the practicability of experi-
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Figure 1.11: The control field (top) and total acoustic field (bottom) of the simulations presented in
[43], with two alternative control formulations.

mental implementation. This limitation has been investigated in [45], which presented simula-
tion results comparing the conventional direct-minimisation active acoustic cloaking methods
with the quiet-zone cloaking method discussed above, using a realisable array of monopole
control sources. This showed that, although the quiet-zone acoustic cloaking method was
less effective and less efficient than the direct-minimisation approach, it was still able to
achieve up to 10 dB of attenuation in the acoustic scattering from a rigid sphere. The work
presented in [45] was conducted by the author of this thesis during the course of the PhD
research, but has not been presented in this thesis which, instead, focusses on practical
implementations of acoustic cloaking systems.

Figure 1.12: Disturbance field (left) and cross-sectional plot of structural excitation (right) from [44],
showing the cloaked quiet-zone region around the (0,0) position.
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1.4 Thesis Structure and Objectives

This thesis focusses on the development of a practical active acoustic cloaking system. From
the preceding literature review, it is evident that, although tonal active acoustic cloaking sys-
tems have been well researched, there has been little work on achieving broadband control.
Some methods have been presented to overcome the challenges associated with real-time
sensing of the scattered acoustic pressure, however, these have also only considered a tonal
disturbance and, therefore, this thesis will investigate methods to achieve broadband sens-
ing and control of the scattered field caused by a non-tonal disturbance signal. In a practical
active acoustic cloaking system, it is likely that environmental conditions will change over
time and, therefore, the system responses may vary. The use of an adaptive algorithm may
make the system robust to perturbations in the disturbance field, however, it will offer limited
robustness to perturbations in the plant responses and, therefore, the robustness of the var-
ious active acoustic cloaking strategies investigated in this thesis will also be considered.

The structure of the thesis is as follows:

Chapter 2

Chapter 2 builds upon the work presented in the literature review by presenting an exper-
imental study into the performance of an active acoustic cloaking system when applied to
a rigid spherical scatterer. An experimental setup to measure the acoustic scattering from
the sphere, when excited by a tonal disturbance, is presented, including a dual-layer array
of loudspeakers, enabling a tonal active acoustic cloaking strategy to be implemented that
directly minimises the scattered acoustic pressure signals measured at the microphones.
Whilst the ultimate aim of the work presented in this thesis is to achieve broadband control
without needing a real-time measure of the scattered acoustic pressure, this straightforward
case provides insight into the physical problem and sets a solid foundation upon which the
subsequent chapters will build.

Chapter 3

In a practical cloaking realisation, it is likely that the physical system will vary over time, in-
troducing uncertainty to both the plant responses and the disturbance fields. To investigate
the effect of uncertainty on the active acoustic cloaking performance, Chapter 3 presents
a study into the robustness of the active acoustic cloaking system presented in Chapter 2.
The effect of changing the size and position of the scattering object is investigated, as is the
effect of adding unstructured noise to all of the sensor channels. Both frequency dependent,
and frequency independent regularisation methods are discussed and investigated, and the
effect that these have on the robustness of the control system and the performance in the
nominal case are presented.

Chapter 4

The tonal control strategy discussed in Chapters 2 and 3 provides insight into some of the
limits on active acoustic cloaking, however, in many practical scenarios it is likely that the
incident acoustic field will be non-tonal in nature. Therefore, a broadband active acoustic
cloaking method is proposed in Chapter 4. This Chapter presents an investigation into the
suitability of various reference signals, and the effect of varying the length of the FIR filters
used in the control algorithm. Finally, a brief investigation into the robustness of the broad-
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band control algorithm is presented.

Chapter 5

Chapter 5 builds upon the previous chapters by presenting a virtual sensing method that is
able to estimate the real-time scattered acoustic pressure at a number of far-field sensor
locations, based on near-field measurements of the total acoustic pressure. This strategy
is based on the remote microphone technique and attempts to address the main limitation
in the control approaches discussed in the previous chapters, as the active acoustic cloak-
ing system using the proposed virtual sensing technique does not require a real-time direct
measurement of the scattered acoustic pressure in the far-field which, as has been discussed
previously, is not practicable. The accuracy of the sensing method is quantified, and the per-
formance of the active control system utilising this sensing strategy is assessed. As in the
previous chapters, the robustness of both the virtual sensing strategy and the integrated ac-
tive acoustic cloaking system is commented on.

Chapter 6

The work presented in Chapters 2-5 is based on measured data corresponding to the acous-
tic scattering from a rigid sphere, however, the acoustic cloaking of a flexible structure is
perhaps more realistic to a number of applications and presents additional challenges due to
the presence of resonant scattering and, therefore, Chapter 6 considers the acoustic scat-
tering from a flexible cylindrical shell. To investigate this, an experimental setup is presented
and various acoustic and structural transfer responses are measured. The cylindrical shell is
instrumented with sensors and actuators, allowing AVC to be implemented on the structure.
The effect that AVC has on the scattered acoustic field is then discussed.

Chapter 7

Chapter 7 combines the work from previous chapters and investigates the performance of an
active acoustic cloaking system when implemented on the flexible cylindrical shell discussed
in Chapter 6, using the broadband control algorithm presented in Chapter 4. The causality
of the controller is discussed, and the effect of the control sources on the structural response
is also investigated.

Chapter 8
The final chapter presents a summary of the conclusions drawn from the work presented in
the preceding chapters, and provides suggestions for future work in this area.

1.5 Contributions

The main original contributions of this thesis are:

1. The experimental investigation into the performance limitations of a broadband acoustic
cloaking strategy, on both rigid and flexible scattering structures, using either acoustic
or structural control sources respectively.

2. The formulation and validation of a virtual sensing approach for the real-time estimation
of far-field scattered acoustic pressure based on measurements of the near-field total
acoustic pressure.

12
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3. Aninvestigation into the robustness of active acoustic cloaking, considering both struc-
tured and unstructured uncertainties.

4. A study into the effect of implementing Active Vibration Control on the soundfield scat-
tered from a flexible structure.

A number of publications and conference proceedings have arisen from the work presented
in this thesis, and these references are given in the declaration of authorship.
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Chapter 2

Active Acoustic Cloaking of a Rigid
Sphere

The concept of acoustic cloaking, the ability to acoustically conceal an object such that the
sound-field with the object present is identical to that without the object present, has been
thoroughly discussed in the literature and reviewed in Chapter 1. The use of an active acous-
tic cloaking method can potentially widen the bandwidth of control when compared to a pas-
sive method, and enable adaptation to changes to the system that might occur in practice.
However, an active approach has the added complexities of requiring external power, actu-
ators and sensors, and Digital Signal Processing (DSP). This chapter will explore the per-
formance limitations of an active acoustic cloaking system in an experimental environment,
and will identify a number of challenges that would need to be solved for a practical active
acoustic cloaking system. This chapter will, therefore, form the basis for the rest of the thesis,
and these implementation challenges will be explored in detail in subsequent chapters.

This chapter builds on the work by Friot et al [41], who present an experimental investiga-
tion into the use of active acoustic cloaking to reduce the acoustic scattering from a hollow
parallelepipedic wooden box. Due to experimental limitations, Friot et al only consider the
back-scattering from the object at a single frequency. The present study will extend the in-
sight provided by Friot et al, and will investigate the acoustic scattering from a rigid sphere in
both the backwards and forwards directions, across a range of frequencies. Friot et al also
suggest a method of calculating the acoustic scattered pressure in real-time, which will be
further discussed in Chapter 5.

This chapter will present an experimental investigation into the performance of an active
acoustic cloaking system, implemented on a rigid spherical scatterer. A tonal control strat-
egy will be used to minimise the acoustic scattering from a rigid sphere using an array of
control loudspeakers, arranged as shown in Figure 2.1, and the effect of regularisation on
the performance of the control system will be considered. The experimental setup will be
described in Section 2.1, and Section 2.2 will detail the control strategy and formulate the
optimal source strengths to minimise the acoustic scattered power from the object. Section
2.3 will present results of offline simulations used to investigate the performance of the active
control system. Conclusions will be drawn in Section 2.4, and this will help to motivate the
research presented in the remaining chapters of this thesis.
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Parts of this work have been published in [46].
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Figure 2.1: Schematic diagram showing the source/sensor arrangement, and the scattering sphere.

2.1 Experimental Setup

In order to investigate the performance of active acoustic cloaking, a series of acoustic mea-
surements have been carried out in the Large Anechoic Chamber at the Institute of Sound &
Vibration Research, which will generate a dataset containing the acoustic scattering from a
rigid sphere. This data will later be used to investigate the performance of the active acoustic
cloaking system described in Section 2.2. The experimental setup and methodology will be
described in this Section.

A rigid spherical scatterer was constructed out of Gypsum Plaster, as shown in Figure 2.2.
A mould was used to create two hemispheres, which were subsequently attached together
and sanded to ensure a smooth, consistent surface finish. A metal plate was cast into the
lower sphere, attached to a threaded rod to act as a hanging point from which to suspend the
sphere. Hessian fibres were included within the plaster mixture to increase the strength of
the sphere, and to ensure that it did not disintegrate under its own weight when suspended.
Three spheres were constructed using this method, with radii » = 110 mm, r = 150 mm and
r = 250 mm, with the largest sphere weighing 96kg once it had finished drying. The following
study will only consider the middle sphere, of radius » = 150 mm, however the larger and
smaller spheres will be introduced in Chapter 3.

The scattering sphere discussed above was suspended inside the anechoic chamber as
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Figure 2.2: Images showing the construction of the scattering spheres.

£k

Figure 2.3: Images of the experimental setup, showing the rigid sphere, the loudspeaker array, and
the far-field microphone array.
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shown in Figure 2.3. To measure the acoustic scattering, and to provide the error signals
for the control algorithm, a far-field microphone array consisting of 2 concentric rings of 20
PCB 130F20 microphones was arranged around the sphere, as shown in Figures 2.1 and the
right-hand image of 2.3. Two off-set rings were utilised, rather than a single ring, as prelimi-
nary simulations (not presented here) indicated that using a single ring to implement active
control would result in local minima being created around each microphone position within
the bandwidth of interest, rather than the global effect that is achieved with multiple offset
rings of sensors. The effect of reducing the number of sensors in the far-field array will be
investigated in Section 2.3.2. The array of control sources consisted of a dual-layer array of
32 Visaton B80 loudspeakers mounted in custom built cylindrical enclosures. A dual-layer ar-
ray was chosen as this is the most straightforward practical approximation of the continuous
layer of monopole and dipole sources required by the Helmholtz integral [33]. Using offset
pairs of control sources also allows the control sources to form first-order directional sources
[47], and enables more advanced acoustic cloaking methods to be investigated [44, 48]. The
incident acoustic pressure field was generated with a dual-concentric high-powered loud-
speaker (Tannoy CPA12), placed outside of the far-field microphone array, oriented towards
the midpoint of the sphere. It should be noted that as well as the far-field microphone array
discussed above, Figure 2.3 also shows a second microphone array in the near-field of the
scattering object. The near-field microphone array will not be used in this chapter, however,
and will be introduced in Chapter 5. The manufacturer’s specification documents for all of
the loudspeakers and microphones used throughout this thesis are included in Appendix D
for reference.

A schematic diagram showing the measurement equipment and the signal flow is presented
in Figure 2.4. The Dante digital audio protocol was used for data-acquisition, which allows for
a large number of input and output devices to be efficiently connected together and ensures
that the digital clocks in each device remain synchronised. Anti-aliasing and reconstruc-
tion filters were also included within the Analogue to Digital Conversion (ADC)s and Digital
to Analogue Conversion (DAC)s. As Dante is designed for professional audio applications
it only supports a limited number of sampling frequencies and, therefore, the experimental
setup was used to acquire data at f; = 48kHz. To ensure that various acoustic cloaking
methods could be investigated without requiring significant computational power, the data
was subsequently down-sampled to f; = 2.4kHz for some of the following analysis.

The spatial aliasing limit for a circular array of either acoustic sources or acoustic sensors is
given as [49, 50]

cL

max — 2.1
/ drr (1)

where c is the speed of sound in the fluid, L is the number of elements in the array, and r is
the radius of the array. Based on the dimensions shown in Figure 2.1, this gives an upper fre-
quency limit for the loudspeaker array as 582 Hz, and an upper limit for the microphone array
as 545 Hz. The low frequency limit of these measurement is set by the low-frequency cut-
off of the loudspeakers, which is displayed by the on-axis acoustic response measurement
shown in Appendix C. Based on these bandwidth limitations, the data from these measure-
ments will be analysed between 100 Hz and 500 Hz. In addition to the on-axis acoustic
response measurements of the control loudspeakers, shown in Appendix C, the technical
drawings for the control loudspeaker enclosures are included in Appendix B, the data-sheets
for the microphones and loudspeakers are included in Appendix D, and the serial numbers
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Figure 2.4: Schematic diagram showing the measurement equipment and the signal flow.

of the experimental equipment are included in Appendix A.

The experimental equipment documented above has been used to obtain the 40 x 32 matrix
of acoustic plant responses between the 32 loudspeakers and the 40 far-field measurement
microphones, and a 40 x 1 vector of disturbance responses which will subsequently be used
to investigate the performance of the active acoustic cloaking system. Acoustic responses
between each source (1 primary acoustic source and 32 secondary control sources) and
each acoustic sensor have been measured with the sphere present in the anechoic cham-
ber. Under this condition, the responses measured at the microphone array when the primary
source is driven give the vector of total acoustic pressures, d;, which can be expressed in
terms of the linear summation of the vectors of incident, d;, and scattered, d,, pressures
as shown in Equation 2.2. To extract the scattered pressures from these measurements,
it is necessary to remove the sphere and re-measure the transfer responses between the
primary source and all of the microphones, which provides a direct measure of the vector
of incident pressures, d;. According to Equation 2.2, by subtracting the transfer responses
from the primary source to each microphone with and without the scattering object present,
the scattered acoustic pressure can be calculated at each microphone location. Due to the
requirement of obtaining acoustic measurements with and without the object present, this
method of calculating the scattered acoustic pressure is clearly not viable for a real-time
adaptive control system. A potential solution to this will be presented in Chapter 5, however
the current study will assume that the soundfield is stationary and that the scattered pressure
can be measured in advance using the method outlined above.

For each transfer response measurement, each source was driven in turn with an 11 s broad-
band measurement signal, which was then de-convolved with the inverse sweep to calculate
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the transfer response [51]. The 11 s measurement signal consisted of a 10 s logarithmic
sine sweep, providing a frequency resolution of 0.1 Hz [52], followed by 1 s of silence to en-
sure that the reverberation tail was sulfficiently captured. Each microphone was individually
calibrated, and background noise measurements were taken to ensure that the scattered
component of the pressure field was above the noise floor. Figure 2.5a shows a spectrogram
of the raw time-series data from one of the acoustic transfer response measurements, show-
ing the logarithmic sweep and displaying a small amount of low-level harmonic distortion
being generated by the loudspeaker. Figure 2.5b shows the acoustic and electrical noise
floors of the experimental setup, and also includes one of the acoustic transfer response
measurements for comparison. The scale is normalised to display the full 144 dB of dynamic
range that can be achieved by a 24-bit data acquisition system. Figure 2.5b clearly shows
that the dynamic range of the measurement equipment has been maximised, and that the
acoustic measurements are significantly above the measurement noise floors. Each mea-
surement was performed three times with the resulting transfer responses being averaged,
to minimise any variations caused by small fluctuations in the measurement conditions. To
ensure repeatability of the measurement process, a repeatability study was carried out. The
scattered sound power was measured three times using the adopted measurement process.
In-between each repeat, the sphere was completely removed from the anechoic chamber,
the vector of incident acoustic pressures was measured, before the sphere was re-hung in
the chamber and the vector of total acoustic pressures was measured. The scattered acous-
tic power was calculated three times using these measurements, and the repeatability study
confirmed that, with the adopted measurement process, the scattered field could be mea-
sured with less than 0.6 dB variability between repeats, as shown in Figure 2.6.
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(a) A spectrogram showing the time-series data measured (b) A plot showing the acoustic and electrical noise

at one of the acoustic sensors when excited by one of the floors of the experimental setup, in comparison to
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normalised to show the full dynamic range of the
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Figure 2.5: Plots showing the noise floor and harmonic distortion of the raw measurements.

2.2 Control Formulation
In order to investigate the performance of the active acoustic cloaking system, an optimal har-

monic control strategy will be used. The following section will formulate the optimal solution
for the tonal control problem, as described in [37]. The tonal controller has been selected as
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Figure 2.6: Plot showing the variability in the scattered sound power across three iterations of the
repeatability study.

it represents the best-case scenario, allowing the performance limitations imposed by the ge-
ometry and transducer arrangement of the system, as presented in Figure 2.1 and discussed
in Section 2.1, to be investigated without considering causality constraints, the selection of a
suitable reference signal, or the ability to directly measure the acoustic scattered pressure.
These practical considerations are discussed in Chapters 4, 5 and 7 respectively.

An object can be acoustically cloaked by directly minimising the acoustic scattered pressure
measured at a number of sensor locations in the far-field of the scattering object, d,, using an
array of control sources located in the near-field of the scattering object. Assuming that the
total acoustic pressure at these sensor locations, d;, can be expressed as the linear summa-
tion of the far-field incident acoustic pressures, d;, and the far-field scattered pressures, then
the vector of scattered acoustic pressures can be expressed, at a single frequency, as

d, (/") =d; (") — d; (). (2.2)

For notational convenience, the frequency dependence (ej”t) will be dropped in subsequent
equations. The vector of scattered acoustic pressures at each sensor location after control,
e, can be expressed as

e; =d; + Gu, (2.3)

where G is the matrix of complex plant responses between the control sources and the far-
field sensor array and u is the vector of control source strengths. In the context of active
acoustic cloaking, the controller aims to minimise the cost function defined by the sum of the
squared scattered acoustic pressures after control [38], which is given as

J = e?es. (2.4)

By combining Equations 2.3 and 2.4, and imposing a constraint on the control effort, the cost
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function can be written as
J = (d, + G (d; + Gu) + pu'ly, (2.5)

where the term 3 acts as a Tikhonov regularisation term [53], included to constrain the magni-
tude of the source strengths and reduce the effects of ill-conditioning on the matrix inversion.
By expanding and differentiating Equation 2.5 with respect to the real and imaginary parts
of the vector of control filter coefficients, and setting the real and imaginary parts to 0 as
outlined in [37], the optimal set of control source strengths, u,s, is given as

wp = — [GHG + 8] ' GHd,, (2.6)

2.3 Acoustic Cloaking Performance

This section will present the performance of the control strategy described in Section 2.2
using the responses measured according to the method outlined in Section 2.1. The per-
formance of the control system can be evaluated in terms of the cost function defined in
Equation 2.5 and, provided that the error microphones are positioned in the far-field, this can
give an approximation of the scattered acoustic power, s, as [54]

H
W, = 2% (2.7)
2poco

where pq is the fluid density and ¢ is the speed of sound in the fluid. It should be noted that
to achieve a true measure of the sound power, the scattering object should be surrounded
by a 3D sphere of microphones. Due to experimental limitations, this requirement has been
relaxed and only a 2D ring of microphones has been utilised which, therefore, will give an
approximation of the sound power. The effect of this is discussed in more detail in Appendix
I.2. This metric has been calculated before and after the implementation of active control,
allowing the attenuation in the scattered acoustic power caused by the controller to be quanti-
fied. Figure 2.7 shows the attenuation in the scattered acoustic power achieved by the active
control system using all 32 loudspeakers over a range of frequencies and with increasing
values of the regularisation parameter, 5. The optimal source strengths have been calcu-
lated using Equation 2.6, assuming perfect knowledge of both the plant response matrix and
the disturbance signal vector, and the scattered acoustic pressure after control has been
calculated using Equation 2.3. Figure 2.7 shows that the performance of the controller is not
significantly affected by the level of regularisation until it reaches approximately g = 107*.
As the regularisation is increased above this point, the performance rapidly deteriorates and
the system can be said to be over-regularised.

Whilst Figure 2.7 shows negligible change in the acoustic cloaking performance when the
value of regularisation is below 8 = 10~*, the conditioning of the matrix of plant responses,
with respect to matrix inversion, will deteriorate and, therefore, the robustness of the system
to practical uncertainties in the plant responses will be reduced. An in-depth study into the
robustness of the active acoustic cloaking system is presented in Chapter 3, however a brief
investigation into the the conditioning of the matrix of plant responses, G, is presented below.

As shown in Equation 2.6, the matrix GG + I has to be inverted to calculate the optimal
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Figure 2.7: Contour plots showing the attenuation that the control system is able to achieve in the
scattered sound power over frequency and a range of values of g.

source strengths. If this matrix is poorly conditioned then the resulting performance will be
less robust and uncertainties in the system will have a significant effect on the performance.
The condition number of the matrix GHG + $I has been calculated over a range of frequen-
cies and values of 3, and is presented in Figure 2.8. Figure 2.8 shows that increasing the
value of regularisation in Equation 2.6 reduces the condition number, as is expected. Figure
2.8 also shows that the conditioning of the system is significantly poorer at frequencies be-
low approximately 230 Hz, corresponding to the frequency at which an acoustic wavelength
is equal to the diameter of the loudspeaker array: 1.5m. This is perhaps unsurprising, as
it is known from the literature that the low frequency limit of a circular loudspeaker array is
defined by the array diameter, whilst the high frequency limit is defined by the array source
spacing [49, 50, 55].

According to the results presented in Figures 2.7 and 2.8, a regularisation value of g =
10~° results in minimal degradation in the attenuation performance, whilst reducing the low-
frequency condition number significantly. Under nominal conditions, without uncertainties, a
value of 8 = 10~° provides a practically achieveable level of control and, therefore, this value
of regularisation has been selected for the current study. It should be noted that this will not
necessarily give the most robust solution to variations in the physical system, which will de-
pend on the form of the uncertainties in practice, however the selection of regularisation for
robust performance will be investigated in more detail in Chapter 3. Optimal control source
strengths were calculated according to Equation 2.6, with the regularisation parameter set
to = 107°, and the resulting acoustic cloaking performance was calculated according to
Equation 2.3. The results are presented over frequency in Figure 2.9, and show that the
proposed active acoustic cloaking system can achieve between 4 dB and 19 dB attenuation
in the scattered sound power across the investigated frequency range. The acoustic cloaking
performance exhibits local minima at approximately 200 Hz and 380 Hz, corresponding to the
frequencies at which the the surface of the scattering sphere is approximately half a wave-
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Figure 2.8: Contour plot showing the condition number of the matrix GRG + BI over frequency and a
range of values of (.

length away from the far-field microphone array, and the control-source array, respectively.
These are smeared in frequency due to the fact that the control sources and microphones
are not point sources/sensors, and that the measurement setup will not be perfect, which
explains the fairly broad dips in performance around these frequencies.

To provide further insight into the acoustic cloaking performance of the proposed system,
the directivity of the acoustic scattered pressure has been plotted before and after the im-
plementation of active control, and can be seen presented at five separate frequencies in
Figure 2.10 with the grey arrow indicating the direction of the incident acoustic wave. It can
be seen from Figure 2.10 that the scattered field before control appears to have a null in the
direction of the incident acoustic wave, which is inconsistent with previous analytical studies
investigating the acoustic scattering from rigid spheres [11, 56, 57]. The experimental results
presented in Figure 2.10 utilise a relatively large loudspeaker to generate the incident acous-
tic field, whilst previous analytical studies have considered point-sources. The finite-size of
the primary loudspeaker in the current study results in standing waves forming between the
loudspeaker and the scattering body and, therefore, the microphone directly in-line with these
objects will measure a lower level of acoustic scattering than the rest of the array.

2.3.1 Effect of Control Source Arrangement

As discussed previously, the control source arrangement shown in Figures 2.1 and 2.3 con-
sists of a dual-layer array, with a ring of inward pointing loudspeakers and a ring of outward
pointing loudspeakers; this allows the control source pairs to approximate any first-order di-
rectivity pattern, as required. It is insightful to consider whether the optimal source strengths,
calculated according to Equation 2.6, drive the sources with a uniform directivity, or whether
the directivity of each control source pair is predictable in some other way. To investigate this,
the directivity of the far-field pressures radiated by each pair of control sources is plotted in
Figure 2.11 at the five frequencies considered previously. In each case, the maximum magni-
tude of the two source strengths has been normalised to 0 dB to allow for easy comparison of
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Figure 2.9: A plot showing the level of attenuation in the scattered sound power that the control system
is able to achieve when regularised with a value of 3 =1 x 107°.

the directivity patterns. The directivity plots shown in Figure 2.11 are relatively coarse (18 °
increments), due to the limited resolution of the far-field microphone array, however, they
they still provide insight into the directivity of the control sources. Figure 2.11 shows that,
at 100 Hz, the control source pairs are largely driven in-phase with one another to achieve
an omnidirectional pattern, with the exception of Pair 6 that shows more of a cardioid direc-
tivity. As the frequency increases, in general, the sources become more directional, with a
number of pairs showing a super-cardioid directivity at 500 Hz. Whilst, due to the limited
resolution, the interpretation of these results is not straightforward, Figure 2.11 clearly shows
that, in many cases, the active acoustic cloaking system is driving the control source pairs
to achieve directionality and, therefore, the use of a dual-layer array of control loudspeak-
ers is perhaps justified, however it is also worth observing the control achieved by different
combinations of the available sources.

In practical engineering systems it is often advantageous to reduce weight, cost, and system
complexity and, therefore, there is an interest in reducing the numbers of loudspeakers and
microphones required for active acoustic cloaking. For this reason, it is insightful to observe
the performance of the presented active acoustic cloaking system when the numbers of
loudspeakers and microphones are reduced. To investigate this, the performance of the
active acoustic cloaking system has been calculated when using only a subset of the full
loudspeaker array. The performance of various subsets has been investigated, as detailed
below and shown in Figure 2.12.

Using both rings: 32 loudspeakers (as already considered above)

Using the outer ring: 16 loudspeakers

Using the inner ring: 16 loudspeakers

Alternating between the outer and inner rings: 16 loudspeakers

Alternating between loudspeaker pairs: 16 loudspeakers
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200 Hz

30

330

Before Control

After Control

Figure 2.10: A set of polar plots showing the directivity of the acoustic scattered field before and after
the implementation of active control, at five separate frequencies. The grey line indicates the direction
of the incident acoustic wave.
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Figure 2.11: A set of polar plots showing the directivity of each control source pair at five separate
frequencies. The magnitude of the directivities are normalised fo 0 dB and a grey arrow indicates the
direction of the incident wave.
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Figure 2.12: A diagram showing each of the control source arrangements.

In each case, the control parameter g was set to ensure that the condition number of the
matrix inversion shown in Equation 2.6 was comparable across all of the subset configura-
tions. The performance of the acoustic cloaking system with each subset of loudspeakers
is presented in Figure 2.13. It can be seen from Figure 2.13 that the performance of the
proposed active acoustic cloaking system varies significantly as the number of loudspeak-
ers is reduced, with the system achieving less than 6 dB of control across the investigated
frequency range when only one ring of control sources is selected, and achieving less than
10 dB of control when the loudspeaker selection alternates between the two rings. It is in-
teresting to note that the performance of the acoustic cloaking system is superior, especially
below 200 Hz, when the array consists of a subset containing loudspeakers from both the
inner and outer rings. In this case, the controller is still able to enforce some level of directiv-
ity to the control source array which, as shown in Figure 2.11, is required to achieve optimal
control. This is somewhat surprising, as the directivity plots presented in Figure 2.11 show
that most of the pairs of control sources are largely omnidirectional at 100 Hz, therefore it
is surprising that the controller still requires both the inner and outer arrays to achieve high
levels of control.

2.3.2 Effect of Error Sensor Arrangement

As discussed above, there is often an interest in practical active control implementations to
reduce the weight, cost, and complexity of the control system. This can be achieved by
reducing the number of control sources, as investigated in the previous section, or reduc-
ing the number of error sensors. The performance limitations imposed by decreasing the
number of error sensors used in the system will be investigated in this section. The results
presented in Figure 2.9 utilise two concentric rings of microphones as the error sensors, as
shown in Figure 2.1 and the performance limitations introduced by reducing the number of
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Figure 2.13: A plot showing the attenuation in the scattered sound power for various control source
arrangements.

error sensors will now be investigated. Equation 2.6 will be used to calculate the optimal
control source strengths using a subset of the far-field microphone array, however the full
array of sensors will be used to evaluate the performance of the acoustic cloaking system. In
each case, the control parameter 5 was set to ensure that the condition number of the matrix
inversion shown in Equation 2.6 was comparable across all of the subset configurations. As
the number of sensors used in the calculation of optimal source strengths is reduced from
40 to 20, the cost function shown in Equation 2.4 becomes underdetermined. Therefore,
the matrix inversion shown in Equation 2.6 must be replaced with a pseudo-inverse [58] to
overcome this issue. Figure 2.14 presents the attenuation achieved by the active acoustic
cloaking system using various subsets of the far-field microphone array. It can be seen that
any reduction in the numbers of microphones results in a heavily degraded acoustic cloaking
performance, which causes significant enhancement of the acoustic scattered field at some
frequencies.

With the reduced number of far-field sensors, the controller creates local minima in the acous-
tic scattered pressure at each microphone location rather than globally attenuating the scat-
tered acoustic power. At the lower frequencies of this study, the acoustic wavelength is
significantly greater than the angular spacing of the microphone array and, therefore, it may
not be immediately apparent that local minima would occur. However, the microphone array
shown in Figure 2.1 has very little resolution in the radial direction as the array only consists
of two concentric rings of sensors. Therefore, when the number of sensors is reduced, the
acoustic cloaking system creates a ring at which control is achieved, but outside of this ring
the acoustic scattering is not controlled, and may even be enhanced. It should be noted that
this may still be occuring when the controller uses the full microphone array shown in Figure
2.1, and the acoustic cloaking system may just create a wide ring of control around the scat-
tering sphere, however practical limits to the experimental setup prevent a full far-field grid of
sensors being used to investigate whether or not this is the case.
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Figure 2.14: A plot showing the attenuation in the scattered sound power as the numbers of error
sensors are reduced.

From the above two studies, it can be concluded that the active acoustic cloaking system
shown in Figure 2.1 cannot be condensed to utilise less control sources or error sensors
without resulting in a significant deterioration in the acoustic cloaking performance. This
should be considered when designing a practical active acoustic cloaking system, and the
required level of acoustic cloaking performance should be traded-off against the weight, cost,
and complexity impact of implementing such a system. In some practical active acoustic
cloaking systems, whilst there is a requirement to reduce the number of sources/sensors in
the exterior field of the scattering object, there may be less concern about sources/sensors
that are attached to, or in the very near-field of, the scattering body. This will be discussed
further in Chapters 6 and 7.

2.4 Conclusions

This Chapter has presented an experimental investigation into the performance of an ac-
tive acoustic cloaking system with a rigid spherical scattering body. An array of acoustic
control sources was used to minimise the scattered acoustic pressure at a far-field micro-
phone array using an optimal harmonic control formulation. Using this configuration, it has
been shown that between 4 dB and 19 dB of attenuation in the far-field scattered acoustic
power can be achieved across the bandwidth investigated, and the frequency variation in the
acoustic cloaking performance can be linked to the system geometry. The effect of regulari-
sation on both the control performance and the matrix conditioning was investigated, and the
condition number of the plant responses was linked to the on-axis response of the control
loudspeakers. The directivity of the optimal source strengths for each pair of control sources
was plotted, and it was shown that, whilst the active control system is driving some of the
control source pairs with a first-order directivity pattern, this was not consistent across either
frequency or control source position. The effect of reducing the numbers of control sources

29



CHAPTER 2. ACTIVE ACOUSTIC CLOAKING OF A RIGID SPHERE

or error sensors was also investigated, and it was shown that any reduction in either array for
the considered scattering control configuration will result in significant performance degrada-
tion.

This study represents an initial investigation into the potential best-case performance of an
active acoustic cloaking system. A number of simplifications and assumptions have been
made in this study which will be discussed in detail in subsequent chapters and, therefore,
this chapter forms a motivator for the rest of the thesis. An optimal harmonic control strategy
was used, which neglects the real-world implementation challenges of causality and obtain-
ing a suitable reference signal, both of which are discussed in Chapters 4 and 7. A rigid
spherical scattering object was used for this study, however it is known from the literature
that the acoustic scattering caused by a resonant body is more complex and probably of
greater practical significance; therefore this will also be discussed in detail in Chapters 6 and
7. It was assumed in Equation 2.6 that the scattered acoustic pressure can be directly mea-
sured at the far-field microphone array, however, in practice this is not possible and therefore
additional signal-processing steps will be required to obtain real-time measurements of the
scattered acoustic disturbance. A potential method to achieve this is presented in Chapter 5.
A brief investigation into the conditioning of the plant responses has been presented, how-
ever, a more thorough investigation into the conditioning and the effect of uncertainties on
the acoustic cloaking performance, will be discussed in the following chapter.
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Chapter 3

An Investigation into the Robusthess
of an Active Acoustic Cloaking
System, Applied to a Rigid Sphere

Active acoustic cloaking has been thoroughly discussed in the literature, and reviewed in
Chapter 1. The ability to acoustically conceal an object, such that the sound-field with the
object present is identical to that without the object present, would have significant bene-
fits across a variety of industries, but has generally been investigated from a theoretical or
simulation-based perspective [38, 59, 60], without considering all of the implications of practi-
cal realisations. For example, practical systems require real-time knowledge of the scattered
acoustic field, which cannot be directly measured and, as in the previous chapter, the liter-
ature on the topic has often assumed that the scattered pressure field is known in advance.
Various methods of estimating the scattered acoustic pressure from a directly measurable
quantity have been discussed in Chapter 1 [39, 40, 61, 62], however, the majority of these
systems rely on prior-knowledge of the scattering object, measured in an initial setup stage.
These measurements are then used in the real-time estimation of the acoustic scattered
pressure, however, the robustness of these systems to variations in the plant responses or
uncertainties in the disturbance field remains an open area of research.

This chapter will present an investigation into the effect of uncertainty on the active acoustic
cloaking system presented in Chapter 2, which used a tonal control strategy to minimise the
acoustic scattering from a rigid sphere using an array of control loudspeakers, arranged as
shown in Figure 2.1. Optimal control source strengths to minimise the acoustic scattering
from the perturbed system will be formulated, and compared to the solution for the nominal
case. The effect of unstructured uncertainty will be considered, as will the effects of varying
the size and position of the scattering sphere, on the acoustic cloaking performance using
experimental data, and the effect of regularisation on the robustness of the control system
will be considered. A further study will also be presented, which investigates how the effect of
uncertainty on the acoustic cloaking performance can be reduced if the controller has knowl-
edge of either the change in the plant response, or the change in the disturbance field.The
effect of frequency dependent regularisation will be investigated, and the performance ben-
efits that this gives over frequency independent regularisation will be quantified.
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Whilst previous studies have used experimental data to investigate the performance of ac-
tive acoustic cloaking, very few consider the robustness of the control system to practical
uncertainties. Therefore, the study presented in this chapter will form one of the major con-
tributions of the thesis, as detailed in Section 1.5. Parts of this work have been published in
[46].

3.1 Formulation with Uncertainty

To investigate the robustness of active acoustic cloaking, the control strategy and experimen-
tal setup described in detail in Chapter 2 will be used. An optimal harmonic controller has
been used to directly minimise the scattered acoustic pressure, measured at a number of
sensor locations in the far field. As described in Chapter 2, the transfer responses between
a far-field source and an array of pressure microphones was measured with and without the
scattering sphere present, and the difference between these responses gives the vector of
acoustic scattered pressure, dg, calculated at each sensor location, as given by Equation
2.2. The transfer responses between an array of acoustic control sources and the array of
far-field pressure sensors was also measured to form the complex matrix of acoustic plant
responses, G. The optimal set of control source strengths that minimises the far-field acous-
tic scattered pressure, u,t, was formulated without considering uncertainty in Chapter 2. A
robust solution will now be presented, by considering the case where the vector of scattered
acoustic pressures and the matrix of complex plant responses contain uncertainties, which
are assumed here to be additive in nature and so can be expressed as [37, 63—65]

d, = d,, + Ad,, (3.1)
G = Go + AG, (3.2)

where d,, and Gy represent the nominal responses, and Ad, and AG represent perturba-
tions from the nominal. The error after control, e;, can be expressed in the perturbed case
as

es = ey + Aeg, (3.3)

which can be written in terms of the summation of the components due to the disturbance
and the control sources as
e; =d; + Gu, (3.4)

and by substituting Equation 3.1 and 3.2 can be expressed as
e; =ds0+ Ads + (Go+ AG) u (3.5)

As in Chapter 2, the cost function in the context of acoustic cloaking is defined as the sum of
the squared scattered acoustic pressures after control [38], which is given as

J = elle,. (3.6)
By combining Equations 3.4 and 3.6, the cost function can be expressed as
J = (ds; + Gu) (d, + Gu). (3.7)

By expanding and differentiating Equation 3.7 with respect to the real and imaginary parts
of the vector of control filter coefficients, and setting the real and imaginary parts to 0 as
outlined in [37], the robust optimal set of control source strengths, u., can be calculated
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as 1
Uy = — [G'G] ~ Gd, (3.8)

which, by substituting in Equations 3.1 and 3.2, can be expressed as

Uope = — [GHGo + AGTAG + GHAG + AGHG] ™' GHd+AG d+GHAd,+AGH A,

(3.9)
In the special case where AG and Ad; are random and uncorrelated with one another, it
can be shown that [64]

E [G{AG] =0, (3.10)
E[AGMG] =0, (3.11)
E [AG"dy] =0, (3.12)
E [G{Ad,] =0, (3.13)

E [AGMAd,] =0, (3.14)
E [AGYAG] ~ 1, (3.15)

and therefore Equation 3.9 reduces to the regularised solution for the nominal system without
uncertainty
—1
Uopt = — [GH'Go + BT G{idso. (3.16)

Therefore, if it can be shown that the statements in Equations 3.10 to 3.15 are valid for prac-
tical uncertainties, then simply including Tikhonov regularisation in the matrix inversion is
sufficient to ensure a solution that is robust to uncertainty. If it is shown that the statements
in Equations 3.10 to 3.15 are not valid, then the optimal solution is given by Equation 3.9
which requires knowledge of the uncertainties. This will be considered in Section 3.4.1.
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Figure 3.1: Schematic diagram showing the source/sensor arrangement, and the nominal and per-
turbed scattering bodies.
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As described in Chapter 2, a rigid spherical scatterer of radius o = 150 mm, made of plaster,
has been suspended inside an anechoic chamber, and will henceforth be referred to as the
nominal scattering body. To allow an investigation into the effect of uncertainty in the size of
the scattering object on the control performance, two further spherical scatterers have also
been constructed, of radii . = 250 mm and »_ = 110 mm, as shown in Figure 3.1a. The ex-
perimental procedure outlined in Chapter 2 has been used to measure the matrix of acoustic
transfer responses, G, and the vector of acoustic scattered pressures, d,, for all three sphere
sizes. In addition, acoustic measurements were also taken with the ry sphere displaced by
10 cm and 20 cm in the direction of the primary loudspeaker, as shown in Figure 3.1b, to
allow for an investigation into the effect of uncertainty in the position of the scattering object.

The above measurements will allow for an investigation into the robustness of the control
system to structured perturbations, however it is also insightful to investigate the robustness
of the active acoustic cloaking system to random, unstructured, uncertainty, as would be the
case with incoherent measurement noise. Unstructured uncertainty can be added to each
transfer response as

G = A,Goe’?, (3.17)

where Gy is the nominal transfer response, and A,, and ¢,, are normally distributed random
numbers, used to introduce unstructured uncertainty into the magnitude and phase of the
response respectively. This was repeated 1000 times to allow a statistical analysis into how
unstructured uncertainty influences the acoustic cloaking performance. It should be noted
that an alternative method of simulating unstructured uncertainty is to apply the normally dis-
tributed random numbers to the real and imaginary parts of the nominal value, rather than the
magnitude and phase, as in [66]. Whilst it would be insightful to consider what difference this
has on the subsequent robustness analysis, this study falls outside the scope of the thesis
and has been left for future work.

From the measured data of the perturbed system, and the statistical analysis described
above, the variation in the plant response, AG, and the variation in the disturbance field,
Ad; have been calculated, and are presented in Figure 3.2. In the case of the structured
perturbations, AG has been averaged across each microphone and loudspeaker combina-
tion and Ads has been averaged across each microphone, with the magnitude plotted in
decibels relative to the nominal case. In the case of the unstructured uncertainty, A,, and
¢n have been set to give comparable levels of perturbation to the measured results, and the
range of perturbations has been plotted as a cloud plot.

It can be seen from Figure 3.2 that varying the radius of the scattering object to r. results in
the largest change in the response, especially in the disturbance field where the perturbation
from the nominal due to the large sphere is over 10 dB greater than the the other pertur-
bations. This can be directly attributed to the relative differences between ry and r_, and
between ry and ., as the smallest sphere has a reduction in radius of 26% whilst the largest
sphere has an increase in radius of 66% from the nominal. Across all of the perturbations
investigated, AG is fairly constant over frequency, whereas Ad; increases by approximately
30 dB across the bandwidth presented in Figure 3.2. It is clear from Figure 3.2 that AG is
significantly larger than Ad; across all of the perturbation conditions investigated, especially
at low frequencies. At its peak, in the case of the large sphere, AG is only 2.4 dB smaller
than Gy, and the effect of this high level of uncertainty on the acoustic cloaking performance

34



CHAPTER 3. AN INVESTIGATION INTO THE ROBUSTNESS OF AN ACTIVE ACOUSTIC
CLOAKING SYSTEM, APPLIED TO A RIGID SPHERE

Plant Disturbance
A0 -10
-20
:9?’ -30 :%
L 10 o
o} o
Z 50 z
O] =7
< -60 4
-70
-80 -
100 200 300 400 500 100 200 300 400 500
Frequency (Hz) Frequency (Hz)
1
2 o0s \ A ‘ 2
g (VY g
o A \a
< O\ J\ NS WY
o \j | Y, o
1) ' | 2
© / a
T 05 ‘/ g
b '
-1 -1
100 200 300 400 500 100 200 300 400 500
Frequency (Hz) Frequency (Hz)

‘ [JUnstructured Perturbation 20cm Displaced Sphere ——— 10cm Displaced Sphere Large Sphere —— Small Sphere ‘

Figure 3.2: Plots showing the magnitude and phase of AG, averaged across each microphone and
loudspeaker combination, and the magnitude and phase of Ad,, averaged across each microphone.
The range of the unstructured uncertainty is also included as a cloud plot.

will be discussed in the following sections.

3.2 AnlInvestigation into the Characteristics of the Perturbations

It has been shown by Equations 3.9 to 3.16 that the full solution for the optimal source
strengths, when the plant and disturbance fields are perturbed, can be simplified to a regu-
larised form of the nominal solution if AG and Ad, are random and uncorrelated with one
another. This would clearly be advantageous for a practical setup, as the optimal source
strengths can be calculated without requiring exact knowledge of AG and Ad;. The fol-
lowing section will present an investigation into the assumption that the perturbations are
random and uncorrelated with one another, and will discuss the validity of each of the state-
ments shown in Equations 3.10 to 3.15.

3.2.1 Magnitude of the Cross Terms

As explained above, Equation 3.9 can be simplified to Equation 3.16 if the statements given
by Equations 3.10 to 3.15 are valid. This section will investigate the first five of these state-
ments by quantifying the magnitude of these cross-terms. In the case of the specific struc-
tured perturbations considered in this study, these terms correspond to real-world measured
data and, therefore, measurement noise means their magnitudes will not reach 0. Instead,
the assumptions can be considered valid if the magnitude of each term is significantly smaller
than the magnitude of the relevant nominal term. In this way, it has been assumed that the
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conditions shown in Equations 3.10 to 3.14 can be relaxed to

G{AG < G{/Gy, (3.18)
AGHG, < GGy, (3.19)
AGHd,) < Gildy, (3.20)

G Ad; < Gildy, (3.21)

AGHAd, < Glld,. (3.22)

To investigate the validity of these statements, the 2-norm of each of the cross-terms shown
in Equations 3.18 to 3.22 has been calculated for each structured perturbation condition,
over a range of frequencies. The expectation of these cross-terms has also been calcu-
lated over 1000 iterations of random unstructured perturbation, as discussed previously, for
comparison. The resulting values are presented in Figure 3.3, plotted in decibels relative
to the 2-norm of the respective nominal term. As G'AG = AGHG,, this term has only
been plotted once. From Figure 3.3 it can be seen that, across all of the structured perturba-
tion conditions, the terms associated with perturbations in the plant response, G'AG and
AGHd,,, are of comparable magnitude to one another and, at some frequencies, are not
significantly smaller than their respective nominal terms. In contrast, the terms associated
with structured perturbations in the disturbance signals, Gi'Ad; and AGYAd,, are always
more than 10 dB smaller than their respective nominal terms, and at low frequencies can
reach 40 dB less than the nominal case. In the case of the unstructured perturbations, all of
the cross-terms are at least 20 dB smaller than the nominal terms and the AGHAd term is
over 40 dB smaller.

In the case of the unstructured perturbations, both the cross-terms related to perturbations
in the disturbance signals, Ads, and the cross-terms related to perturbations in the plant
response, AG, are likely to be small enough that they can be neglected. In the case of
structured perturbation, the cross-terms related to perturbations in the disturbance signals,
Adg, are small enough that they can be neglected, whereas the cross-terms related to per-
turbations in the plant response, AG, are significantly larger and may not be neglectable.
This observation is consistent with the results presented in Figure 3.2, which showed that
the magnitude of AG is significantly greater than the magnitude of Ad;. The effect of these
differences on the performance of the controller will be investigated in more detail in Section
3.4.1, where the optimal source strengths will be calculated assuming that the controller has
prior knowledge of either AG or Ad;.

3.2.2 Diagonal Dominance of AGEAG

In addition to the magnitude of the cross-terms, discussed above, the diagonality of AGHAG
must be considered before simplifying Equation 3.9 to Equation 3.16. As shown in Equation
3.15, it is assumed that the matrix AGHAG can be approximated by a scaling parameter 3
multiplied by an identity matrix. This assumption can only be considered valid if AGHAG
is a diagonal matrix. In practice, it is sufficient for AGHAG to be diagonally dominant, as it
corresponds to measured data and therefore it is not expected for the non-diagonal terms to
be identically O.

36



CHAPTER 3. AN INVESTIGATION INTO THE ROBUSTNESS OF AN ACTIVE ACOUSTIC
CLOAKING SYSTEM, APPLIED TO A RIGID SPHERE

0 20cm Displaced 0 10cm Displaced 0 Large Sphere

o -10 U/ 1 @m - & 10 W
Z Z Z

= = =

»n -20 i 0 - »n -20

E E E

e e e

") -30 1 wn - ") -30

[%2] [%2] [%2]

o o o

(@) (@) (@)

= -40 1 = - = -40

-50 -50 -50
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

Frequency (Hz) Frequency (Hz) Frequency (Hz)
Small Sphere 0 Unstructured
o -10 { @ -10¢
RS) RS
== ==
n -20 1 o -207 —
E E
e e
") '30 1 ") '30 [
(%] [%2]
o o
] ]
= -40 1 = -40 w/____/_\__
-50 -50
100 200 300 400 500 100 200 300 400 500
Frequency (Hz) Frequency (Hz)
——GHAG ——aAGHd, Gf Ad ——AGHAd

Figure 3.3: Plots showing the 2-norm of the cross-terms in Equation 3.9, relative to the 2-norm of
their respective nominal terms.

A matrix a = a;; can be said to be diagonally dominant [58] if, for every row of the ma-
trix,
\aii\ — Z ]aij\ Z 0. (323)
e

For each perturbation condition, and over a range of frequencies, the diagonal dominance of
the matrix AGHAG has been calculated according to Equation 3.23 and averaged across
every row in the matrix. These results are presented in Figure 3.4. It can be seen from Fig-
ure 3.4 that the condition shown in Equation 3.23 is not true at any frequency for any of the
structured perturbation conditions and, in fact, the sum of the off-diagonal terms is greater
than the diagonal terms such that the left-hand side of Equation 3.23 is negative. Therefore,
AGHAG can not be said to be diagonally dominant for the structured perturbations consid-
ered in this study. However, in the case of unstructured perturbations, the condition shown in
Equation 3.23 is true and, therefore, the matrix can be considered to be diagonally dominant
across the bandwidth investigated.

To provide further insight, the magnitude of the terms in the matrix AGHAG have been av-
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Figure 3.4: Plot showing the diagonal dominance of the matrix AG® AG across frequency, for each
perturbation condition.

eraged over frequency, and are presented in Figure 3.5 for each perturbation condition. As
the magnitude of AG varies significantly between each perturbation condition, the scales of
the colorbars in Figure 3.5 are not consistent across the four plots and, therefore, each of the
plots presented in Figure 3.5 can only be compared to itself. Figure 3.5 shows that, whilst
AGHAG is not diagonally dominant according to the definition shown in Equation 3.23 for
the cases of structured uncertainty considered in this study, it has strong diagonal compo-
nents. The criteria for diagonal dominance shown in Equation 3.23 is quite strict as, for the
given matrix to be considered diagonally dominant, the magnitude of each of the off-diagonal
terms in each row would have to be less than 3.1% of the magnitude of the diagonal term,
on average. It can also be seen from Figure 3.5 that, in the case of structured uncertainty,
AGHAG is more consistent with a banded matrix [58] than with a diagonal matrix, as it ap-
pears to have significant non-zero terms on the superdiagonal (i = j+1) and the subdiagonal
(1 = j — 1), as well as the diagonal (i = j).

This section has presented an investigation into the validity of the assumptions shown in
Equations 3.10 to 3.15 which, if valid, would allow the full formulation for the optimal source
strengths for the perturbed system to be approximated by a regularised form of the optimal
source strengths for the nominal system. This would allow a robust system to be designed
which would be able to maintain acoustic cloaking performance over a range of perturbations,
as may be required for a practical system. For this to be possible, the cross-terms shown
in Equation 3.9 would be neglected, and the AGHAG term would be approximated by a
scaled identity matrix. The above study has shown that, in the case of random unstructured
uncertainty, the assumptions described in Equations 3.10 to 3.15 are valid and therefore the
robust solution for the optimal source strengths is given by Equation 3.16. In the case of
the specific structured perturbations considered in this study, whilst it may be reasonable to
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Figure 3.5: Contour plots showing the magnitude of AGHYAG, averaged over frequency, for each
perturbation condition.

neglect the cross-terms related to the perturbations in the disturbance signals, Gf!Ad; and
AGHAd,, the cross-terms related to the perturbations in the plant response matrix, G/ AG
and AGHd,, are significant and, therefore, neglecting them is expected to have a significant
effect on the acoustic cloaking performance. The above study has also shown that whilst the
AGHAG matrix has strong diagonal components, it is not diagonally dominant and, there-
fore, approximating it by an identity matrix may be inaccurate.

Although it has been shown that the simplifying assumptions do not hold for the considered
forms of structured perturbation, it is still interesting to investigate the control performance
when utilising Tikhonov regularisation, as in Equation 3.16, since this has been demon-
strated to offer improved robustness in many practical active noise control applications. The
following sections will discuss various methods to select the regularisation parameter 3, and
will present an investigation into its effect on the performance of the active acoustic cloaking
system.

3.3 Robustness to Unstructured Perturbations

This section will present an investigation into the effect of unstructured uncertainty on the
control strategy described in Chapter 2. The performance of the control system can be
evaluated in terms of the cost function defined in Equation 3.6 which can be related to the
scattered acoustic power, W, as shown in Equation 2.7. This metric has been calculated
before and after the implementation of active control, allowing the attenuation in the scattered
acoustic power caused by the controller to be quantified. Figure 3.6 shows the attenuation
in the scattered acoustic power achieved by the active control system, over a range of fre-
quencies and with increasing values of the regularisation parameter, 5. The optimal source
strengths have been calculated using Equation 3.16, which assumes that the perturbations
are random and uncorrelated and, therefore, lead to Tikhonov regularisation, and the scat-
tered acoustic pressure after control has been calculated using Equation 3.4. For clarity, the
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colour bar in Figure 3.6 has been scaled to only show positive levels of attenuation, so that
dark blue corresponds to 0 dB attenuation or enhancement in the scattered power. Figure
3.6 shows that, as discussed in Chapter 2, the performance of the controller in the nominal
case is unaffected by the amount of regularisation until it reaches approximately 3 = 10~%.
As the regularisation is increased above this point, the performance decreases and the sys-
tem can be said to be over-regularised. The effect of over-regularisation can also be seen
in the second plot in Figure 3.6, showing the attenuation in the scattered field when the sys-
tem contains unstructured uncertainty. This plot shows a slight deterioration in the acoustic
cloaking performance, when compared to the nominal case, especially at low frequency and
when using a small value of regularisation, however when the system containing uncertainty
is regularised to approximately 5 = 1073, the performance degradation, when compared to
the nominal case, is minimal.
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Figure 3.6: Contour plots showing the attenuation that the control system is able to achieve in the
scattered sound power over frequency and a range of values of 3, for the nominal case and when the
system is subject to unstructured uncertainty.

To observe the effect of unstructured uncertainty on the acoustic cloaking performance more
clearly, Figure 3.7 shows a plot of the attenuation achieved by the controller in the nominal
case, and in the case where the system includes unstructured uncertainty, when regularised
with a value of 3 = 10~3. For comparison, the nominal performance when the control source
strengths have been calculated without regularisation, 3 = 0, is also included in Figure
3.12, which shows the level of control that can be achieved by the active acoustic cloaking
system when robustness is not considered. It can be seen from Figure 3.7 that, with this
value of regularisation, the active control system achieves almost identical results whether
the unstructured uncertainty is present in the system responses or not. There is a very slight
performance deterioration at low frequencies, but the difference is less than 1 dB and is
therefore not considered to be significant. It is interesting to note that, whilst regularising the
system with a value of 3 = 102 almost completely eliminates the effect of the unstructured
uncertainty considered in this study, it does result in a significant performance deterioration
when compared to the unregularised nominal case where, below approximately 150 Hz, the
regularised controller is achieving 10 dB less control than the unregularised controller. This
tradeoff should be considered on a case-by-case basis when designing a practical active
acoustic cloaking system, and the level of robustness required in the system should be bal-
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anced against the reduction in performance in the nominal case.
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Figure 3.7: A plot showing the level of attenuation in the scattered sound power that the control
system is able to achieve when regularised with a value of 3 = 1 x 10~2 in the nominal case, and with
unstructured uncertainty. The un-regularised nominal performance is also included as a dashed line
for comparison. The frequency averaged attenuation value for each condition is given in the legend

3.4 Robustness to Uncertainty in the Size of the Scattering Ob-
ject

This section will present an investigation into the effect of uncertainty in the size of the scat-
tering sphere on the control strategy described in Chapter 2, using experimental data. As
in the previous study, the attenuation in the scattered acoustic power achieved by the ac-
tive control system optimised for the nominal sphere size over a range of frequencies and
with increasing values of the regularisation parameter, 3, has been calculated in the nominal
case, and with uncertainty in the size of the scattering sphere. These results are presented
in Figure 3.8, showing the attenuation in the scattered field for the nominal sized sphere,
the r. and r_ spheres respectively. These plots show that uncertainty in the size of the
scattering object results in a significantly lower level of acoustic cloaking performance when
compared to the nominal case, regardless of the level of regularisation used. The active
acoustic cloaking system is still able to achieve a moderate level of attenuation with the small
sphere, mainly above 250 Hz, however, in the case of the large sphere, the control system is
only able to achieve control over a narrow range of frequencies and is also relatively sensi-
tive to the setting of the regularisation parameter, 5. This difference in the acoustic cloaking
performance can be explained by the relative magnitudes of the perturbations in the plant re-
sponse and the disturbance field, AG and Ad, for each sphere size, as shown in Figure 3.2.

To show the effect of varying the size of the scattering object more clearly, Figure 3.9 presents
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Figure 3.8: Contour plots showing the attenuation that the control system is able to achieve in the
scattered sound power over frequency and a range of values of 3, for the nominal case and each of
the perturbed cases.
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Figure 3.9: Contour plots showing the difference in the attenuation achieved by the nominal control
system for each of the perturbed sphere sizes compared with the nominal case, over frequency and
a range of values of 5.
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the deterioration in the acoustic cloaking performance when compared to the nominal case.
Figure 3.9 clearly shows that when the control system is not over-regularised, varying the size
of the scattering object results in a large deterioration in the acoustic cloaking performance at
low frequencies, with a performance degradation of up to 30 dB below approximately 250 Hz
in the case of the large sphere. This is less pronounced at higher frequencies, with both
spheres showing a performance degradation of less than 10 dB above approximately 400 Hz,
but as shown by the nominal performance plot in Figure 3.8, the nominal performance itself
decreases at higher frequencies.

The variation in the deterioration of the active cloaking performance over frequency can be
directly associated with the condition number of the matrix inversion. As shown in Equation
3.16, the matrix G''G 4 51 has to be inverted to calculate the optimal source strengths, and if
this matrix is poorly conditioned then the resulting performance will be less robust and uncer-
tainties in the system will have a significant effect on the performance. The condition number
of the matrix GHG + I was calculated over a range of frequencies and plotted in Chapter 2,
however is repeated for convenience in Figure 3.10. By comparing Figures 3.9 and 3.10 it is
clear that the frequencies with the highest condition number are the least robust to changes
in the size of the scattering body. Increasing the value of regularisation in Equation 3.16
reduces the condition number and, therefore, increases the robustness, but at the cost of a
deterioration in the nominal performance.
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Figure 3.10: Contour plot showing the condition number of the matrix GG + 1 over frequency and
a range of values of (3.

From the series of results presented above, it is clear that the selection of the regularisation
value, g, is highly significant. A high value of 5 will result in a system that is very robust
to changes, but that performs poorly in every case. A control system with a low value of 5
will achieve significant attenuation in the nominal case but will have poor robustness to any
changes in the system responses. To provide further insight into this trade-off, Figure 3.11
shows the frequency averaged attenuation for each sphere size, across a range of regulari-
sation values when the control sources are, again, optimised using the nominal responses.
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The average performance across all three sphere sizes is also included as a dashed line
for comparison. Figure 3.11 shows that, as shown in Figure 3.8, the control performance
remains constant at low values of g for all three cases. The performance in the nominal
case starts to noticeably deteriorate as the regularisation is increased above approximately
B = 10~4, however, the plots corresponding to the performance of the largest and smallest
spheres show that the performance of the acoustic cloaking system increases with regulari-
sation to reach a maxima at 8 = 2 x 10~! and 3 = 3 x 1073 respectively. As regularisation is
increased above this point, the performance in all three cases falls to zero as the systems be-
come over-regularised. For the active control system to achieve a robust performance across
the range of uncertainties investigated in this paper, the regularisation value corresponding
to the peak in the dashed line should be used. However, this level of regularisation has a
significant impact on the nominal performance, approximately halving the level of frequency
averaged attenuation from 9 dB to just over 4 dB. It is, perhaps, unsurprising that Tikhonov
regularisation has less of an effect with the structured perturbations considered here, when
compared to the study presented in Section 3.3 which considered unstructured perturba-
tions, as the form of the structured uncertainties do not approximate an identity matrix or
zeros, as discussed in Section 3.2. In a practical environment, this tradeoff would have to
be evaluated on a case-by-case basis to ascertain how robust the system needs to be, and
what the minimum allowable level of nominal performance is.
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Figure 3.11: A plot showing the frequency averaged attenuation in the scattered sound power that the
control system is able to achieve with increasing values of regularisation for the nominal case, and in
each of the perturbed cases. The average of these three cases is also included as a dashed line.

According to the results presented in Figure 3.11, a value of 3 = 2 x 102 provides the
highest level of frequency averaged attenuation on average across all of the perturbation
conditions. Using this value of regularisation, the optimal control source strengths for the
nominal sphere were calculated according to Equation 3.16, and the resulting control per-
formance for all three sphere sizes was calculated according to Equation 3.4. The resulting
control performance is presented over frequency in Figure 3.12. For reference, the acoustic
cloaking performance of the unregularised nominal case is also included. It can be seen
from the results presented in Figure 3.12 that, with the given level of regularisation, the per-
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formance difference between the nominal and small spheres is negligible, with both systems
achieving between 2 dB and 8 dB of attenuation over the presented frequency range. The
control system is able to achieve limited control of the acoustic scattering from the large
sphere at frequencies above 250 Hz, but cannot achieve control below this; instead causing
enhancement in the acoustic scattered field. The performance difference between the large
and small spheres can be explained by the relative magnitudes of the uncertainty in each
case, as shown in Figure 3.2.
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Figure 3.12: A plot showing the level of attenuation in the scattered sound power that the control
system is able to achieve when regularised with a value of 3 = 1 x 10~2 in the nominal case, and in
each of the perturbed cases. The un-regularised nominal performance is also included as a dashed
line for comparison. The frequency averaged attenuation value for each perturbation is given in the
legend.

3.4.1 Sensitivity to Perturbations in Either the Plant Response or the Distur-
bance Field

When active acoustic cloaking is implemented in a practical environment, fluctuations in the
environmental conditions will result in variations in both the plant response and the distur-
bance field and, therefore, the above study has investigated the robustness of the active
acoustic cloaking system to uncertainties in both of these parameters, as described in Equa-
tions 3.1 and 3.2. In practice, however, it may be possible for the active control system to
obtain knowledge of the perturbations in either of these parameters and to adjust the control
signals appropriately. Online identification of the acoustic plant response is an active area
of research, and various methods have been presented in the literature [67, 68]. If such a
method was incorporated into the active acoustic cloaking system described above, then the
controller could be updated to account for perturbations in the plant response, reducing AG
in Equation 3.2 and therefore reducing the effects of uncertainty on the acoustic cloaking
performance. Similarly, the incorporation of an adaptive algorithm into the active acoustic
cloaking system, such as the Filtered-X Least Mean Square (FXLMS) algorithm, could track
variations in the disturbance field and therefore reduce the Ad; term in Equation 3.1. The
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following section will develop the study presented above by investigating the robustness of
the active acoustic cloaking system when the controller has knowledge of the perturbations
in the plant response, the disturbance field, or both.

Using Equation 3.16, the optimal control source strengths have been calculated to minimise
the far-field acoustic scattered pressure for four different scenarios:

1.  No Knowledge of the perturbations: G =Gy d; =d,,
2. Knowledge of perturbations in G: G=Gy+ AG ds; =d,,
3. Knowledge of perturbations in d: G =Gy ds; = ds, + Ad;
4. Knowledge of perturbations in G and d;: G = Go + AG d; =ds, + Ads
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Figure 3.13: Contour plots showing the attenuation that the control system is able to achieve in the
scattered sound power over frequency and a range of values of 3, when the size of the scattering
sphere is reduced and the controller has different levels of knowledge of the perturbations.

The control signals in each case have been calculated over a range of values of g and,
for each condition, the scattered acoustic pressure after control has been calculated using
Equation 3.5. The resulting levels of attenuation in the scattered acoustic field are plotted
in Figure 3.13 when the size of the scattering sphere is reduced to r_, and in Figure 3.14
when the size of the scattering sphere is increased to . Figures 3.13 and 3.14 both show
that knowledge of the perturbations in the disturbance field seem to have minimal effect on
the level of acoustic cloaking that can be achieved by the controller, as the acoustic cloaking
performance with no knowledge of the perturbations very closely matches the performance
when the controller has perfect knowledge of the perturbed disturbance field. In contrast to
this, when the controller has perfect knowledge of the plant response, but the perturbations
in the disturbance field are not known, the controller is able to achieve comparable levels
of acoustic cloaking performance to the unperturbed results presented in Figure 3.8, and in
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Figure 3.14: Contour plots showing the attenuation that the control system is able to achieve in the
scattered sound power over frequency and a range of values of 3, when the size of the scattering
sphere is increased and the controller has different levels of knowledge of the perturbations.

fact achieves very similar performance to the case shown in Figures 3.13 and 3.14 in which
perfect knowledge of both the disturbance and plant response changes is assumed. The
level of attenuation presented in Figure 3.13 is higher, across most frequencies and values
of 38, than the level of attenuation presented in Figure 3.14, which can be attributed to the
magnitude of the perturbations in sphere size.

Based on the investigation into the characteristics of the plant and disturbance perturbations
presented in Section 3.2, it is unsurprising that the perturbed active acoustic cloaking system
with knowledge of AG achieves significantly higher levels of control than when it has knowl-
edge of Ad;. The results presented in Figure 3.3 show that the plant perturbation terms, AG,
in the full solution for optimal source strengths, given by Equation 3.9, are multiple orders of
magnitude greater than the disturbance perturbation terms,Ad;, in the same equation. In the
present study it is assumed that Equation 3.16 is used to calculate control source strengths
with knowledge of the plant perturbations, AG, which is equivalent to using Equation 3.9
and including all of the AG terms. In this instance, the only source of error in Equation 3.9 is
due to assuming that the Ad; terms are equal to zero, however it has been shown previously
that they are relatively small and therefore the error introduced by this assumption is minimal.

In addition to the fact that the plant perturbation terms in Equation 3.9 are significantly greater
than the disturbance perturbation terms, they are also included in the required matrix inver-
sion. Nelson and Yoon [69] present a mathematical investigation into the effect of uncertainty
on a matrix inversion, and show that the error in the resulting system is equal to the pertur-
bation level multiplied by the condition number of the matrix inversion. As shown in Figure
3.10, the condition number for the system considered in this Chapter reaches 10'° at low
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frequencies when the regularisation term is small, therefore, a small perturbation in the plant
response will result in an error 10'Y larger than the perturbation. In contrast, uncertainty in
the disturbance field does not result in this large multiplier and, therefore, the performance of
the control system is far less dependent on perturbations in the disturbance field than it is to
perturbations in the plant response.

In a similar process to that presented in Section 3.4, the acoustic cloaking performance
presented in Figures 3.13 and 3.14 has been averaged over frequency to show the effect
of regularisation on the broadband acoustic cloaking performance, and is presented in Fig-
ure 3.15 over a range of values of 5. Figure 3.15 supports the observations made above,
and shows that the frequency averaged attenuation in the scattered sound power does not
change significantly whether the controller has knowledge of the change in the disturbance
field or not. When the controller has knowledge of the perturbed plant response, however,
the active acoustic cloaking system is able to achieve comparable levels of control to the
nominal case.
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Figure 3.15: A plot showing the frequency averaged attenuation in the scattered sound power that the
control system is able to achieve with increasing values of regularisation for the nominal case, and
when the size of the scattering sphere is varied and the controller has different levels of knowledge of
the perturbations.

3.5 Robustness to Uncertainty in the Position of the Scattering
Object

The above study has investigated the robustness of the active acoustic cloaking system to
variations in the size of the scattering sphere, however in a practical scenario it is perhaps
more likely for the position of the scattering object to vary and, therefore, the following section
will present a study into the robustness of the active acoustic cloaking system to changes in
the position of the scattering object. As shown in Figure 3.1b, the acoustic plant response
and disturbance field have been measured when the r sized scattering sphere is displaced,
in the direction of the primary acoustic source, by 10 cm and 20 cm.
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As in the previous study, the measured acoustic responses of the sphere in its nominal po-
sition, and perturbed by 10 cm and 20 cm, have been used to implement an offline optimal
tonal control strategy. The optimal source strengths have been calculated using Equation
3.16, and the scattered acoustic pressure after control has been calculated using Equation
3.5. The attenuation in the scattered acoustic power achieved by the active control system
over a range of frequencies and with increasing values of the regularisation parameter, 3,
is presented in Figure 3.16 for all three sphere positions. The deterioration in the acoustic
cloaking performance when compared to the nominal case has also been calculated and
plotted, as in the previous study, and is presented in Figure 3.17.
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Figure 3.16: Contour plots showing the attenuation that the control system is able to achieve in the
scattered sound power over frequency and a range of values of 3, for the nominal case and each of
the perturbed cases.
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Figure 3.17: Contour plots showing the difference in the attenuation achieved by the nominal control
system for each of the perturbed sphere sizes compared with the nominal case, over frequency and
a range of values of 5.
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Figures 3.16 and 3.17 show that, as is the case when changing the size of the scattering
object, changing the position of the scattering object causes a significant deterioration in
the acoustic cloaking performance, even when the sphere is only perturbed by 10 cm. The
largest reduction in the acoustic cloaking performance is at low frequencies and with low
values of regularisation, where the perturbations lead to a reduction in performance of up to
30 dB, which can again be explained by the condition number of the acoustic plant response
presented in Figure 3.10. All of the results presented in this Chapter show a frequency band
centred at approximately 330 Hz at which the active control system achieves a local maxima
in the performance. This frequency has a wavelength corresponding to twice the radius of
the far-field sensor array.

To provide further insight into the trade-off between nominal performance and robustness,
Figure 3.18 presents the frequency averaged attenuation for each perturbation across a
range of regularisation values. The average performance across all three cases is also in-
cluded as a dashed line for comparison. Figure 3.18 shows that, as shown in Figure 3.16, the
control performance remains constant at low values of 3 in every case. As discussed previ-
ously, the performance of the nominal sphere starts to noticeably decrease as the regularisa-
tion is increased above approximately 5 = 10—, however the acoustic cloaking performance
with either of the displaced spheres begins to increase at this same value of 5. The control
performance with the sphere displaced by 10 cm reaches its maximum of 3.5 dB at approx-
imately 3 = 1 x 1072, whilst the control performance with the sphere displaced by 20 cm
reaches its maximum of 2.8 dB at approximately 3 = 5 x 1072. As in the previous study,
the regularisation value corresponding to the peak in the dashed line, 5 = 1 x 1072, should
be selected to ensure that the active control system is able to achieve a robust performance
whilst allowing the scattering object to move by up to 20 cm. However, this level of regularisa-
tion has a significant impact on the nominal performance, reducing it by approximately 2 dB.
As mentioned in Section 3.4, it is perhaps unsurprising that Tikhonov regularisation does
not reduce the effects of uncertainties to the same extent that it did with the unstructured
uncertainty, discussed in Section 3.3, as the form of the structured uncertainties investigated
in this section do not approximate an identity matrix or zeros, as discussed in Section 3.2.
In a practical environment, this tradeoff would have to be evaluated on a case-by-case basis
to ascertain how robust the system needs to be, and what the minimum allowable level of
nominal performance is.

The performance of the robust active acoustic cloaking system will now be presented over
frequency. According to the results presented in Figure 3.18, a value of 8 = 1x10~2 has been
selected which corresponds to maximising the attenuation averaged across all frequencies
and perturbations. The optimal control source strengths for the nominal sphere were calcu-
lated according to Equation 3.16, and the resulting control performance for all three sphere
positions was calculated according to Equation 3.4. The results are presented over frequency
in Figure 3.19. For comparison, the nominal performance when the control source strengths
have been calculated with 5 = 0 is also included in Figure 3.19, showing the level of control
that can be achieved by the active acoustic cloaking system if robustness does not need to
be considered. It can be seen from these results that, with the given level of regularisation,
the controller is unable to achieve more than 8 dB of attenuation even in the nominal case,
and this reduces to 7 dB and 6 dB as the sphere is displaced by 10 cm and 20 cm respec-
tively. However, despite the significant deterioration in nominal performance caused by the
level of regularisation used, Figure 3.19 shows relatively consistent results when the sphere
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Figure 3.18: A plot showing the frequency averaged attenuation in the scattered sound power that the
control system is able to achieve with increasing values of regularisation for the nominal case, and in
each of the perturbed cases. The average of these three cases is also included as a dashed line.

is perturbed. When regularised with value of 3 = 1 x 1072, the acoustic cloaking system is
able to attenuate the broadband scattered acoustic power by up to approximately 3 dB, even
when the scattering sphere is displaced by 20 cm.

As discussed in Section 3.4.1, the effect of monitoring and tracking the variation in either the
plant response or the disturbance field to reduce the effects of uncertainty on the acoustic
cloaking performance has been investigated. The conclusions of this study were identical to
those presented in Section 3.4.1; that is knowledge of perturbations in the plant response
can significantly reduce the effect of uncertainties on the acoustic cloaking performance,
whereas knowledge of perturbations in the disturbance field make little difference to the per-
formance. As these results provide no further insight to those presented in Section 3.4.1,
and in the interest of succinctness, this study has not been included in the main part of this
thesis, however the plots are included in Appendix E.

3.6 Implementation of Frequency Dependent Regularisation to
Improve Robustness

A thorough investigation into the robustness of the active acoustic cloaking strategy, pre-
sented in Chapter 2, to perturbations in the size and position of the scattering object has
been presented in Sections 3.4 and 3.5. It has been shown throughout these studies that
a suitable regularisation value is highly important, and allows for a tradeoff between nom-
inal performance and robustness. The study presented above has investigated the effect
of frequency independent regularisation on the robustness of the acoustic cloaking system,
however, the system may be able to achieve a more favourable tradeoff between nominal per-
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Figure 3.19: A plot showing the level of attenuation in the scattered sound power that the control
system is able to achieve when regularised with a value of 3 = 1 x 10~2 in the nominal case, and in
each of the perturbed cases. The un-regularised nominal performance is also included as a dashed
line for comparison. The frequency averaged attenuation value for each perturbation is given in the
legend.

formance and robustness if 5 was allowed to vary with frequency. This section will present
an investigation into the effect of frequency dependent regularisation on the active acoustic
cloaking system, and will outline a method of calculating a frequency dependent value of g3
that maximises robust performance.

Using Figures 3.8 and 3.16, the value of $ which achieves the maximum level of attenuation
in the scattered sound power for each perturbation condition has been extracted at each
frequency and has been plotted in Figure 3.20. The dashed line in Figure 3.20 shows the
median regularisation value across all perturbations. The optimal value of g for the nominal
case has not been included in Figure 3.20 as the lack of uncertainty means the performance
is monotonically increasing as regularisation decreases. Figure 3.20 shows that, as can
be seen in the previous plots, the amount of regularisation required depends on the level
of perturbation. The largest perturbations, corresponding to the measurements with the
sphere or displacing the rq sphere by 20 cm, require significantly higher values of 3 than the
smaller perturbations, regardless of frequency. It can also be seen from Figure 3.20 that the
optimal value of regularisation for a given perturbation varies significantly across frequency,
with most of the perturbation sets showing a variation of over 10? across the bandwidth in-
vestigated. This suggests that the implementation of frequency dependent regularisation
will provide performance and robustness benefits when compared to frequency independent
regularisation. However, it is worth noting that using this method to select the appropriate
level of frequency dependent regularisation requires some a priori knowledge of the pertur-
bations, which may not be faesible in practice.
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Figure 3.20: A plot showing, for each perturbation, the value of regularisation which achieves the best
acoustic cloaking performance across frequency. The dashed line represents the median value of 3
across all of the perturbation cases.

To observe the effect of frequency dependent regularisation on the acoustic cloaking perfor-
mance, the attenuation in the scattered sound power has been calculated using the largest
frequency dependent regularisation function shown in Figure 3.20, corresponding to the r
sphere, the smallest frequency dependent regularisation function shown in Figure 3.20, cor-
responding to the r_ sphere, and the median frequency dependent regularisation function
shown in Figure 3.20. The optimal control source strengths have been calculated in each
case according to Equation 3.16, and the acoustic cloaking performance has been calcu-
lated according to Equation 3.4. The results are presented over frequency in Figure 3.21,
with the frequency averaged attenuation level provided for reference in the caption. As in the
previous results, the nominal unregularised performance is also included to demonstrate the
performance trade-off required to improve robustness.

It can be seen from the results presented in Figure 3.21a that the use of the median frequency
dependent regularisation function provides a more favourable tradeoff between the nominal
performance and robustness than achieved by the frequency independent results presented
in Figures 3.12 and 3.19. Specifically, the performance with frequency dependent regulari-
sation achieves equal or greater frequency averaged attenuation performance for every per-
turbation condition when compared to the equivalent frequency independent regularisation
cases. Whilst this frequency dependent regularisation function does result in enhancement
in the scattered sound power with the r, sphere at frequencies below 150 Hz, this is rel-
atively small and the cost is probably outweighed by the performance increase across the
rest of the frequency range. Figure 3.21b shows that the largest frequency dependent reg-
ularisation function shown in Figure 3.20, corresponding to the r sphere, achieves a high
level of consistency across all of the perturbations investigated, with minimal performance
deterioration when the system is perturbed. This is achieved at the detriment of the nomi-
nal case, however, where the broadband performance is reduced by over 5dB compared to
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Figure 3.21: A series of plots showing the attenuation in the scattered sound power achieved by
the acoustic cloaking system for each perturbation, when regularised with different frequency depen-
dent regularisation functions from Figure 3.20. The frequency averaged attenuation value for each
perturbation is given in the legend.
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the unregularised system. Figure 3.21c presents the acoustic cloaking performance when
the controller is regularised using the smallest frequency dependent regularisation function
shown in Figure 3.20, corresponding to the r_ sphere which, due to the low level of reg-
ularisation, shows a high level of variability in the acoustic cloaking performance when the
spheres are perturbed. Whilst the performance with the nominal sphere is comparable to
the unregularised case above approximately 250 Hz, minimal performance is achieved with
the r sphere which, instead, causes significant enhancement in the scattered sound power
across a large portion of the considered frequency range.

The results presented in Figure 3.21 show that the use of frequency dependent regularisa-
tion can provide increased robustness with a smaller reduction in nominal performance when
compared to the results presented in Section 3.4 using frequency independent regularisa-
tion. A number of frequency dependent regularisation functions have been investigated, cor-
responding to the optimal values of 3 for each of the perturbation cases, and will henceforth
be referred to as Method 1. It was found that the median of these optimal values provides
a good tradeoff between nominal performance and robustness. An alternative approach to
calculating the frequency dependent regularisation function will now be presented. At each
frequency and for each value of 3, the attenuation in the scattered sound power presented
in Figures 3.8 and 3.16 has been averaged across all five perturbation conditions to give
a single surface plot corresponding to the performance of the system when exposed to a
range of uncertainties, and is presented in Figure 3.22. At each frequency, the value of
that corresponds to the largest average attenuation has been extracted and is plotted as a
red line in Figure 3.22. Figure 3.22 shows that, as in Figure 3.20, the value of g changes
significantly with frequency, justifying the use of frequency dependent regularisation. The red
trace in Figure 3.22 shows that the frequency dependent regularisation function calculated
using this method, Method 2, follows a noticeably different shape to the frequency dependent
regularisation functions shown in Figure 3.20, which were calculated according to Method 1.

To observe the performance of the frequency dependent regularisation function calculated
according to Method 2, the optimal control source strengths have been calculated using
Equation 3.16 with the regularisation function shown in Figure 3.22. The acoustic cloaking
performance has been calculated according to Equation 3.4, and is presented over frequency
in Figure 3.23. As in the previous results, the performance of the nominal sphere when it is
unregularised is included for reference, and the frequency averaged attenuation values for
each perturbation case are included in the legend. It can be seen that the performance of
the acoustic cloaking system using frequency dependent regularisation calculated according
to Method 2 is similar to the acoustic cloaking performance achieved using the median fre-
quency dependent regularisation function. To enable a clearer comparison between these
two regularisation methods, and to benchmark their performance against the other regulari-
sation methods, the frequency averaged attenuation values for every regularisation method
and perturbation are presented in Table 3.1. It can be seen that the performance of the fre-
quency dependent regularisation function calculated according to Method 2 is very similar
to the performance achieved using the median frequency dependent regularisation function
calculated according to Method 1, with both methods achieving performance within 0.2 dB of
one another across all of the perturbation conditions. When compared to the frequency inde-
pendent regularisation value of 3 = 1072, both of the frequency dependent methods achieve
superior performance under every perturbation condition. The average frequency averaged
attenuation across all perturbation conditions has also been calculated and included in Table
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Figure 3.22: A contour plot showing the attenuation that the control system is able to achieve in the
scattered sound power over frequency and a range of values of 3, averaged across all five pertur-
bation conditions. The red line depicts the value of 3 at each frequency which achieves the largest
average attenuation.

3.1 and this shows that, to maintain robustness across all five of the perturbation conditions
investigated in this chapter whilst maximising the acoustic cloaking performance in each
case, frequency dependent regularisation should be used, calculated using Method 2. With
the exception of the unregularised nominal case, this method achieves similar or greater lev-
els of control to every other regularisation method investigated and, as shown in Figure 3.23,
only results in significant enhancement of the scattered sound power below approximately
120 Hz. It is worth noting that choosing this regularisation method for a practical system
would require the perturbations to be investigated in advance.

Perturbation =0 S=10"2 Median FDR1 Large FDR1 SmallFDR1 FDR2
Nominal 8.9 4.4 4.6 3.3 6.2 4.8
4 Sphere -5.3 1.2 1.2 2.7 -1.8 1.2
r_ Sphere 2.5 3.9 4.2 3.2 4.8 4.3
20cm Displaced | -1.9 2.9 3.2 2.9 1.8 3.1
10cm Displaced | 0.1 3.4 3.8 3.0 3.5 3.8
Average | 0.86 3.16 3.40 3.02 2.90 3.44

Table 3.1: A table showing a summary of the broadband average attenuation values (in dB) for each
regularisation and perturbation case.

3.7 Conclusions

This Chapter has presented a thorough investigation into the effects of uncertainty on active
acoustic cloaking. An array of acoustic control sources was used to minimise the scattered
acoustic pressure at a far-field microphone array using an optimal harmonic control formula-
tion. Using this configuration it has been shown that between 5 dB and 19 dB of attenuation
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Figure 3.23: A plot showing the attenuation in scattered sound power achieved by the acoustic cloak-
ing system for each perturbation, when regularised with the frequency dependent regularisation func-
tion shown in Figure 3.22. The frequency averaged attenuation value for each perturbation is given in
the legend.

in the far-field scattered acoustic power can be achieved across the bandwidth investigated
when there is no uncertainty in the system. The formulation for optimal source strengths in
the presence of uncertainty has been derived, and compared to the regularised formulation
for the source strengths in the nominal case. It has been shown that, if the perturbations
are random and uncorrelated with one another, the cross-terms in the full formulation can be
neglected and the AGHAG term can be approximated by a scaled identity matrix. These
assumptions have been thoroughly investigated, and it has been shown that they are valid
in the case of random unstructured uncertainty, however they are not valid for the specific
structured perturbations considered in this study. In spite of this, the regularised formulation
for the source strengths in the nominal case has been shown to be sufficient to provide a ro-
bust solution to random unstructured uncertainty, to uncertainty in the size of the scattering
object, and to uncertainty in the position of the scattering object.

It was shown that the performance decrease due to uncertainty in the system was greatest
when the plant response matrix was poorly conditioned, which is most significant at low fre-
quencies, and the importance of choosing an appropriate value of regularisation was shown.
When regularised to maximise the robustness of the system, the difference between the
nominal and small spheres, a reduction in radius of 26%, resulted in minimal performance
degradation, whereas the difference between the nominal and the large sphere, an increase
in radius of 66%, caused significant performance degradation. Similarly, when appropriately
regularised, perturbing the sphere by 10 cm or 20 cm results in only a small degradation
when compared to the nominal performance, however, this level of regularisation significantly
reduces the nominal performance by 3 dB when compared to the unregularised case.

The importance of tracking any variation in the acoustic plant response was demonstrated,
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and it was shown that uncertainty in the plant response resulted in significantly higher dete-
rioration in the acoustic cloaking performance than uncertainty in the disturbance field. This
has been explained in terms of the relative magnitudes of AG and Ad; and by considering
the fact that the plant response needs to be inverted, which is not the case for the distur-
bance field. The effect of frequency dependent regularisation was investigated, and it was
shown that using a frequency dependent regularisation method can significantly improve the
tradeoff between nominal performance and robustness, and multiple methods of calculating
the frequency dependent values of 5 have been presented and compared.

This chapter has made use of an optimal harmonic control strategy and it was assumed
that the scattered acoustic pressure could be directly measured at the far-field microphone
array. In practice this is not possible and, therefore, additional signal-processing steps will
be required to obtain a disturbance signal in real-time. A potential method to achieve this is
presented in Chapter 5. The optimal harmonic controller used in this chapter neglects the
real-world implementation challenges of causality and obtaining a suitable reference signal,
both of which are discussed in Chapters 4 and 7, and the use of a rigid scattering object
removes the additional complexities of resonant scattering which will be discussed further in
Chapters 6 and 7.
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Chapter 4

A Broadband Time Domain Active
Acoustic Cloaking System, Applied
to a Rigid Sphere

The previous chapters have presented investigations into the effect of active acoustic cloak-
ing on the scattered acoustic field from a rigid sphere, and have discussed the robustness of
such a system to perturbations. All of the previous chapters have used an optimal harmonic
control strategy which assumes that the disturbance is tonal and, therefore, the selection of
a reference signal and the practical constraint of causality can both be neglected. It is bene-
ficial to consider this control strategy as it allows the performance of an active control system
to be assessed in the best-case scenario, however, a tonal control architecture will not be
suitable for a practical application in which the disturbance is non-tonal.

This chapter will present an investigation into the use of a broadband time-domain active
control strategy, and the performance will be assessed using the data measured with the
experimental setup presented in Chapter 2, which utilises the rigid spherical scatterer. The
broadband optimal control problem will be formulated in the time-domain in Section 4.1.
The level of acoustic cloaking that can be achieved by the controller, for the considered
experimental system, will then be assessed in Section 4.2. The choice of reference signal
and the effect of varying the number of taps in the control filter will be discussed, and finally
a brief investigation into the robustness of the system to perturbations in the position of the
scattering object will be presented.

4.1 Formulation of the Optimal Broadband Controller

This section will present a formulation of the optimal controller, which will lead to the deriva-
tion of the corresponding optimal control filters that will minimise the broadband acoustic
scattered power. In practice, when anything but tonal disturbance signals are being con-
sidered, it is necessary to constrain the control filters to be causal and the optimal filter
responses in this case can be derived in the time-domain, as described in [37] for the stan-
dard feedforward active noise control system. To this end, the scattered acoustic pressure
measured at the [-th error microphone after control can be expressed at the n-th time step
as
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Z .glmjwmk:ixk(n —1i— ])7 (41)

where d;, (n) is the scattered pressure at the [-th error sensor due to the primary disturbance,
gimj 18 the j-th coefficient of the J-th order FIR filter approximating the plant response be-
tween the m-th control source and the [-th error sensor, w,,; is the i-th coefficient of the I-th
order FIR control filter corresponding to the m-th control source and the k-th reference signal,
and zy, is the k-th reference signal. By assuming the controller is time invariant, Equation 4.1
can be rewritten as

~
—

M K
es,(n) =dg,(n) + Z Z WinkiTimk (N — 1), (4.2)

m=1k=11

I
=)

where 7,1 is the k-th reference signal filtered by the plant response between the m-th con-
trol source and the I-th error microphone. The filtered reference signal can be expressed
as
J—-1
Timk(n) = Y gimjzr(n — ). (4.3)

J=0

For convenience, Equation 4.2 can be expressed in vector form as
es,(n) = )+ Z w; ri(n —1) (4.4)
where w; and r;(n) are defined as

T
Wi = [Wi1i, W24, - - - WK W2L4s - - - WM K] (4.5)

ri(n) = [rui(n),rpe(n),...,rug(n), rp1(n), . .. ,T[MK(')”L)]T. (4.6)

The multichannel control problem can then be formulated by expressing the vector of L error
signals in the time domain as

es(n) =ds(n) + R(n)w, (4.7)

where

es(n) =les, (n),...,eq, (n)]T, (4.8)

ds(n) = [dsz (n)7 ce 7d5L (n)]T s
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ri(n)t rin-1DT ... r(n—-T+1)T
T T T
ro(n ro(n —1 .. ro(n—I+1
R(n) = (n) ( ) ( ) ) , (4.10)
r(n)T rp(n—1)T ... rp(n—IT4+ D7
and the M K I vector of control filter coefficients is defined as
w:[wg,wlT...w?_l]. (4.11)

As stated in the previous Chapters, the cost function, in the context of acoustic cloaking, is
defined as
J = E [es(n)"es(n) + pww], (4.12)

where § is a positive real effort-weighting parameter to constrain the magnitude of the source
strengths. Substituting Equation 4.7 into Equation 4.12 gives the quadratic cost function
as

J=w'E[R"(n)R(n) + BWHW] w+ 2w E [R"(n)ds(n)] + E [d] (n)ds(n)] . (4.13)

Assuming that E [R" (n)R(n)] is positive definite, this cost function has a unique global min-
imum and the optimal set of control filters that minimises the scattered acoustic field at the
error sensors is given as

Wopr = — [E [RT(n)R(n) + 1]] ' E [RT(n)d.(n)] . (4.14)

Tikhonov regularisation has been included into Equation 4.14 to introduce a constraint on the
control effort and to improve the conditioning of the matrix inversion, via the regularisation
parameter .

4.2 Acoustic Cloaking Performance

The performance of the broadband active acoustic cloaking control system described in the
previous section will be investigated using the measurement responses corresponding to the
system described in detail in Chapter 2. In summary, the scattered acoustic pressure from
a rigid sphere has been measured at a far-field microphone array, as shown in Figures 4.1
and 4.3, and forms the vector of disturbance signals, d;. The matrix of transfer responses
between 32 acoustic control sources and the far-field microphone array has also been mea-
sured, and forms the matrix of plant responses G. In the following section, this measurement
data will be used to investigate the acoustic cloaking performance that can be achieved by
the causally constrained, broadband controller described in Section 4.1. The selection of
a suitable reference signal will be discussed, the effect of varying the length of the control
filters will be presented, and the robustness of the system to perturbations in the position of
the scattering object will investigated.
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Figure 4.1: A photograph of the experimental setup, showing the microphone and loudspeaker arrays
arranged in the anechoic chamber.

4.2.1 Effect of Reference Signal Selection

The performance of a broadband causally constrained control system is dependent on the
availability of a suitable reference signal. In general, the reference signal(s) should be co-
herent with, and time-advanced compared to, the error signal(s). In the case of the mea-
surement setup described in Chapter 2, the drive signal for the loudspeaker generating the
primary disturbance can be utilised as the reference signal. By definition, this will be time
advanced compared to, and coherent with, the scattered acoustic pressure and, therefore,
this can be considered a perfect reference signal. It should be noted that whilst it will often be
infeasible to obtain the signal driving the incident field in a real-world practical system, doing
so in the present study will provide insight into the level of attenuation that can be achieved
by the controller in ideal conditions.

The vector of measured disturbance signals, d,, and the matrix of measured plant responses,
G, have been used to calculate optimal control filters over a range of regularisation values
according to Equation 4.14, with a filter length of I = 512, and using the perfect reference sig-
nal described above. The effect of varying the filter length will be investigated in more detail
in Section 4.2.2. The resulting levels of attenuation achieved by the controller are presented
in Figure 4.2, which can be directly compared to the equivalent plot for the tonal controller
presented in Figure 2.7. As with the previous results, the colour axis has been limited to
only show positive values of attenuation. It can be seen by comparing Figures 4.2 and 2.7
that the performance of the optimal causally constrained broadband controller is significantly
poorer than the performance of the optimal harmonic controller discussed in Chapter 2. At
low frequencies, and with low values of regularisation, the controller is unable to achieve
control and actually results in a significant enhancement in the acoustic scattering. This is
likely due to the matrix of plant responses being ill-conditioned, as shown in Figure 2.8, and
therefore prone to numerical inaccuracies. Figure 4.2 shows a clear sweet-spot in the regu-
larisation at approximately 5 = 1 x 10~7 where the control performance reaches a maxima.
With this value of regularisation, the controller is able to achieve between 3 dB and 15 dB of
attenuation in the scattered acoustic field across the investigated frequency range.

The results presented in figure 4.2 provide insight into the level of acoustic cloaking per-
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Figure 4.2: A Contour plot showing the attenuation that the broadband, causally constrained control
system is able to achieve in the scattered sound power over frequency and a range of values of
when using a perfect reference signal and a control filter length of I = 512.

formance that can be achieved when a perfect reference signal is available. However, as
discussed previously, this reference signal is unlikely to be available in a practical sytem im-
plementation as, in the case of active cloaking, the primary source generating the incident
pressure field is often unknown and, therefore, cannot be accessed to provide a reference
signal. Therefore, the following analysis will investigate the performance of the acoustic
cloaking system using a reference signal that is potentially accessible in a greater variety of
applications. There are three obvious candidate signals for this: the incident acoustic pres-
sure, the scattered acoustic pressure, or the total acoustic pressure. The latter two of these
signals will both be affected by the control sources, and to use them in a practical setup
would therefore require a control architecture including a secondary path cancellation loop,
which the former would not require. As has been thoroughly discussed in previous chapters,
it is not straightforward to directly measure the scattered acoustic pressure and, therefore,
utilising this as a reference signal would also require additional signal processing steps. For
these reasons, the incident acoustic pressure field has been selected as the reference signal
for the following analysis.

Figure 4.3 shows the geometry of the measurement setup previously discussed in Chapter
2. It can be seen from Figure 4.3 that the sensor directly in front of the incident disturbance
has been selected as the reference sensor, as this provides the largest time-advance rela-
tive to the error signal and, therefore, the incident acoustic pressure measured at this sensor
will be used as the reference signal. It should be noted that in a practical implementation
the Direction of Arrival (DOA) of the incident field may not be known. In this case, multiple
reference sensors could be used [70] to ensure that at least one remains time-advanced
compared to the disturbance, or a DOA estimation technique could be used, however, nei-
ther of these additional challenges will be considered in the following study.
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Figure 4.3: Schematic diagram showing the source/sensor arrangement and the scattering sphere,
with the position of the reference sensor marked.

As with the results presented in Figure 4.2, Equation 4.14 has been used to calculate opti-
mal control filters over a range of regularisation values, with a filter length of I = 512, and
using the incident pressure measured directly in front of the primary disturbance as the ref-
erence signal. The attenuation achieved by the controller is presented in Figure 4.4 and,
as with the previous results, the colour axis has been limited to only show positive values
of attenuation. Figure 4.4 shows a broadly similar trend to the results presented in Figure
4.2. The attenuation that can be achieved is slightly reduced relative to the results using a
perfect reference signal, especially above approximately 325 Hz and with smaller values of
regularisation where the controller using the practical reference signal is unable to achieve
control. As with the results presented in Figure 4.2, the active control system is unable to
achieve control at low frequencies and with low values of regularisation, however both sets
of results show an optimal value of regularisation of approximately 3 = 1 x 10~ where the
control performance reaches a maxima.

To enable a clearer comparison of the acoustic cloaking performance between the two refer-
ence signals, the attenuation performance using each signal, when regularised with a value
of 5 = 1 x 1077, has been plotted over frequency in Figure 4.5. Figure 4.5 shows that the
overall spectral shape of the attenuation is similar when using either a perfect reference sig-
nal or the incident pressure measured in front of the primary disturbance, however the latter
achieves between 1 dB and 2 dB less than the former across the majority of the frequency
range. There is a notch in the acoustic cloaking performance when using the perfect refer-
ence signal, at approximately 130 Hz which corresponds to a wavelength of approximately
2.6 m. The distance between the loudspeaker generating the incident field and the surface
of the scattering sphere is 2.6 m and, therefore, this notch in performance is likely to be due
to the formation of standing waves in the experimental setup.

The results presented in Figures 4.2, 4.4 and 4.5 provide insight into the effect of the refer-
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Figure 4.4: A Contour plot showing the attenuation that the broadband, causally constrained control
system is able to achieve in the scattered sound power over frequency and a range of values of
when using the incident pressure measured in front of the primary loudspeaker as a reference signal
and a control filter length of I = 512.
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Figure 4.5: A plot showing the attenuation that the broadband, causally constrained control system
is able to achieve in the scattered sound power over frequency when using a regularisation value of
B =1x 10~ and a control filter length of I = 512 for both reference signals.
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ence signal on the control performance. The performance of a broadband control system is
also heavily dependent on ensuring that the control filters are of a suitable length to capture
sufficient information about the system. This requirement will be investigated in the following
section.

4.2.2 Effect of Control Filter Length

The following section will investigate how the performance of the acoustic cloaking system is
related to the length of the control filters. The length of the control filters is a key parameter
to investigate when designing broadband control systems as it allows for a trade-off between
computational load and control performance and, therefore, it is of interest to investigate how
the acoustic cloaking performance of the proposed system varies with different lengths of
control filters.
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Figure 4.6: A plot showing the attenuation that the broadband, causally constrained control system
is able to achieve in the scattered sound power over frequency, with a range of values for the control
filter length, I, when regularised to achieve the maximum possible performance and using the incident
pressure measured in front of the primary loudspeaker as a reference signal.

To investigate this, Equation 4.14 has been used to calculate optimal control source strengths
with increasing filters lengths from I = 32 to I = 1024 when using the incident pressure mea-
sured in front of the primary loudspeaker as a reference signal. In each case, the attenuation
performance was calculated for a range of different values of regularisation, and the opti-
mal regularisation value was selected. The data acquired at a sample rate of f; = 48kHz
was used, rather than the down-sampled data at f; = 2.4kHz, to provide greater tempo-
ral resolution for this study. The attenuation for each controller configuration is presented
over frequency in Figure 4.6, and the corresponding control filters are plotted in Figure 4.7.
Figure 4.6 shows that, as expected, the acoustic cloaking performance increases with in-
creasing control filter length. However, what is perhaps more surprising is the sharpness of
this performance increase. There appears to be a threshold of I = 256, below which the
acoustic cloaking performance is extremely limited, and above which the acoustic cloaking
performance reaches a plateau and is relatively unaffected by further increases in the filter
length. This can be explained by the plots presented in Figure 4.7, which show that the peak
of the impulse response is at approximately 159 samples and, therefore, to ensure that the
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control filters contain sufficient information to be effective their length must be greater than
159 samples. This time delay corresponds to a distance of approximately 1.14 m, which is
equivalent to the distance between the sensor array and the outer ring of the control source
array.
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Figure 4.7: A plot showing the impulse responses of the causally constrained control filters, calculated
with a range of values for the control filter length,I, when regularised to achieve the maximum possible
performance and using the incident pressure measured in front of the primary loudspeaker as a
reference signal.

The results presented so far in this Chapter have shown that the broadband, causally con-
strained controller formulated in Section 4.1 is effective at acoustically cloaking the rigid
sphere using the measurement setup shown in Figure 4.1 if the control filters are long enough
and a suitable reference signal is used. However, as discussed thoroughly in Chapter 3, the
performance of an active acoustic cloaking system can be severely limited when perturba-
tions are introduced. Therefore, the following section will present an investigation into the
robustness of the broadband, causally constrained controller presented in Section 4.1.

4.2.3 Robustness to Perturbations

It is important to consider the robustness of a practical active control system, as discussed
in Chapter 3, as it is often the case that variations in the physical system can introduce un-
certainties in the plant response or disturbance field. It was shown in Chapter 3 that the
selection of the regularisation parameter, 3, is highly significant; a large value of 3 will result
in a system that is very robust to changes, but that performs poorly in every case, whereas a
control system with a low value of 5 will achieve significant attenuation in the nominal case
but will have poor robustness to any changes in the system responses. The following section
will investigate the robustness of the proposed broadband active acoustic cloaking strategy
to variations in the position of the scattering sphere.
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Figure 4.8: A schematic diagram showing the source/sensor arrangement and the scattering sphere
in the nominal and perturbed positions.

This study will consider perturbations in the position of the scattering object of 10 cm and
20 cm in the direction of the incident acoustic wave, as shown in Figure 4.8. This is consistent
with the robustness study presented for the tonal controller in Section 3.5. The broadband
control formulation presented above has been implemented using the measured acoustic
responses of the sphere in its nominal position, and perturbed by 10 cm and 20 cm. Optimal
control filters have been calculated using Equation 4.14, when using the incident acoustic
pressure measured in front of the primary loudspeaker as the reference signal and a control
filter length of I = 512. The scattered acoustic pressure after control has been calculated
using Equation 4.7. The attenuation in the scattered acoustic power has been calculated
over a range of frequencies and with increasing values of the regularisation parameter, 3,
and is presented in Figure 4.9 for all three sphere positions. The results shown in Figure
4.9 are consistent with the results for the optimal tonal controller shown in Figure 3.16, in
that there is a significant performance degradation when the sphere is perturbed from the
nominal position, and the level of performance degradation can be linked to the magnitude
of the perturbation.

It can be seen from Figure 4.9 that, as concluded in Chapter 3, appropriate selection of the
regularisation parameter, 3, can enable the active acoustic cloaking to be robust to the per-
turbations considered in this study, however regularising to this level will result in decreased
performance when the sphere is in the nominal position. To provide further insight into this
trade-off, the results presented in Figure 4.9 have been averaged over frequency to quantify
the broadband attenuation that can be achieved for each sphere position over a range of
values of 3. These results are presented in Figure 4.10 and, as with the robustness analy-
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Figure 4.9: Contour plots showing the attenuation that the broadband, causally constrained control
system is able to achieve in the scattered sound power over frequency and a range of values of 3, for
the nominal case and each of the perturbed cases, using a control filter length of I = 512 and when
using the incident acoustic pressure measured in front of the primary loudspeaker as the reference
signal.

sis presented in Chapter 3, the average of the nominal and perturbed conditions has been
included as a dashed line. It can be seen from Figure 4.10 that when the controller is regu-
larised with a value of 3 less than approximately 5 x 10~8, the controller is unable to achieve
any control; consistent with the results presented in Figure 4.9. In this case, the system is
under-regularised and therefore the inversion of the R™(n)R(n) matrix shown in Equation
4.14 is ill-conditioned and prone to numerical inaccuracy. The attenuation performance in
the nominal case reaches a maxima of 14 dB at 3 = 2 x 10~ and, as would be expected,
the performance deteriorates as regularisation is increased above this point and the system
can be said to be over-regularised. In each of the perturbed conditions, however, minimal
attenuation is achieved with low values of 5 and the performance maxima for the 10 cm and
20 cm conditions are at values of 3 =1 x 1072 and 8 = 5 x 1072 respectively. To ensure that
the active acoustic cloaking system is robust to all of the perturbation conditions considered
in this study, a value of g corresponding to the maxima in the dashed line should be selected.
In this case the control system is able to achieve control in the acoustic scattering regardless
of whether the sphere is perturbed or not, however the performance when the sphere is in the
nominal position is reduced from approximately 14 dB to approximately 7 dB. These results
show that, as has been discussed previously, the value of 8 should be carefully selected,
and consideration should be given to the range of perturbations which can reasonably be
expected in the physical system.
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Figure 4.10: A plot showing the frequency averaged attenuation that can be achieved by the active
acoustic cloaking system when the sphere is in the nominal position, and when the sphere is per-
turbed by 10 cm and 20 cm, with a range of values of the reqularisation parameter 3. The system is
configured to use the incident pressure measured in front of the primary loudspeaker as a reference
signal and a control filter length of I = 512.

4.3 Conclusions

This Chapter has presented a broadband, causally-constrained, formulation for the set of
optimal control filters to minimise the acoustic scattering from an object. Measured data
corresponding to a rigid sphere was used to analyse the performance of the proposed for-
mulation, and it was shown that up to 15 dB of attenuation could be achieved in ideal condi-
tions. The choice of a reference signal was investigated, and it was shown that up to 14 dB
of attenuation can be achieved when using the incident pressure measured directly in front
of the primary disturbance as a reference. It should be noted, however, that this arrange-
ment requires a priori knowledge of the DOA of the incident acoustic wave and, therefore,
in a practical environment either multiple reference sensors or a DOA estimation technique
would be required.

The requirements in terms of control filter length were investigated and it was found that, for
the given dataset, the control filters have to be at least 168 samples long to achieve signifi-
cant levels of control. It was shown that there is negligible benefit when using control filters
lengths of longer than 256 samples, as the results when using 512 and 1024 samples were
almost identical to those using control filters of 256 samples. The robustness of the control
system to perturbations in the position of the scattering object was also investigated, and it
was shown that the value of the regularisation parameter was significant in ensuring robust
performance. When robustness is not considered, the controller is able to achieve a fre-
quency averaged attenuation value of 14 dB, however minimal control is achieved when the
position of the scattering sphere is perturbed. When the value of regularisation is selected
to maximise the average performance across all perturbation conditions, over 4 dB of atten-
uation can be achieved in the perturbed cases, however, the performance in the nominal
case is reduced to 7 dB. When designing a practical active control system, the requirements

70



CHAPTER 4. A BROADBAND TIME DOMAIN ACTIVE ACOUSTIC CLOAKING SYSTEM,
APPLIED TO A RIGID SPHERE

of robustness and nominal performance should be considered, and an appropriate value
of regularisation should be selected; this has previously been investigated in more detail in
Chapter 3.

The control strategies presented in this chapter, as well as in all of the previous chapters,
have assumed that the scattered acoustic pressure can be directly measured at each mi-
crophone in the sensor array to provide the error signals to be minimised. As discussed
in Chapter 1, this is not possible in a practical setup and, therefore, other methods should
be considered to allow the scattered acoustic pressure to be estimated from a measurable
quantity. A virtual sensing approach will, therefore, be formulated in Chapter 5, which will
allow the far-field scattered acoustic pressure to be estimated from near-field total acoustic
pressure measurements and will thus address this challenge. The studies presented so far
consider a rigid spherical scattering object, however, in practice it is known that the acoustic
scattering from resonant structures is far more complex [11, 71]. Chapter 7 will investigate
the performance of the broadband active acoustic cloaking strategy presented in this Chapter
applied to a flexible aluminium cylinder, to allow an investigation into the effects of resonant
scattering on the acoustic cloaking performance. Building on this, Chapter 6 will present an
alternative acoustic cloaking approach to minimise the effects of resonant scattering from a
flexible structure.
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Chapter 5

A Virtual Sensing Strategy for the
Real-Time Estimation of the Acoustic
Scattering from a Rigid Sphere

The use of active control to reduce the acoustic scattering from an object has significant
potential as an acoustic cloaking strategy, however, the practical implementation of such
a system is currently limited due to the fact that the scattered acoustic pressure cannot
be directly measured and, therefore, cannot be used as an error signal in an active con-
trol system. Active acoustic cloaking systems have been demonstrated successfully in the
simulation domain [38, 59, 60], however, these systems all assume prior knowledge of the
scattered acoustic pressure. Various methods of estimating the scattered acoustic pressure
from a directly measurable quantity have been presented in the literature, including numeri-
cal modelling [62] and wave decomposition based approaches [40], however, these methods
only consider the control of tonal disturbances. Furthermore, the performance of the nu-
merical modelling approach proposed by Testa et al [62] is dependent on the accuracy of
the numerical model, whilst the wave decomposition approach proposed by Friot et al [40]
requires a large number of sensors positioned around the scattering object, which may not
be practical for many applications.

The broadband, causally constrained control strategy presented in Chapter 4 achieved a
significant level of control of the scattered acoustic field, however, it was assumed that the
scattered acoustic pressure was known in the far-field of the scattering object, which provided
the control algorithm with the necessary error and reference signals. In a practical scenario,
however, it is likely that positioning sensors in the far-field of the scattering object will not be
practical for a variety of the considered use cases and, regardless of where the sensors are
positioned, they will still only provide a measurement of the total acoustic pressure, rather
than the scattered component in isolation.

This chapter will propose a virtual-sensing algorithm, which can be combined with the con-
trol algorithm presented in Chapter 4 to resolve some of the issues associated with far-field
sensor placement, and the detection of the scattered acoustic field. The proposed virtual
sensing method is based on an adaptation of the Remote Microphone Technique [72] that
has previously been used in active noise control applications. The proposed method esti-
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mates the far-field scattered acoustic pressure by filtering near-field measurements of the
total acoustic pressure using an optimally designed observation filter. This chapter builds
upon a frequency-domain implementation of the proposed method [61] by formulating it in
the time-domain, and then combining it with the broadband, causally constrained controller
presented in Chapter 4.

Section 5.1 will layout the proposed virtual sensing strategy and present a derivation of the
filter coefficients for the optimal observation filters in the time domain. Section 5.2 will asses
the accuracy of the virtual sensing method using the measured data corresponding to a rigid
spherical scattering object, described in Chapter 2. Section 5.3 will quantify the acoustic
cloaking performance that can be achieved by combining the virtual sensing algorithm with
the broadband, causally constrained control algorithm, and the robustness of the system will
also be considered.

5.1 Formulation

As noted in the introduction to this chapter, the proposed virtual sensing strategy estimates
the far-field scattered pressures from measurements of the total acoustic pressure in the
near-field of the scattering object. The far-field scattered pressures are estimated by filtering
the near-field pressure signals via an observation filter. This section will derive an expression
to calculate the J filter coefficients of the optimal observation filters, O.. In practice, when
anything but tonal disturbance signals are being considered, it is necessary to constrain the
observation filters to be causal and the optimal filter responses in this case can be derived
in the time-domain, as described in [37, 73] for the standard remote microphone technique.
The experimental setup shown in Figure 5.1 will be used to motivate the proposed strategy,
although the derivation for the optimal observation filters is not necessarily dependent on a
specific arrangement of sensors.

Primary Source

O Rigid Sphere @ Dual-Layer Control Source @ Virtual Microphone @ Measurement Microphone

Figure 5.1: A schematic diagram showing the position of the sources and sensors in the experimental
setup.
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Figure 5.2: Block diagram showing the formulation of the virtual-sensing system where v is the pri-
mary source strength, d,,, is the vector of total acoustic pressures at the measurement microphone
positions, d. is the vector of scatz‘Aered acoustic pressures at the estimation sensor positions, O is
the matrix of observation filters, d. is the vector of estimated scattered acoustic pressures at the
estimation sensor positions, and e is the vector of estimation errors.

Figure 5.1 shows a schematic of the experimental setup described in Chapter 2, with the
addition of a near-field sensor array. The far-field sensor array of N, = 40 measurements of
the scattered acoustic pressure, indicated in red in Figure 5.1, will form the virtual sensors,
whilst the near-field sensor array of N,, = 12 measurements of the total acoustic pressure,
indicated in green in Figure 5.1 will form the measurement sensors. Following the standard
Remote Microphone Technique, a matrix of observation filters, O, will be calculated such that
the signals from the measurement sensors, when filtered by the observation filters, give an
estimate of the signals at the virtual sensors, as shown in Figure 5.2.

The JN, x 1 vector of current and past disturbance signals at the virtual sensors, d.(n), and
the JN,, x 1 vector of current and past disturbance signals at the measurement sensors,
d,.(n), are defined as

de(n) = [af,(n),d5,(n) ...d7, (n)}T (5.1)
dyu(n) = [}, ()., ().l ()] (5.2)

where
d., (n) = [de, (n),de, (n—1)...d,, (n—J—1)]" (5.3)

Ay, (0) = [dm, (0),dp,, (n=1)...dp, (n—J—1)]".

According to the virtual sensing strategy, the JN, x 1 vector of estimated current and past
disturbance signals at the virtual sensors, d.(n), is given by filtering the measurement sensor
signals, d,,, as .

de(n) = Od,,(n), (5.5)

where O is the matrix of observation filter coefficients, defined as

o=[of,0l...0%]", (5.6)
where
]T

O, =[0},1,00,5---Op ] (5.7)
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and O,,_,,,, is the observation filter between the n,,,th measurement microphone and the n.th
virtual microphone, modelled by a Jth order FIR filter given as

Onenm - [Oncnm(]v Oncnml ce Onenm(J—l)] * . (58)

The estimation error, ¢, is defined as the difference between the disturbance signals mea-
sured at the virtual sensors, d., and the estimated signals at these locations, d., which
gives .

e(n) =de(n) — de(n). (5.9)

Substituting Equation 5.5 into Equation 5.9 gives the estimation error as

e(n) = de(n) — Od,,(n). (5.10)

The matrix of optimal observation filters, O,p¢, can then be found by minimising the sum of
the squared estimation errors and, therefore, the cost function, J, can be expressed as

J = trace [E [e(n)E(n)T + 5estOOTH (5.11)

where 8,007 is included to constrain the magnitude of the observation filters. By combin-
ing Equations 5.10 and 5.11, the cost function can be expressed as

J = trace [E [(de(n) — 0dyn(n)) (de(n) — Ody (1)) + ﬁestOOTH . (5.12)

The cost function given in Equation 5.12 can be minimised following the process outlined in
[37, 73], giving the optimal matrix of observation filters, O, as

Oopt = ([E [ (n)dE (n) + BexT]] [dm(n)dg(n)])T (5.13)

It should be noted that the solution shown in Equation 5.13 is true for the overdetermined
case, where N,, > N.. For the specific geometry considered in this study, shown in Figure
5.1, this is not the case and in fact the system is severely underdetermined. As detailed in
[37], the solution shown in Equation 5.13 can be considered to be an ‘engineering approxima-
tion’ in the underdetermined case and, therefore, the minimum mean square error that can
be achieved by the virtual sensing technique will be non-zero. It is proposed, in a practical
implementation of the virtual sensing system, that the observation filters would be calculated
in an initial setup phase; during which the scattered acoustic pressure can be measured at
a far-field sensor array using, for example, the process described in Section 2.1. After the
observation filters have been calculated, according to Equation 5.13, the far-field sensor ar-
ray is no longer required and the virtual sensing method can be used to estimate the far-field
scattered acoustic pressure. It is assumed, in this case, that the transfer responses of the
system are time-invariant and, therefore, the observation filters will remain accurate. The
addition of the regularisation term S.¢; will limit the magnitude of the observation filters, and
ensure a certain level of robustness of the estimation system to variations in the response of
the system, and this is discussed in more detail in Section 5.3.1.
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5.2 Virtual Sensing Performance

The performance of the virtual sensing algorithm described in the previous section will be
investigated using the measured responses corresponding to the system described in detail
in Chapter 2 and shown in Figure 5.1. The total acoustic pressure at the array of 12 near-
field sensors will provide the vector of measurement signals, d,,, and the scattered acoustic
pressure at the array of 40 far-field sensors will provide the vector of virtual signals, d.. In
the following section, this measured data will be used to investigate the accuracy of the pro-
posed virtual sensing strategy, and the effect of varying the length of the observation filters
will be discussed. In Section 5.3, the virtual sensing strategy described in Section 5.1 will be
combined with the broadband, causally constrained controller presented in Chapter 4, and
the acoustic cloaking performance of the combined system will be analysed. The robustness
of the combined virtual sensing and control system to perturbations in the position of the
scattering object will also be investigated.

To investigate the accuracy of the virtual sensing method, optimal observation filters have
been calculated according to Equation 5.13, and the subsequent estimation error, ¢, has
been calculated according to Equation 5.10. To allow the overall estimation performance to
be quantified, the estimation error has been averaged over the 40 far-field microphones, and
is presented in Figure 5.3 over a range of frequencies and values of the regularisation param-
eter Best, When using an observation filter length of J = 256. It can be seen from Figure 5.3
that the estimation error of the virtual sensing system is relatively consistent across the fre-
quency range presented, and is primarily governed by the level of regularisation. There is a
slight inconsistency between 250 Hz and 300 Hz, mostly noticeable between Bes; = 1 x 1010
and Best = 1 x 1072, that shows an increased estimation error. This frequency range equates
to wavelengths between 1.3 m and 1.1 m, which corresponds to approximately half of the ra-
dius of the far-field microphone array, as well as the distance from the sphere to the far-field
array. Therefore, this is likely caused by limitations in the experimental setup, specifically a
combination of spatial-aliasing and interaction between the sphere and sensor arrays. When
the system is regularised with a value of approximately SB.s: = 1 x 10~'® or lower, the virtual
sensing performance is limited by the accuracy of the solution given in Equation 5.13 which,
due to the system being undetermined, is non-perfect.

As Figure 5.3 shows that the estimation error is monotonically decreasing with regularisa-
tion, there is no optimal value of [ to select. As previously discussed, however, the use
of regularisation can ensure that the system remains robust to physical changes and, there-
fore, whilst there is no optimal value in the nominal case, there will be a clearer benefit of
regularisation when perturbations are introduced. The following analysis will use an arbi-
trary value of s = 1 x 104, however, the robustness of the virtual sensing system and
the effect of regularisation will be discussed further in Section 5.3.1. The average estimation
error of the virtual sensing system, when regularised with a value of 3.t = 1 x 10~* and
when using an observation filter length of J = 256, is presented over frequency in Figure
5.4. Figure 5.4 clearly shows the performance decrease between 250 Hz and 300 Hz, as
discussed above. The frequency smearing of this performance decrease is caused by the
far-field array consisting of two concentric rings of sensors which, due to slight inaccuracies
in the measurement setup, will be subject to small positioning errors.

To provide further insight into the performance of the virtual sensing strategy, Figure 5.5
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Figure 5.3: A contour plot showing the estimation error of the proposed virtual sensing strategy,
averaged over all 40 far-field microphones, when using an observation filter length J = 256 and a
range of estimation regularisation values.

-10 -

-20

Average Estimation Error (dB)

60 I I I I I I I
100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure 5.4: A plot showing the estimation error of the proposed virtual sensing strategy, averaged over
all 40 far-field microphones, when regularised with a value of 3 = 1 x 10~* and using a filter length of
J = 256.
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presents a plot showing the real and estimated scattered acoustic pressure at a subset of
the far-field sensor positions when regularisation is set to St = 1 x 10~%. The responses at
6 of the sensor locations have been included in Figure 5.5 for clarity, selected to be evenly
distributed around the sensor array to given an overview of the estimation behaviour, however
the responses at the other 34 sensors show a similar trend. It can be seen from the results
presented in Figure 5.5 that the virtual sensing strategy is providing an accurate estimate
of the scattered acoustic pressure at each sensor location, with the dashed and solid lines
showing highly consistent results across the frequency range. There are noticeable errors
in the blue set of results shown in Figure 5.4, with the estimation error reaching a maximum
value of 10 dB at 125 Hz, however the virtual sensing algorithm is still able to accurately
predict the overall shape of the response. The proposed virtual sensing approach is similar
conceptually to the approach proposed in [41], where ‘Scattering Filters’ are formulated to
estimate the scattered acoustic pressure from measurements of the total acoustic pressure,
however the current study builds upon the work by Friot et al as it formulates the observation
filters in the time domain, without assuming a tonal disturbance field.
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Figure 5.5: A plot showing the real scattered acoustic pressure (solid), and the estimated scattered
acoustic pressure (dashed), at a number of the far-field sensor locations when the virtual sensing
strategy is regularised with a value of 3 = 1 x 10~* and using a filter length of J = 256.

The results presented in Figures 5.4 and 5.5 show the accuracy of the virtual sensing system
when there is no uncertainty in the system responses, and when using a set of observation
filters of length J = 256. The performance of a virtual sensing system is heavily dependent on
ensuring that the observation filters are of a suitable length to capture sufficient information
about the system. This requirement will be investigated in the following section.

5.2.1 Effect of Observation Filter Length

The following section will investigate how the performance of the virtual sensing system is
related to the length of the observation filters. The length of the observation filters is a key
parameter to investigate when designing virtual sensing systems as it allows for a trade-
off between computational load and estimation performance and, therefore, it is of interest
to investigate how the estimation performance of the proposed system varies with different
lengths of control filters.
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To investigate this, Equation 5.13 has been used to calculate optimal observation filters with
increasing filter lengths from J = 32 to J = 1024, in a similar manner to the investigation into
control filter lengths presented in Section 4.2.2. In each case, the regularisation was selected
so as to ensure that the maximum peak of the estimation FIRs are of equal magnitude. The
data acquired at a sample rate of f, = 48kHz was used, rather than the down-sampled data
at f, = 2.4kHz, to provide greater temporal resolution for this study. The estimation error,
averaged over all 40 far-field sensors, is presented over frequency in Figure 5.6 and the cor-
responding observation filters are plotted in Figure 5.7. Figure 5.6 shows that, as expected,
the virtual sensing accuracy increases with increasing observation filter length. As was the
case for the active control filters discussed in Section 4.2.2, there appears to be a threshold
of J = 256, below which the accuracy of the virtual sensing algorithm is severely limited,
and above which the estimation error reaches a plateau and is relatively unaffected by fur-
ther increases in the filter length. This behaviour can be explained by the impulse response
plots presented in Figure 5.7, which show that the main peak of the impulse responses is
at approximately 174 samples and, therefore, to ensure that the observation filters contain
sufficient information to be effective their length must be greater than 174 samples. This time
delay corresponds to a distance of approximately 1.25 m, which is equivalent to the distance
between the sensor array and the control source array.
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Figure 5.6: A plot showing the estimation error of the proposed virtual sensing strategy, averaged
over all of the sensors in the far-field array, with increasing values of J and when regularised such
that the peak in the observation filters is of equivalent magnitude.

5.2.2 Robustness of Virtual Sensing Method

This section will present an investigation into the robustness of the proposed active acoustic
cloaking system to perturbations in the position of the scattering object. To be consistent with
the robustness studies presented previously in this thesis in Chapter 3 and Section 4.2.3, the
scattering sphere has been displaced by 10 cm and 20 cm in the direction of the incident
acoustic field. Equation 5.13 was used to calculate the optimal observation filters with the
sphere in the nominal position, and the performance of the virtual sensing system was cal-
culated with the sphere in the perturbed positions. As with the robustness studies presented
previously, the accuracy of the proposed system has been calculated over a range of regu-
larisation values, and is presented as a contour plot in Figure 5.8.
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Figure 5.7: A plot showing the impulse responses of the observation filters, with increasing values of
J, when regularised to have the same magnitude peak.
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Figure 5.8: Contour plots showing the estimation error of the proposed virtual sensing strategy over
frequency and a range of values of 5., for the nominal case and each of the perturbed cases.

It can be seen from Figure 5.8 that, whilst the estimation error in the nominal case is mono-
tonically decreasing with decreasing regularisation, this is not the case for the perturbed
conditions and there is a clear optimal range of regularisation values at approximately Sest =
1 x 10~* at which the virtual sensing system achieves similar accuracy in both the nomi-
nal and perturbed conditions. To display this more clearly and, again, consistent with the
regularisation studies presented previously, the estimation error has been averaged across
frequency to give an indication of the broadband accuracy of the virtual sensing algorithm,
and this can be seen in Figure 5.9 for the nominal and perturbed cases. It is clear from the
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results presented in Figure 5.9 that there is a narrow range of values of S.st which achieve
a negative estimation error in the perturbed case, with an optimal point at approximately
Best = 1 x 10~* where the virtual sensing approach is able to achieve -24 dB of estimation
error in the perturbed cases, and -44 dB in the nominal case. It is also interesting to note
that there is little difference in the estimation error between perturbing the sphere by 10 cm
or 20 cm, in contrast to the results presented previously which show a greater effect.

100

Nominal

—— 10cm Displaced
20cm Displaced

Estimation Error (dB)

Figure 5.9: A plot showing the frequency averaged estimation error of the virtual sensing system with
increasing values of regularisation for the nominal case, and in each of the perturbed cases.

From the results presented in Figures 5.8 and 5.9, it can be seen that a regularisation value
of approximately SB.st = 1 x 10~* provides a reasonable level of performance in the nominal
case whilst ensuring that the performance does not deteriorate significantly when pertur-
bations are introduced. Figure 5.10 shows the estimation error for the nominal case, and
the two perturbed conditions, when using a regularisation value of .y = 1 x 107%. It can
be seen from Figure 5.10 that, as shown in the previous plots, including uncertainty results
in an increase in estimation error, however, as the regularisation value has been selected
appropriately this increase is fairly modest. Above 300 Hz, perturbing the sphere by 10 cm
and 20 cm results in an increase in the estimation error by approximately 20 dB and 30 dB
respectively. Below 200 Hz, the effect of the perturbations is reduced as the level of pertur-
bation becomes small compared to the acoustic wavelength. It is interesting to note that the
increase in estimation error seen in the nominal case between 250 Hz and 300 Hz is almost
completely removed for both of the perturbation conditions, with only a slight discontinuity
being visible within this frequency range. This is, perhaps, unsurprising as the inclusion of
uncertainty in the formulation of optimal observation filters has the same effect as adding
regularisation to the system, as shown in Section 3.1 and in the literature [63—65].

The results presented in Figures 5.3 to 5.7 show that, with an appropriate value of regular-
isation and a suitable length of observation filters, the proposed virtual sensing strategy is
able to accurately estimate the far-field scattered acoustic pressure, at a number of sensor
locations, from near-field measurements of the total acoustic pressure. Whilst this is inter-
esting in its own right, the following section will combine the virtual sensing strategy with the
broadband, causally constrained controller described in Chapter 4 to form an active acoustic
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Figure 5.10: A plot showing the estimation error of the proposed virtual sensing strategy with the
sphere in the nominal position, and with the sphere perturbed by 10 cm and 20 cm, averaged over all
40 far-field microphones when using an observation filter length J = 256 and an estimation regulari-
sation value of Besy = 1 x 1074,

cloaking system that does not require real-time knowledge of the scattered acoustic pres-
sure.

5.3 Acoustic Cloaking Performance with Virtual Sensing

This section will combine the virtual sensing strategy described in Section 5.1 with the broad-
band control strategy described in Chapter 4. The array of microphones in the near-field of
the scattering sphere has been used to measure the total acoustic pressure at each sen-
sor location. Optimal observation filters have been calculated, according to Equation 5.13,
which give an estimate of the scattered acoustic pressure at each of the far-field sensor lo-
cations. Equation 4.14 is used to calculate optimal control source strengths to minimise the
vector of estimated scattered acoustic pressures, and the acoustic cloaking performance of
this system is calculated according to Equation 4.7. A schematic of the proposed system is
presented in Figure 5.11.

The performance of the active acoustic cloaking system presented in Figure 5.11 has been
investigated using the measured data corresponding to the acoustic scattering from a rigid
sphere, discussed in Chapter 2. Based on the investigations presented in Sections 4.2 and
5.2, filter lengths of I = 512 and J = 256 will be used for the control filters and observation
filters respectively. A regularisation value of 3 = 1 x 10~% will be used in the calculation of
optimal control source strengths, and a regularisation value of Be; = 1 x 10~ will be used in
the calculation of the optimal observation filters. The incident acoustic pressure measured in
front of the primary loudspeaker will be used as the reference signal. The performance of the
proposed acoustic cloaking strategy is presented in Figure 5.12 and, for reference, the atten-
uation that can be achieved if the acoustic scattering is directly controlled is also included. It
can be seen from Figure 5.12 that controlling the estimate of the scattered pressure, rather
than directly controlling the scattered pressure, reduces the acoustic cloaking performance
by less than 2 dB across the considered frequency range. The largest degradation in control
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Figure 5.11: A schematic showing the proposed active acoustic cloaking system, including virtual
sensing and active control FIRs.

performance is between 250 Hz and 300 Hz, which is explained by the peak in the estimation
error shown in Figure 5.4, caused by spatial-aliasing of the far-field microphone array.

As shown in Figure 5.3, the accuracy of the virtual sensing approach is largely dependent on
the level of regularisation, with lower values of regularisation resulting in more accurate esti-
mations. However, it is known from the literature [53, 64, 72], as well as the study presented
in Chapter 3, that low values of regularisation may result in a poorly conditioned matrix in-
verse which, in turn, significantly reduces the robustness of the solution. Therefore, although
using a lower value of regularisation in Equation 5.13 may result in superior performance
in the nominal case, the robustness of the observation filters will be reduced. This will be
investigated in the following section.

5.3.1 Robustness of Active Acoustic Cloaking System Using Virtual Sens-
ing

The results presented in Figure 5.10 show that perturbing the scattering body reduces the
estimation accuracy by up to 30 dB, however, it is perhaps more insightful to consider what
effect this has on the acoustic cloaking performance. As in the previous sets of results, and
as shown in Figure 5.11, Equation 5.13 has been used to calculate the optimal observa-
tion filters to estimate the far-field scattered acoustic pressure from measurements of the
near-field total acoustic pressure, with the sphere in the nominal position. The near-field
total acoustic pressure, with the sphere in each of the perturbed conditions, has then been
used with the observation filters calculated previously to provide an estimate of the far-field
scattered acoustic pressure. Equation 4.14 has been used to calculate the optimal con-
trol source strengths to minimise the vector of estimated scattered acoustic pressures. The
acoustic cloaking performance, with the sphere in the nominal position and in each of the per-
turbed positions, has been calculated according to Equation 4.7 and is presented in Figure
5.13. It can be seen from Figure 5.13 that, although the inclusion of uncertainty in the posi-
tion of the scattering object significantly reduces the accuracy of the virtual sensing system,
as shown in Figure 5.10, the level of attenuation in the far-field scattered response that can
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Figure 5.12: A plot showing the attenuation that the control system is able to achieve in the scattered
sound power over frequency when directly minimising the scattered pressure at each microphone lo-
cation, and when minimising an estimate of the scattered pressure using the proposed virtual sensing
method. The system was configured with a control regularisation value of 3 = 1 x 1075, a virtual
sensing regularisation value of B.s = 1 x 10~*, a control filter length of I = 512, an observation
filter length of J = 256 and the incident pressure measured in front of the primary loudspeaker as a
reference signal.

be achieved remains relatively unchanged below approximately 250 Hz. Above 250 Hz the
degradation in performance caused by the inclusion of uncertainty is less than 5 dB across
the presented frequency range. This is, perhaps, unsurprising as it was shown in [61, 73]
that the estimation error of a virtual sensing system is directly relatable to the level of control
that can be achieved. For example, a virtual sensing system that can achieve -10 dB of es-
timation error will limit the performance of an active controller to a maximum attenuation of
10 dB. Therefore, based on the results shown in Figure 5.10, this would limit the maximum
attenuation achievable by the acoustic cloaking system to 35 dB across the majority of the
frequency range, with the sphere in the nominal position. The results shown in Figures 4.5
and 5.12 show that this is clearly not the case and, therefore, it is apparent that, with the
experimental data described in Chapter 2 and the acoustic cloaking system shown in Figure
5.11, the active acoustic cloaking system is more limited by the controllability of the physical
system rather than by the accuracy of the virtual sensing method. Perturbing the system
reduces the accuracy of the virtual sensing approach, but not by so much that it becomes
dominant compared to the performance limitations imposed by the physical system.

5.4 Conclusions

This Chapter has presented a method to estimate the far-field scattered acoustic pressure
based on measurements in the near-field of a scattering body of the total acoustic pressure.
This approach, based on virtual sensing, is an important step to achieving a practical ac-
tive acoustic cloaking system for two reasons. Primarily, it addresses the problem discussed
in the previous chapters, which have all assumed that a measure of the scattered acoustic
pressure is available. In practice, it is not possible to directly measure the scattered acoustic
pressure and, therefore, a method is required to estimate it based on a directly measurable
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Figure 5.13: A plot showing the attenuation that the control system is able to achieve in the scattered
sound power over frequency when minimising an estimate of the scattered pressure using the pro-
posed virtual sensing method with the sphere in the nominal position, and with the sphere perturbed
by 10 cm and 20 cm. The system was configured with a control regularisation value of 3 = 1x 1079, a
virtual sensing regularisation value of B.s, = 1 x 10, a control filter length of I = 512, an observation
filter length of J = 256 and the incident pressure measured infront of the primary loudspeaker as a
reference signal.

quantity; in this case, the total acoustic pressure. The second contribution of the proposed
virtual sensing approach is that it only requires near-field acoustic sensors. In a practical
implementation of active acoustic cloaking, it will often be impractical to have sensors in the
far-field of the scattering object and, therefore, having a method to estimate the far-field val-
ues from near-field measurements is beneficial.

To address the scattered field detection problem, a formulation to calculate the optimal ob-
servation filters has been presented, and the estimation accuracy has been quantified using
measured data corresponding to the acoustic scattering from a rigid sphere, with various val-
ues of regularisation. The effect of varying the length of the observation filters was discussed
and it was shown that, to achieve an accurate estimate, the filter length must be longer than
0.073 s. The virtual sensing system was combined with the active control system discussed
previously, and it was shown that the acoustic cloaking performance using the virtual sens-
ing approach is only slightly lower than the acoustic cloaking performance when directly
minimising the scattered acoustic pressure. The robustness of the virtual sensing system to
perturbations in the position of the scattering object has been investigated and it was shown
that, for the given system, the acoustic cloaking performance is mostly limited by the control-
lability of the system rather than the accuracy of the virtual sensing method and, therefore,
perturbing the system resulted in minimal deterioration of the acoustic cloaking performance.

The system presented in this chapter makes a significant contribution towards the realisation
of a practical active acoustic cloaking system, by addressing two of the key implementation
challenges. However, the method still requires an initial setup phase where the far-field scat-
tered acoustic pressure is measured by measuring acoustic responses with and without the
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scattering object present. For some applications of active acoustic cloaking, this may not
be practical and it may, therefore, be of interest to investigate whether numerical methods
could be used to calculate observation filters. It has also been noted that the analysis in this
Chapter has assumed that the position of the source generating the incident acoustic field
is known, and that it is not time-varying. In a practical implementation this may not be the
case and, therefore, it would be insightful to consider whether the matrix of observation filters
depends on the direction of the incident acoustic field.
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Chapter 6

The Effect of Active Vibration Control
on the Acoustic Scattering from a
Flexible Cylinder

The previous chapters have considered a physical system consisting of a rigid spherical scat-
tering object surrounded by two microphone arrays and a loudspeaker array. In practice, it
is possible that the scattering object will be non-rigid and, therefore, resonant scattering will
need to be considered. The following two chapters will consider the acoustic scattering from
a flexible, thin-walled aluminium cylinder. Rather than using acoustic loudspeakers as control
sources and pressure microphones as error sensors, structural sensing and actuation will be
used and the challenges that this introduces will be considered and investigated. Chapter
6 will investigate the effects of Active Vibration Control on the acoustic scattered field, and
Chapter 7 will present an investigation into the performance limitations introduced by using
structural actuation as an acoustic cloaking method.

It has been thoroughly discussed throughout the preceding chapters that the real-time esti-
mation of scattered acoustic pressure is one of the most significant challenges to overcome
when implementing active acoustic cloaking in a practical setting. Chapter 5 has presented
a possible solution to this, however, the presented virtual sensing approach relies on transfer
responses measured during an initial setup phase which, in a practical scenario, may vary
over time. This chapter will investigate an alternative control approach, which may have the
effect of reducing the acoustic scattering from a flexible body without relying on any pre-
measured acoustic or structural-acoustic transfer responses. This chapter will present an
investigation into the effect of implementing Active Vibration Control (AVC) on the sound-
field scattered from a flexible cylinder. It is known from the work by Bobrovnitskii [20] that
the acoustic scattering from a flexible object is increased when the object is excited on res-
onance. Therefore, if an active control system can be designed such that the structural
resonances of the scattering object are heavily damped, it is reasonable to expect this to re-
duce the acoustic scattering, however this has not been presented in literature to date. This
Chapter presents both a simulation and experimental investigation into the effects of AVC on
the acoustic scattering from a flexible cylinder in air. It should be noted that the implemen-
tation of AVC will only effect the acoustic scattering on-resonance and will result in minimal
difference to the rigid component of the acoustic scattered pressure, however this may be
sufficient to reduce the characteristic signature of the scattered soundfield. Parts of this work
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have been published in [74].

6.1 Simulation Study

To investigate the effect of AVC on the acoustic scattering from a cylindrical shell, a hollow
aluminium cylinder will be considered as shown in Figure 6.1. The cylinder will initially be
considered as having free boundary conditions, and both the external and internal domains
will be defined as air. To provide insight into this system, and to enable an investigation
into the effect of AVC on the acoustic scattering from a cylindrical shell, a numerical model
has been developed and will be presented in this section. The modelling environment and
methodology will first be outlined, and then the structural and acoustic characteristics of
the cylindrical shell will be presented. Finally, the model will be used to investigate the
implementation of AVC and its effect on the acoustic scattering from the cylinder.

0.0064 m

Internal Air Domain
r=0.11m

Shell Steel Domain

\ External Air Domain

Figure 6.1: A diagram showing the geometry of the acoustic scattering object

6.1.1 Modelling Environment

This section will outline the numerical model which has been used to investigate the effect of
AVC on the acoustic scattering from a cylindrical shell. Consistent with the other numerical
simulations throughout this thesis, COMSOL Multiphysics has been selected as the software
in which to develop the model. A numerical model has been selected over an analytical
model as it makes it relatively simple to introduce additional aspects of a real-world imple-
mentation, such as finite sized control sources, mass loading of the structure, and various
boundary conditions.

COMSOLs Acoustic-Structure boundary coupling feature can be used to model the interac-
tion between the acoustic domains inside and outside of the sphere, and the response of the
structural shell. The boundary conditions of the cylinder are modelled as having no net force
on them except for that imposed by the acoustic plane wave. Therefore, the boundary load,
F, imposed on the cylinder at any given node is
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F=pn, (6.1)

where n is the surface normal and p is the acoustic pressure [75]. This couples the acoustic
response into the structure. The structure is then coupled back into the fluid by equating
the particle acceleration of the fluid and the structural acceleration of the shell in the radial
direction at each mesh point, which gives

. <‘1 (Ap— q>> ~ an, 62)
Po

where n and p are as defined above, q is the equivalent dipole source strength, and a,, is the
normal acceleration vector, given by a,, = 0 for the case of a rigid enclosure, or a,, = (n - u) w?
for a fully coupled system, where u is the harmonic displacement vector of the solid structure,
and w is the angular frequency.

As the model outlined in Figure 6.1 is unbounded, the incident plane wave will propagate
from and to infinity, without a defined computational domain. Within COMSOL, there are
two approaches to solving the infinite domain problem. The first is to bound a finite domain
using a Perfectly Matched Layer (PML) [76], mesh the domain and the PML and solve us-
ing the Finite Element Method (FEM). The second approach utilises the Boundary Element
Method (BEM), which only requires the boundaries to be meshed; the radiated field is then
calculated by re-formulating the plane wave equation (describing the acoustic pressure within
a domain) into an integral equation using Green’s functions. This formulation calculates the
pressure received at any given point in space from a unit source on the boundary of the
domain. [77]. Other methods to handle this problem are also available, although not imple-
mented within COMSOL, such as infinite elements [78].

For large problem sizes, especially unbounded problems such as the one in question, BEM
is known to have a significant computational advantage over FEM due to there not being a
need to mesh the entire volume, but rather only the boundaries of the solid object [79]. How-
ever, the numerical solvers required for computing a BEM solution are far more complex than
those for FEM [80] and, therefore, BEM can be slower than FEM for small problem sizes.
Therefore, the air domain inside the hollow cylinder was solved using FEM. Finite Element
Analysis was also used to model the structural dynamics of the cylinder’s shell, and all three
methods (Acoustical FEM, Acoustical BEM and Structural FEM) were fully coupled, as dis-
cussed by Fritze et al [81].

The coupled BEM-FEM model was meshed with a free tetrahedral mesh over the cylindrical
shell, with a minimum of 6 elements per wavelength. A convergence study was carried out,
as shown in Appendix F, which verified that 6 elements per wavelength is sufficient to obtain
accurate results over the considered frequency range. The external air domain does not
need to be meshed due to the use of BEM rather than FEM. The cylindrical shell geometry
can be implemented in one of two ways: either using a pair of concentric cylinders and using
the intersection geometry tool to generate the shell volume, or by modelling a single cylin-
der and using an analytical shell model [82], implemented within COMSOL using Lagrange
basis functions [83], to simulate the desired thickness. The latter was used in this case,
as it prevented the need to generate a full volumetric mesh in the relatively thin aluminium
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domain and, instead, a simple surface mesh could be used. This mesh is shown in Figure
6.2 at four separate frequencies, which correspond to different modes of the fully coupled
structural-acoustic system that will be discussed in the following section.
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Figure 6.2: Mesh, generated by COMSOL to solve the coupled acoustic scattering model, at 245 Hz,
517 Hz, 735 Hz and 988 Hz

The cylinder is excited by an incident acoustic plane wave, propagating from a § = 45°
¢ = 45° angle, as shown in Figure 6.3. The model outlined above has been solved over
a range of frequencies between 100 Hz and 1 kHz with 1 Hz resolution and, due to the
computational time involved, the IRIDIS Compute Cluster was used. The following analysis
will utilise this model to investigate the acoustic scattering from the cylindrical shell and to
observe the effect of implementing AVC on this.

p=45°

Figure 6.3: Schematic diagram showing the direction of the incident plane wave, in both plan view
and front projection.
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6.1.2 Structural Response
Modal Analysis

It is known that the vibration of the cylinder will be greatest when excited at resonance, and
the work by Bobrovnitskii [20] and Williams [11] shows that the acoustic scattering of a struc-
ture may also increase around these resonant frequencies. With the coupled system outlined
above, both the shell and the hollow interior will introduce their own resonances, however,
the coupling between them will cause these resonances to shift slightly when compared to
the resonances of either the invacuo structure or the rigid walled acoustic enclosure. To ef-
fectively investigate the mode shapes and corresponding eigenfrequencies of this coupled
system, an eigenfrequency analysis was carried out using COMSOL Multiphysics.

The modal frequencies of the coupled model below 1 kHz are shown in Table 6.1, whilst the
corresponding mode shapes are shown in Figure 6.4. Axisymmetric repeated modes have
only been included once and are symbolised in bold. Table 6.1 also shows the frequencies
corresponding to the equivalent mode shapes of either an uncoupled invacuo rigid cylinder,
or an uncoupled rigid walled acoustic cavity [84].

Coupled Mode (Hz) | Invacuo Structural Mode (Hz) | Rigid Acoustic Cavity Mode (Hz)
122 - 123
245 - 245
339 353 -
367 - 368
490 - 490
517 513 -
574 549 -
612 - 613
735 - 735
857 - 858
879 - 947
887 861 -
900 948 -
912 - 914
937 981 -
951 1273 -
967 - 980
988 - 1103

Table 6.1: Modal frequencies from the coupled structural-acoustic model below 1 kHz, and the equiv-
alent uncoupled modal frequencies. Bold font represents an axis-symmetric repeated mode.

The eigenfrequencies from the modal analysis are useful when investigating the vibro-acoustic
behaviour of the cylindrical shell, as they will correspond to local maxima in the structural re-
sponse of the cylindrical shell when excited by a suitable disturbance signal; although not
every mode will be excited by every disturbance signal. Nevertheless, since the level of
structural vibration will be large at these resonant frequencies, it is shown by Williams [11]
and Bobrovnitskii [20] that acoustic scattering is increased at these frequencies. It is also
useful to consider the mode shapes shown in Figure 6.4 when designing an AVC system
to ensure that the disturbance is both observable, and controllable. Any error sensors and
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control forces should be located at anti-nodes rather than within nodal regions to ensure de-
tection and excitation of the structure respectively.

As noted by Bobrovnitskii [20], a strong structural resonance may result in enhanced acoustic
scattering and, therefore, it is insightful to assess which modes, outlined in Table 6.1, result
in a strong structural response for a given acoustic excitation. To quantify the structural
response of the cylinder to an acoustic excitation, and to provide a vector of error signals
for the AVC system discussed in the following sections, an array of 97 accelerometers, each
measuring the radial component of the surface acceleration, has been simulated over the
cylindrical shell as shown in Figure 6.5. The sum of the squared responses at these sensors
is plotted over frequency in Figure 6.6. It can be seen from Figure 6.6 that there are 6
main resonances in the structural response over the presented frequency range which, when
compared to the mode shapes shown in Figure 6.4, all correspond to structural bending
or acoustic breathing modes of the cylinder. In the following section, this insight into the
structural response will be linked to the acoustic scattering from the cylinder.

6.1.3 Scattered Acoustic Pressure

As the aim of this chapter is to investigate the relationship between structural vibration and
acoustic scattering, and ultimately how controlling the former influences the latter, the scat-
tered pressure field must be analysed as well as the structural response, which has been
considered in the previous section. Figure 6.7 shows the predicted total acoustic pressure
field when the cylinder is excited by an incident plane wave at 339 Hz, 517 Hz, 574 Hz and
887 Hz, which correspond to the modes with the largest structural response determined in
the previous section. The angle of incidence of the plane wave is marked in each of the plots
in Figure 6.7. The shadowing effect of the cylinder can clearly be seen in the 574 Hz plots,
where the amplitude of the total field downstream of the cylinder is greatly reduced when
compared with the amplitude of the total pressure upstream of the cylinder. Specular back-
scattering is shown by the rippling in the 887 Hz plots, orthogonal to the angle of incidence,
however, it is difficult to clearly see details of the soundfield scattered by the cylinder from
the total pressure plots, particularly at lower frequencies. Therefore, the scattered acoustic
field, ps, can be calculated from the difference between the incident acoustic field, p;, and the
total acoustic field, p;, as

Ps = Pt — Pi- (63)

This can be used to visualise the effect that the scattering object has on a given soundfield.
Figure 6.8 shows the scattered acoustic pressure field in both plan view and front elevation,
when the cylinder is excited by an acoustic plane wave impinging from 6 = 45° ¢ = 45° at
the four frequencies considered above. The angle of incidence of the plane wave is once
again marked on the plots. Figure 6.8 clearly shows a beam of energy reflected from the
cylinder, perpendicular to the incident wave, as well as the component of the scattered field
that represents the acoustic shadowing, as discussed previously.

To accurately assess how the acoustic scattering is affected by the structural resonances of
the cylinder, and to further benchmark the performance once AVC is simulated, the scattered
sound power, W, is calculated as an integral of the scattered sound pressure over a far-
field sphere enclosing the cylinder [54], as

92



CHAPTER 6. THE EFFECT OF ACTIVE VIBRATION CONTROL ON THE ACOUSTIC
SCATTERING FROM A FLEXIBLE CYLINDER

-
05 105
|
| !
o 0
.05 I o
0
245 Hz 339 Hz
m . ,
-
105 | “‘0‘5 1 os
o 0 o
105 1 ‘ |-05 105
0 0
612 Hz 735 Hz 879 Hz 887 Hz 900 Hz 912 Hz

1 0.5

[-05 1-0.5

“o o

m m

937 Hz 951 Hz 967 Hz 988 Hz

Figure 6.4: Modal frequencies and corresponding mode shapes of the cylinder. Frequencies in bold
denote repeated axisymmetric modes.
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Figure 6.5: Location of the structural sensors on the surface of the cylinder. The arrows indicate the
normal direction to the surface at each sensor.

Structural Response - % a? (dB)

-70
100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 6.6: Sum of the squared accelerometer signals when the cylinder is excited by a plane wave
from 6 = 45° ¢ = 45°
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Figure 6.7: Predicted total acoustic pressure field when the cylinder is excited by an incident plane
wave at 339 Hz, 517 Hz, 574 Hz and 887 Hz. The angle of incidence of the plane wave is shown by
the arrow.
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Figure 6.8: Predicted scattered acoustic pressure field when the cylinder is excited by an incident
plane wave at 339 Hz, 517 Hz, 574 Hz and 887 Hz. The angle of incidence of the plane wave is
shown by the arrow.
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The scattered sound power has been calculated and plotted over the frequency range of
interest, as shown in Figure 6.9. In order to investigate the effects of resonant scattering, the
scattered sound power given by Equation 6.4 was calculated for a rigid cylinder, which was
also modelled in COMSOL and the results are included in Figure 6.9 as a dashed line. The
bottom two plots in Figure 6.9 show enlarged sections of the top plot, each over a narrower
bandwidth. Figure 6.9 shows that, although the structural response of the cylinder shows
a number of resonances over frequency, the scattered sound power of the flexible cylinder
has only one significant resonance at 574 Hz, corresponding to the first bending mode of the
cylinder. Away from this resonance the scattered sound power is almost identical to that of a
rigid cylinder.
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Figure 6.9: Total scattered sound power as a function of frequency, when excited by a plane wave
from 0 = 45° ¢ = 45°. The bottom plots are zoomed in on two different frequency ranges to display
the resonances of interest.

The results presented in Figure 6.9 are consistent with analytical results of underwater cylin-
ders shown in the literature [20, 85, 86], which show that the scattered pressure from a rigid
cylinder is similar to that from a flexible cylinder except at specific resonance peaks. A sim-
ilar study to that presented above has also been carried out using a steel cylindrical shell,
rather than the aluminium cylindrical shell discussed here. The results are presented in [74],
and show the same trend as presented in Figure 6.9 with a 5 dB resonance at the breathing
mode. In the case of the steel cylindrical shell study, the effect of varying the angle of inci-
dence of the incoming acoustic wave was also investigated. Whilst the angle of incidence
changed the relative magnitudes of the structural and acoustic modes, the scattered power
was similar to that presented in Figure 6.9, and so this study has been omitted from inclusion
in this thesis.
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It is interesting to note that, for the cylinder considered in the present study, significant res-
onant scattering is only observed at the breathing mode. It is known from [87, 88] that the
mechanism for resonant scattering to occur is by insonification of the structure, which then
re-radiates acoustic energy. It can be seen from Figure 6.6 that the structural response, when
the cylinder is excited acoustically at the 574 Hz resonance, is significantly greater than at
any other frequency. It can, therefore, be assumed that the vibroacosutic coupling of the
system is efficient at this frequency, which results in significant resonant scattering. In the
following section, the effect of increasing the vibroacoustic coupling will be investigated.

6.1.4 Underwater Scattered Acoustic Pressure

It is clear from Figures 6.6 and 6.9 that the resonances in the scattered sound power cor-
respond to peaks in the structural response of the cylinder, which can be related to the
coupling efficiency between the structure and the external fluid. In the case of a cylinder
submerged in water, as is likely for many of the potential uses of Active Acoustic Cloaking,
the structural-acoustic coupling between the scattering object and the external fluid is much
greater and, therefore, it is of interest to consider the acoustic scattering in this case. To
investigate this, the computational model described above has been adjusted to consider an
air-filled thin-walled aluminium cylinder submerged in water. The properties of the cylinder
remain unchanged from the previous set of results. Whereas, in the previous set of results,
the angle of incidence of the acoustic plane wave had little effect on the scattered acoustic
power, this is not the case in the underwater simulated results and, therefore, three angles of
incident plane wave have been investigated. These correspond to a # = 45° ¢ = 45° angle as
shown in Figure 6.3, a broadside disturbance from 6 = 45° ¢ = 90°, and an end-cap distur-
bance from 6 = 45° ¢ = 0°. The scattered sound power was calculated using Equation 6.4 for
each angle of incidence, and is plotted in Figure 6.10 against frequency. As in the previous
results, the scattered acoustic power for a rigid cylinder has also been plotted for comparison.

It can be seen from Figure 6.10 that that there are a number of resonances in the scattered
sound power, which are excited to varying amounts by the different angles of incident acous-
tic wave. It is clear by comparing Figures 6.9 and 6.10 that the structural-acoustic coupling is
much greater in water, as the difference between the scattered sound power for the flexible
and rigid cylinders is far greater in water than in air. There are six significant peaks in the
scattered sound power, all of which are greater than 20 dB in magnitude. As in the previous
study, a modal analysis of the submerged cylinder has been implemented and the mode
shapes corresponding to the peaks in the scattered sound power are presented in Figure
6.11. It is interesting to note that lowest significant resonant peak in the scattered sound
power in both the and and water simulations corresponds to the first bending mode of the
cylinder, whilst one of the end-cap modes also causes resonant scattering in both cases.

Whilst the scattered sound power from the cylinder in air exhibits one significant resonance
of approximately 5 dB, the scattered sound power from the cylinder in water shows six signif-
icant peaks, each greater than 20 dB. Whilst, for experimental convenience, the remainder
of this chapter will consider a cylinder in air, it has been noted that the implementation of AVC
will have a far greater impact on the scattered sound power when the cylinder is submerged
in a fluid with a greater acoustic coupling efficiency.
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6.1.5 Implementation of Active Control

It has been shown in the previous section that the scattered field from a flexible cylinder in
air exhibits peaks in the scattered sound power, which do not occur in the case of a rigid
scattering body. These peaks in the scattered response have been shown to correspond
to frequencies of specific structural modes. Considering some of the use-cases of active
acoustic cloaking described in Chapter 1, it is likely that these sharp peaks in the scattered
response would be undesirable. Therefore, this section will investigate how the scattered
acoustic field can be influenced by the implementation of an AVC system designed to min-
imise the vibration of the cylinder and, thus, force it to behave as if it were rigid.

Control Methodology

The proposed AVC system consists of an array of 97 accelerometers mounted on the sur-
face of the cylinder detecting the radial component of the surface acceleration, as shown in
Figure 6.5, and an array of 23 structural control forces as shown in Figure 6.12. In addition
to the disturbance signals, in order to simulate the behaviour of an AVC system, it is also
necessary to obtain the plant responses between the array of control forces and the array of
structural error sensors. This has been achieved by driving each control force in turn with
a 1N excitation in the inwards normal direction, and evaluating the response at each of the
structural error sensors. These responses have then been combined to form the plant matrix
of complex transfer impedances, G.

Figure 6.12: Location of the control forces on the surface of the cylinder. Each force acts inwards, in
the radial direction.

An optimal harmonic feedforward controller has been formulated, which assumes that a
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perfect reference signal is available, that the disturbance is tonal and, therefore, perfectly
deterministic, and that there is no constraint on the causality of the controller. Based on
these assumptions, a vector of optimal control forces can be calculated at each frequency as
[37]

fops = — (GG + 8T) ' G¥q, (6.5)

where ( is a regularisation parameter and I is the identity matrix. Tikhonov regularisation has
been included in Equation 6.5 to reduce the effects of ill-conditioning on the matrix inversion
of GG and to constrain the control effort of the control signals. The vibration of the cylinder
after control, or the error signal, e, is given as

e =d + Gfopy. (6.6)

Control Performance

The vector of optimal control forces has been calculated using Equation 6.5, and the resulting
error signals have been computed using Equation 6.6. The regularisation value g was set in
proportion to the condition number, and the results are presented in Figure 6.13. From these
results it can be seen that a significant reduction in the average structural acceleration across
the entire frequency range has been predicted. The sum of the squared acceleration signals
is reduced at all frequencies, with the AVC system effectively eliminating the resonant peaks
completely. Although the structure is still vibrating, the magnitude of vibration is significantly
reduced, such that it can be compared to a rigid body.
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Figure 6.13: Mean square acceleration before and after active vibration control.

Using Equation 6.4, the scattered sound power has been computed with and without AVC
and the results are presented in Figure 6.14. The acoustic scattered field before AVC shows
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clear peaks in the spectrum at the first bending mode, and at two higher frequency modes.
These peaks in the scattered spectrum have been reduced to the rigid response by the AVC
system and thus, as expected, the scattering from the controlled cylinder is consistent with
the rigid cylinder results, which are also presented in Figure 6.13 for reference.
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Figure 6.14: Scattered sound power before and after active vibration control

These results give an initial understanding of the level of attenuation in acoustic scattering
that can be achieved by implementing AVC, for the given setup. Whilst the structure can-
not be considered acoustically transparent, as the rigid body scattering is unaffected by this
control strategy, the characteristic signature of the scattering is eliminated, which may be
sufficient for some applications. If the structural-acoustic coupling was higher (for example, a
cylinder submerged in water), or if the structure was more compliant or lightly damped, then
it is expected that the level of reduction would be greater. The control methodology outlined
above is considered a ‘best case’ controller, as it assumes that a perfect reference signal is
available, and neglects any real-world considerations such as filter causality or variation in
the plant response. Despite these assumptions, the current study gives valuable insight into
the effects of AVC on acoustic scattering, and provides insight into the physical system.

6.2 Experimental Study

This section will use experimental data in an attempt to validate the simulation study de-
scribed above into the effects of AVC on the acoustic scattering from a cylindrical shell.
Initially, the experimental method will be described, and the scattering structure will be char-
acterised and compared to the numerical results. The AVC system outlined above will then
be implemented offline using the experimental data, and the control performance will be
compared to the performance predicted from the simulated data.
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6.2.1 Experimental Setup & Structural Characterisation

An aluminium cylinder has been designed and manufactured such that it is comparable in
geometry to the simulated cylinder shown in Figure 6.1, with removable end-caps so that the
control actuators can be mounted inside the structure. The construction of the cylinder is
summarised in Figure 6.15, and detailed manufacturing drawings are included in Appendix
G. It is known from the modelling presented earlier in this chapter that only specific modes

Cylinder Body

Rubber Gasket

End Plate

4 8x M8 Bolts

1P65 Cable Gland

Figure 6.15: Construction of the aluminium cylinder

of the cylinder cause an increase in acoustic scattering. Therefore, the structural response
of the experimental cylinder has first been characterised to identify the modal frequencies of
the structure. For the purposes of these initial measurements, the cylinder was suspended
on a rigid steel frame from two mounting points, as shown in Figures 6.15 and 6.16.

An array of 10 control actuators (Tectonic Elements TEAX32C30-4/B) was distributed over
the inside of the cylinder, glued to the inner wall of the shell using epoxy resin [89] as shown
in Figure 6.16, with one of the 10 actuators stuck to the end cap. A second array of 12 ac-
celerometers was placed onto the cylinder, arranged in a single line parallel to its central axis.
The transfer function between each accelerometer and each control shaker was measured,
before moving the accelerometer array by 45 degrees radially around the central axis of the
cylinder and repeating. This was carried out for all 45 degree increments, resulting in 96 total
measurement positions.

The dSpace DSP platform was chosen to perform the measurements as it allows for the
future implementation of a realtime processing loop, such as an AVC system. A dSpace
Autobox RTI1005 was connected to a DS2103 DAC card and a DS2003 ADC card, set to
a sampling frequency of 2.1 kHz. These were configured to generate gaussian white noise,
and to output it through each secondary shaker in turn via a Benchmaster 21M Kemo low-
pass filter (cutoff at 1000 Hz) and a Monacor STA1508 power amplifier. The structural re-
sponse was measured by 12 x PCB A352/C67 accelerometers, which were powered by a
PCB481 signal conditioner. A loudspeaker was used as the primary disturbance, and was
also driven with broadband noise through a Benchmaster 21M Kemo low-pass filter (cutoff
at 1000 Hz) and a Monacor STA1508 power amplifier. A 60 s measurement was carried out,
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with the level normalised such that the loudspeaker achieved 100 dBA at the surface of the
cylinder. The loudspeaker was positioned at the § = 45° ¢ = 45° position, as detailed in
Figure 6.3. An overview of the measurement signal chain can be seen in Figure 6.17, and
images of the experimental setup are shown in Figure 6.16. All of the serial numbers for the
transducers used in this set of experiments can be found in Appendix H.

(a) A photograph of the experimental setup, showing the cylinder, (b) A photograph showing the location
loudspeaker, control actuators and accelerometers. of the actuators, stuck to the inside of
the cylindrical shell.

Figure 6.16: Images of the experimental setup

The experimental setup outlined above was used to generate a 96x10 matrix of plant re-
sponses between 10 structural excitation positions and 96 accelerometer positions, and a
96x1 matrix of plant responses between one acoustic source and 96 accelerometer posi-
tions. The overall structural frequency response of the cylinder has been represented by av-
eraging the squared magnitude of the transfer responses over every shaker/accelerometer
combination, to give a single frequency response plot, as shown in Figure 6.18. For ref-
erence, the structural response from the computational model presented previously in this
chapter is also shown in Figure 6.18.

Figure 6.18 shows consistent results between the modelled and measured responses, with
the frequency of the first mode being almost exactly identified by the model. The two modes
around 500 Hz are closer together in the measurements than the model whilst larger differ-
ences between the measured and simulated responses can be observed at the higher fre-
quency resonances. Whilst Figure 6.18 shows the response of the structure to a structural
excitation, the response of the structure to an acoustic excitation has also been calculated
(using the loudspeaker as the primary disturbance), but has not been presented as it shows
an almost identical result to those shown in Figure 6.18 but with a slightly higher noise floor.

There are differences between the measured and modelled responses presented in Figure
6.18, with small errors being observed in the relative magnitude and frequency of the lower
modes, but much more significant differences being observed at higher frequencies. Whilst
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Figure 6.18: Measured frequency response of the cylinder, averaged over excitation position and
measurement position. The simulated frequency response is also included.
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these could be due to slight inconsistencies in the exact properties of the aluminium material
used in the model, or the fact that the model assumes free boundary conditions whereas
the real-life cylinder is suspended at two points, as shown in Figure 6.16, it could also be
caused by the annulus structure. The model assumes a perfect cylinder, whereas in real-life
the removable end caps require an annulus to be welded to the end of the cylindrical shell
for them to bolt into. There is also a rubber gasket between the end caps and the annulus,
to prevent non-linear interactions between the two hard surfaces, which will add damping in
the real-life system. Additionally, the presence of the 10 actuators shown in Figure 6.16 will
act like Tuned Mass Damper (TMD)s tuned to the fundamental resonance of the actuators.
A discussion of this, and other potential discrepancies between the simulations and experi-
ments discussed in this chapter, is presented in Appendix I.

To explore the experimental structural responses in more detail and understand how each
resonance shown by the responses presented in Figure 6.18 relates to the modes of the
structure, the magnitude of the measured acceleration (at a given frequency) from the pri-
mary acoustic excitation was plotted as a colormap onto the surface of a cylinder. Figure
6.19 shows a selection of the measured acceleration profiles, and their corresponding mode
shapes from the computational model. Figure 6.19 shows that the computational model is
accurately identifying the first 4 mode shapes of the cylinder to within 65 Hz of their true
value, with the largest error occurring in the identification of the bending mode. This is to be
expected, as the bending mode has antinodes at the two ends of the cylinder, and these are
the locations where both the presence of the annulus and the suspension points will have
the greatest effect on the structural response. In addition, the accelerometer array used for
these measurements did not extend right to the end of the cylinder, and so it is possible that
the acceleration at the very tip of the cylinder is significantly greater than presented in Fig-
ure 6.19. A discussion of potential discrepancies between the simulations and experiments
discussed in this Chapter is presented in Appendix |

339 Hz 339 Hz 496 Hz 517 Hz 509 Hz 574 Hz 830 Hz 887 Hz

..

Figure 6.19: A set of surface plots comparing the operational deflection shapes of the measured
resonances of the cylinder with the mode shapes from the computational model

6.2.2 Control Performance

To investigate the effect of AVC on the scattered acoustic field, a practical AVC system was
designed and implemented using the dSPACE DSP platform. Due to the complex opera-
tional deflection shapes shown in Figure 6.19, it was decided that a Multiple Input Multiple

105



CHAPTER 6. THE EFFECT OF ACTIVE VIBRATION CONTROL ON THE ACOUSTIC
SCATTERING FROM A FLEXIBLE CYLINDER

Figure 6.20: Photograph of the experimental setup, showing the accelerometers mounted to the
cylinder.

Output (MIMO) system should be used, enabling global control to be achieved at higher
frequencies. Although, in the previous section, 96 accelerometer positions were used, it is
clearly impractical to realise this many sensors on a small scale structure such as the cylin-
der in question; and this would also result in an extremely high computational demand for
the active control system. Therefore, a spiral array of 12 accelerometers was implemented
on the cylinder as shown in Figure 6.20. Whilst a spiral pattern is unlikely to be the optimal
arrangement of accelerometers for any of the frequencies discussed here, it can be seen
from Figure 6.4 that a spiral arrangement will ensure that at least 6 accelerometers will fall
outside of nodal regions across the bandwidth being investigated.

The aluminium cylinder has been suspended in an anechoic chamber, with an array of 20
PCB 130F20 ICP Microphones surrounding it, as shown in Figure 6.21. It was shown in the
modelling discussed previously in this Chapter that the scattering is fairly consistent around
the vertical plane of the cylinder and, therefore, a simple 2-dimensional evaluation of the
scattered field should be sufficient. As only planar power measurements are required, it was
decided that a ring of microphones would be used rather than a fully enclosing sphere of
microphone positions, as defined in 1ISO3745 [90]. To ensure that the alignment of all of
the microphones and loudspeaker positions was consistent, a digital turntable was placed at
the centre of the array and used to measure each angle to an accuracy of +0.01°. A laser
level was secured to the turntable, and used to trace out a radius (with the angle set by the
turntable) along which the loudspeaker or microphone should sit. Precise positioning of all
of the transducers used in the experiment allows for more in depth post-processing (creating
accurate directivity plots for example), and improves the repeatability of the measurements.
The measurement microphones were powered by a rack of Fylde 256ac IEPE amplifiers,
before going into the dSPACE DSP System. The equipment used for the structural charac-
terisation measurements, shown in Figure 6.17, remains the same. A list of serial numbers
for all of the equipment can be found in Appendix H.

The sound power W of a source can be estimated from n far-field acoustic pressure mea-
surements in an anechoic environment as [54]

(6.7)

Therefore, an estimate of the scattered sound power from an object can be calculated by

106



CHAPTER 6. THE EFFECT OF ACTIVE VIBRATION CONTROL ON THE ACOUSTIC
SCATTERING FROM A FLEXIBLE CYLINDER

Primary

Disturbance 1
7 mic 20 mic

mic 19
18

mic17 . mic5

mic 2
.

mic 3
.

mic 18
. mic4

mic16 - | mic6

mic15 - = mic7

mic 14 . ‘mic 8

mic 13 mic 9
’ .

mic 12 mic 10

.
mic 11

Figure 6.21: Diagram showing the positions of the microphones and loudspeakers used to conduct
the scattered sound power measurements

combining Equations 6.3 and 6.7, giving

. ‘(Pt —Pz‘)Q‘

To provide an accurate comparison to the modelled data, which used an incident sound field
with a perfecily flat spectrum, the scattered sound power is normalised by the incident sound
power in all measurement results presented in this Chapter.

Figure 6.22 shows the equipment setup in the anechoic chamber. The cylinder was sus-
pended in the chamber to remove any scattering caused by the support structure. All of the
measurements were carried out by driving the primary disturbance loudspeaker for 300 s
with white noise, band limited to between 100 Hz and 900 Hz, with the level calibrated to
achieve 100 dBa at the midpoint of the cylinder.

All of the microphones were calibrated using a Larson Davis CAL250 class 1 Calibrator, and
background noise measurements were taken. The incident field was measured initially, with-
out the presence of the cylinder. The response at all of the microphones was measured to
give a vector of incident acoustic pressures, p;. The cylinder was then placed into the cham-
ber, and the measurement was repeated to provide a vector of total acoustic pressures, p;.
From this, Equation 6.8 can be used to calculate the scattered sound power from the cylin-
der, Wy. The transfer functions between each control shaker, each microphone and each
accelerometer were also measured using 300s of broadband noise, to enable AVC to be
investigated offline.

To ensure the repeatability of the measurement procedure, a repeatability study was con-
ducted. The process detailed above was carried out three times, and each time the cylinder
was removed and carefully re-positioned in the chamber. The three separate scattered sound
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Figure 6.22: A photograph of the equipment setup in the anechoic chamber.

power plots are presented in Figure 6.23. Figure 6.23 shows that the three separate mea-
surements are almost identical, with a maximum variation between them of < 1dB above
200 Hz. This repeatability study shows that the scattered power being measured is not sim-
ply measurement noise or artefact, but is in fact a physical phenomenon.

110

Repeat 1 W

—— Repeat 2
105 - -
Repeat 3

8
T
\
|

©
o
T
I

Scattered Sound Power (dB)

90 - ;‘/ b
‘

80 (- b

75 Il Il Il Il Il Il Il Il
100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 6.23: A plot showing the scattered sound power from the cylinder, measured on three separate
occasions to assess the repeatability of the measurement procedure.

6.2.3 Acoustic Scattered Field

The measured scattered sound power for the system shown in Figure 6.21 is shown in Fig-
ure 6.24, when normalised relative to the incident sound power level. Figure 6.24 shows that
whilst the general shape is consistent with the predicted sound power shown in Figure 6.9,
and there is a slight discontinuity at 509 Hz, corresponding to the first bending mode, there
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are no significant peaks in the scattered power. This is thought to be due to a lower level of
structural-acoustic coupling, which may be due to a low level of compliance in the measured
structure compared to the simulated structure. This may be due to the annulus structure,
which was not included in the model, practical variations from the assumed material proper-
ties, or due to the differences in the boundary conditions. A lower level of structural-acoustic
coupling will result in reduced structural excitation from the incident sound field and, there-
fore, reduced resonant scattering.
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Figure 6.24: Measured scattered sound power, normalised to the incident sound power level.

The polar patterns of the scattered sound pressure at the 4 largest resonances of the cylinder
are shown in Figure 6.25, with a grey rectangle identifying the location of the cylinder, and a
grey arrow indicating the direction of the incident acoustic wave. The results shown in Figure
6.25 support the modelling results shown in Figure 6.8, with large areas of high acoustic
scattering behind the cylinder caused by acoustic shadowing, and areas of high scattering in
front of the cylinder caused by acoustic reflections. In general, the reflections become larger
at higher frequencies, as the wavelength of the incident acoustic field becomes significantly
smaller than the size of the cylinder. This is both consistent with the computational modelling,
and with results presented in the literature on acoustic scattering [14, 16, 17, 91].

6.2.4 Effect of AVC on the Scattered Acoustic Field

An optimal harmonic feedforward AVC system has been implemented, as formulated in Sec-
tion 6.1.5, using the measured transfer functions between the accelerometers and the control
actuators, following the same approach used for the simulation results presented in Section
6.1.5. Using Equations 6.5 and 6.6, optimal control forces were calculated at each frequency
and the resultant error at each accelerometer was calculated, and is plotted in Figure 6.26.
Figure 6.26 show that the AVC system is performing well across the bandwidth, with signifi-
cant attenuation being achieved at every frequency, and over 15 dB of attenuation at the first
bending mode. Whilst the attenuation from the experimental results, shown in Figure 6.26,
is lower than the attenuation achieved with the simulated results, shown in Figure 6.13, they
cannot be directly compared as the latter had significantly more error sensors and control
sources than the former.
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496 Hz

509 Hz 830 Hz

Figure 6.25: Polar plots of the measured scattered sound pressure when the cylinder is excited at
the 4 largest structural resonances, whose operational deflection patterns are shown in Figure 6.19.
A grey rectangle identifies the location of the cylinder, and a grey arrow indicates the direction of the
incident acoustic wave.
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Figure 6.26: Structural response from the experimental cylinder before and after the implementation
of AVC

The effect of the AVC system on the acoustic scattered field will now be investigated. The
measured responses between the control actuators and the measurement microphones have
been combined with the the optimal control signals calculated in the previous section to
calculate the vector of pressures after control, e, as

e, =d, +G,u (6.9)

where G, is the structural-acoustic plant matrix between each control shaker and each mi-
crophone, and u is the vector of optimal control sources. Equations 6.7 and 6.8 were then
used to calculate the scattered sound power after control, and the achieved attenuation in
scattered sound power is presented in Figure 6.27.

Figure 6.27 shows negligible attenuation in the scattered sound power as a result of the
AVC system. Whilst there is no significant enhancement, the AVC system appears to have
little effect on the scattered sound power. The computational results presented in Section
6.1.5 show how the implementation of an AVC system can successfully reduce the resonant
components of the acoustic scattered sound field; however, it was also shown how AVC has
minimal effect on the rigid components of the scattered sound field. Figure 6.24 shows that
the experimental cylinder is not exhibiting significant resonant scattering and, therefore, it is
understandable that the implementation of AVC makes little difference. There are a number
of reasons which might prevent significant levels of resonant scattering from occurring in the
measured dataset, despite it being predicted from the computational model. These reasons
are discussed in detail in Appendix I, and various refinements are made to the model to
attempt to quantify these differences.
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Figure 6.27: Attenuation in the scattered sound power by implementing Active Vibration Control.

6.3 Conclusions

It is known from the literature [11, 71] that the acoustic scattering from a resonant struc-
ture can be decomposed into rigid and flexible components. It therefore follows that the
implementation of AVC can reduce the resonant component of the acoustic scattering from
a flexible body, however this has not previously been demonstrated either experimentally
or in simulation. This chapter has presented an investigation into the effect of AVC on the
scattered field from a flexible cylindrical scatterer using both computational and experimental
studies. The computational dataset was generated using a coupled BEM-FEM model of a
flexible aluminium cylindrical shell, implemented in COMSOL Multiphysics. A similar cylinder
was manufactured, and suspended in an anechoic chamber with an array of accelerometers
stuck to it, and an array of microphones located in the far-field to provide the experimental
dataset corresponding to the numerical model. The structural response of the cylinder was
characterised in both experimental and computational domains, and it was shown that the
model was able to accurately predict the frequencies of the four dominant structural reso-
nances within the bandwidth of interest.

In simulation, the scattered sound power was calculated and it was found that there was
a peak in the scattered soundfield when the structure is excited at the resonant frequency
corresponding to its first bending mode. In order to potentially control this, AVC was imple-
mented on the simulated cylinder with the direct aim of reducing its structural response to
an acoustic excitation. It was shown that, by implementing AVC, the structural response of
the cylinder can be significantly attenuated over a wide bandwidth. This had the effect of at-
tenuating the resonant peaks in the scattered sound power such that the acoustic scattering
was consistent with that from a rigid cylinder, with no resonant characteristics. It was shown
that the rigid component of the acoustic scattering is not influenced by the AVC system and,
therefore, the cylinder cannot be considered to be acoustically cloaked. The rigid body com-
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ponent of the scattering is still present, however, by reducing the peaks in the scattered field
the characteristic properties of the acoustic response are reduced, and the remaining rigid
component of the scattered field may be less important in certain applications.

A similar study into the effects of AVC on acoustic scattering was conducted using the experi-
mental dataset. These measurements displayed no significant resonant scattering behaviour
within the bandwidth considered, contrary to the predictions from the numerical model, and
this was discussed with a more comprehensive investigation being presented in Appendix
I. Nevertheless, AVC was implemented and resulted in a significant level of attenuation in
the structural response of the cylinder, achieving a 15 dB reduction in structural excitation
at the mode which exhibited resonant scattering in simulation. No effect on the scattered
sound power was observed, however, due to the lack of resonant scattering in the uncon-
trolled case. Potential differences between the measured and modelled transfer responses,
which may explain the lack of resonant scattering in the measured results, are outlined and
discussed in Appendix .
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Chapter 7

Active Structural Acoustic Cloaking,
Applied to a Flexible Cylinder

This Chapter will build upon the direct-minimisation acoustic cloaking approach discussed in
Chapter 2, and the implementation of active control using structural actuation discussed in
Chapter 6, and will present an investigation into the implementation of an Active Structural
Acoustic Cloaking (ASACL) system on a flexible cylindrical scatterer. Chapter 2 presented
acoustic cloaking results using an optimal harmonic control strategy and, therefore, assumed
that a perfect reference signal was available and that there was no constraint on the causality
of the controller. Chapter 2, therefore, shows physical insight into the controllability problem,
but does not provide an indication as to the level of acoustic cloaking that can be achieved in
a realistic implementation.

The use of structural actuation as a control mechanism to minimise acoustic scattering has
been previously proposed in the literature [20, 71, 92, 93], with Eggler et al [92] comparing
it to Active Structural Acoustic Control (ASAC) systems and referring to it as ASACL. Eggler
et al used analytical simulations to investigate the difference in the active acoustic cloaking
performance that can be achieved when using either acoustic or structural control sources.
This work demonstrated that, for an infinite elastic cylinder, structural point forces are able to
achieve higher levels of attenuation in the scattered acoustic field than when using acoustic
monopole control sources. This simulation based study investigated the physical limitations
of different control actuation arrangements, however, it was assumed that a perfect reference
signal was available and that there was no constraint on the causality of the controller.

The current chapter will build upon both the published work by Eggler et al [92], and the
previous chapters in this thesis, by presenting an investigation into the practical limitations of
an ASACL system using practical reference signals for non-tonal disturbances. An Internal
Model Control (IMC) architecture will be used to obtain a suitable reference signal, and the
effects of causally constraining the control filters will be explored, as this is required for the
control of broadband signals in practice. Additionally, the influence of the active acoustic
cloaking strategy on the structural response is investigated, and the requirements in terms
of the number of control actuators is also investigated for the realistic structure. Elements of
this chapter have been previously published in [94].
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7.1 Experimental Setup

In order to investigate the practical limits on ASACL, a series of both structural and acous-
tic measurements have been carried out in the Large Anechoic Chamber at the Institute of
Sound & Vibration Research. A thorough description of the experimental procedure and the
exact details of the equipment used are presented in Chapter 6, although the following sec-
tion will briefly summarise these details. As shown in Figure 7.1, the scattering body utilised
during this study consisted of a hollow aluminium cylindrical shell of length 1.4 m, radius
0.23 m and wall thickness 6.4 mm, which was suspended inside the anechoic chamber on a
pair of flexible mounts. Full details of the geometry of the cylinder are presented in Appendix
G.

Figure 7.1: Photograph of the experimental setup, showing the cylinder and far-field microphones.

When designing a control system, it is important to ensure that the disturbance to be re-
duced is both controllable and observable [95]. That is, the error sensors should be located
such that they are able to fully characterise the disturbance to be controlled, and the control
sources should be located such that they are able to reduce the unwanted disturbance. An
exhaustive set of structural measurements and computational simulations have been carried
out to accurately characterise the structural response of the experimental scattering object,
which were presented in detail in Chapter 6. The full structural response was presented in
Figure 6.6, which shows four dominant modes within the considered bandwidth of 100 Hz to
1 kHz. The experimentally identified operational deflection shapes for these modal frequen-
cies have been re-plotted in Figure 7.2, along with the corresponding modal frequencies from
the computational model presented in Chapter 6. It can be seen from Figure 7.2 that there
is a strong correlation between the numerical and experimental results, with both datasets
showing consistent mode shapes for the four dominant modes below 1 kHz. As described
in Chapter 6, knowledge of these mode shapes informed the placement of accelerometers
and control actuators, as shown in Figures 6.16 and 6.20. A summary of the source/sensor
arrangement described in Chapter 6 is shown in Figure 7.3, and the measured data corre-
sponding to this arrangement will be used in the subsequent analysis.
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Figure 7.2: The mode shapes and eigenfrequencies of the four dominant structural modes of the
cylinder below 1kHz. The left-hand plot in each case shows the measured data and the right-hand
plot shows the corresponding results calculated using a numerical model.
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Figure 7.3: Diagram of the experimental layout, showing the scattering cylinder, far-field pressure
microphones, structural actuators and primary disturbance location.

The experimental setup shown in Figure 7.3 has been used to obtain the acoustic and struc-
tural transfer responses, which will subsequently be used to investigate the performance of
ASACL. Transfer responses between each source (1 primary acoustic source and 9 struc-
tural control sources) and each structural and acoustic sensor have been measured with the
cylinder present in the anechoic chamber. Under this condition, the responses measured at
each microphone when the primary source is driven give the vector of total acoustic pres-
sures, d;, which can be expressed in terms of the linear summation of the vector of incident,
d;, and scattered, d, pressures as

To extract the scattered pressures from these measurements, it is necessary to remove the
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cylinder and measure the transfer responses between the primary source and the array of
microphones, which provides a direct measure of the incident pressures at each microphone
location, d;. According to Equation 7.1, the scattered acoustic pressure can then be calcu-
lated at each microphone location by subtracting the vector of incident pressures, d;, from the
vector total pressures, d;. Although this method provides a measure of the scattered acous-
tic field that can be utilised to implement an active acoustic cloaking system in a stationary
sound field, it is clearly not a practical solution for the implementation of a real-time controller
in the presence of changes in the primary disturbance or the acoustic environment. Chapter
5 presents a method to provide a real-time estimation of the acoustic scattered pressure, and
alternative methods are presented in the literature [41, 62, 92], however all of these methods
rely on knowledge of the acoustic field with and without the scattering body present during
a setup stage. The present Chapter focuses on the effectiveness of structural actuation as
a control mechanism for active acoustic cloaking and the limitations imposed by a practical
causally constrained controller and, therefore, insight can be provided to the control strategy
without directly addressing the scattered field detection issue. In the following formulations,
the full multi-channel solutions will be presented, which assume that M control sources are
used to minimise the scattered pressures at L error sensors, using K reference signals, and
a control filter with a tap-length of 7 samples

7.2 Broadband Control Formulations

This section will describe the feedforward control strategy that will be used to implement an
ASACL system. The block diagram showing the architecture of the controller is presented
in Figure 7.4, from which it can be seen that the adopted strategy is a feedforward filtered
reference system, with an IMC architecture providing the reference signal. One of the areas
of novelty of this study is the combination of an IMC architecture with a broadband controller,
as the majority of studies presented in the literature implement tonal control strategies which
avoid both the problems of causality, and of finding a suitable reference signal. In order to
understand the limits on the control performance, the optimal broadband control filters will be
derived in this section both with and without causality constraints and these optimal filters will
be utilised later in the chapter in conjunction with the measured transfer responses discussed
above.

The vector of total acoustic pressures at the array of L error microphones before control, dg,
can be expressed in terms of the summation of the vectors of incident pressures, d;, and
scattered pressures, d;, at the error microphones which, at a single frequency, gives

d; =d; +d,. (7.1)

As shown in Figure 7.4, the total pressure at the error microphones after control, e;, is given
by the linear superposition of the total disturbance, d;, and the pressures at the error micro-
phones due to control, which gives

e; =d¢ + Gu, (7.2)

where G is the matrix of complex transfer responses between the M control sources and
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Figure 7.4: Block diagram showing the formulation of the IMC Filtered-Reference Least Mean Squares
(FXLMS) active control system where v is the primary source strength, d; ds and d, are the vectors of
incident, scattered, and total acoustic pressures at the measurement microphone positions, x is the
reference signal, G is the matrix of vibroacoustic plant responses, and u is a vector of control signals.
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the error microphones, and u is the vector of M control signals. As shown in Figure 7.4, the
control signals are calculated by filtering the vector of K reference signals, x, via the matrix
of (M x K) control filters, W, which gives

u=Wx. (7.3)

The choice of reference signals is critical to the operation of active noise control systems
and, in general, the reference signal should be coherent with the error signals and provide
some time-advance for the control system to operate. In the case of active cloaking, the pri-
mary source generating the incident pressure field is usually unknown and, therefore, cannot
be accessed to provide a reference signal. However, as discussed in the introduction, the
scattered field, which forms the error signals to be cancelled, is effectively generated by the
scattering object. Therefore, it may be possible to position the reference sensors in close
proximity to the scattering body to provide some time advance between the reference sig-
nals and the outgoing scattered field to be controlled. This is discussed in more detail in
Section 7.3.4, where the effect of moving the reference sensor is investigated using com-
putational data. In the present study, a single layer of error microphones is employed, as
shown in Figures 7.1 and 7.3, in conjunction with a filtered-reference least mean squares
(FXLMS) adaptive algorithm and an IMC structure [96]. Using this control architecture, the
reference signals, x, are provided by estimates of the disturbance signals at the error mi-
crophones. Although this may somewhat limit the time advance between the reference and
error signals, it provides a highly coherent reference signal and has been shown to be an
effective strategy in a variety of practical applications [97, 98]. An estimate of the vector of
total pressures at the error microphones before control, d;, can be calculated as shown in
Figure 7.4 by compensating for the control source contributions at the error microphones,
which gives

d; = e; — Gu, (7.4)

where G is an estimate of the matrix of plant responses. This estimate will form the vector
reference signals x. In the present study, it is assumed that the plant response G is perfectly
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known such that G = G and, therefore, the control architecture show in Figure 7.4 simplifies
to a standard feedforward controller.

In the context of active acoustic cloaking, the aim of the controller is to generate a control
field such that the sound field after control is equal to the incident sound field, thus cloaking
the scattering body. By substituting Equation 7.1 into Equation 7.2, it can be seen that the
total pressure at the error sensors after control is given by

e; =d; +ds + Gu, (7.5)

which is the summation of the incident, scattered and control sound fields. Therefore, by
cancelling the scattered pressures using the control sources, the total pressure after control
becomes equal to the incident field and the scattering body will be effectively cloaked. Min-
imisation of the scattered acoustic field can be expressed in terms of the space-averaged
mean square scattered pressure in the far-field, which can be approximated by the cost
function defined as

J =E[ele,], (7.6)

where E is the expectation operator and e; is scattered acoustic pressure at the error sensors
after control which can be expressed as

e; =d; + Gu. (7.7)

As shown in Figure 7.4, it is assumed that this can be calculated from the directly measured
error signals, e;, as

es =e —d;, (7.8)

where the incident disturbance signals have been identified a priori.

In the following two sections, the optimal control filters will be calculated that minimise the
cost function defined in Equation 7.6, firstly with no constraint on the causality and subse-
quently when a causality constraint is introduced. The full multi-channel formulations will be
presented, which assume that M control sources are used to minimise the scattered pres-
sures at L error sensors, using K reference signals, and a control filter with a tap-length of I
samples.

7.2.1 Causally Unconstrained Optimal Controller

The causally unconstrained controller can be derived in the frequency domain. Firstly, com-
bining Equations 7.3, 7.6 and 7.7 gives the cost function to be minimised in Hermitian
quadratic form as

J = trace [E [GWxx"WHGH + GWxd] + dx"WH"G" + d,d,"]] . (7.9)
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By defining the matrices of power and cross spectral densities between the reference and
disturbance signals as

Suz = E [xx"] (7.10)
Sza = E [dox"], (7.11)
Saa = E [dyd}] (7.12)

the cost function can be simplified to give

J = trace [GWS,, WIGH + GWS]; + S, WG + 8] . (7.13)

By differentiating Equation 7.13 with respect to the real and imaginary parts of the matrix
of control filter coefficients, and setting the result to zero as detailed in [37], the matrix of
optimal control filters is given as

Wopt = — GG + 81 ' G'S,.S8;), (7.14)

where I is an identity matrix, and it is assumed that both GY'G and S, are invertible. To con-
strain the control effort, and to reduce the effect of poor conditioning on the matrix inversion,
Tikhonov regularisation [53] has been included and can be adjusted with the regularisation
parameter $ to reach a trade-off between nominal performance and robustness.

7.2.2 Causally Constrained Optimal Controller

In practice, when anything but tonal disturbance signals are being considered, it is necessary
to constrain the broadband control filters to be causal and the optimal filter responses in this
case can be derived in the time-domain, as in [37] for the standard feedforward active noise
control system. The following derivation is similar to the formulation presented in Chapter 4,
however is repeated here for completeness. The scattered acoustic pressure measured at
the I-th error microphone after control can be expressed at the n-th time step as

K
Z glmjwmkixk(n —1— ])v (71 5)

where d, (n) is the scattered pressure at the [-th error sensor due to the primary disturbance,
gimj 18 the j-th coefficient of the J-th order FIR filter approximating the plant response be-
tween the m-th control source and the [-th error sensor, w,,.;; is the i-th coefficient of the I-th
order FIR control filter corresponding to the m-th control source and the k-th reference sig-
nal, and zy is the k-th reference signal. By assuming the controller is time invariant, Equation
7.15 can be rewritten as

~
—

M K
es,(n) = dg,(n) + Z Z WinkiTimk (N — 1), (7.16)

m=1k=11

Il
=)

120



CHAPTER 7. ACTIVE STRUCTURAL ACOUSTIC CLOAKING, APPLIED TO A FLEXIBLE
CYLINDER

where r;,,,i is the k-th reference signal filtered by the plant response between the m-th con-
trol source and the I-th error microphone. The filtered reference signal can be expressed
as

J—1
Pimk(n) = Gimjzr(n — ). (7.17)
§=0
For convenience, Equation 7.16 can be expressed in vector form as

es, (n) =ds (n) + Z W;Frl(n — 1), (7.18)

where w; and r;(n) are defined as

T
Wi = [Wi1i, W12i, - - - WK W45 - - - WM K] (7.19)

rl(n) = [7“111(77,), r112(n), e ,rllK(n), 7’121(77,), v ,T[MK(TL)]T . (720)

The multichannel control problem can then be formulated by expressing the vector of L error
signals in the time domain as

es(n) =ds(n) + R(n)w, (7.21)

where
€5 (’I’L) = [681 (n)7 R (n)]T ) ( )
ds(n) = [d, (), ds, ()], 7.23)

I'l(TL)T I‘1(TL — 1)T I'1(TL — I+ 1)T
ro(m)Y ro(n—1)7T ro(n —I+1)7T
R(n) 2(n)” 1o ) 2( | ) (7.24)
rp(n)T rp(n—1)T rp(n—1+1)7T
and the M K I vector of control filter coefficients is defined as
w = [wg, Wi WIT_l] . (7.25)

As in the case of the causally unconstrained controller, the cost function is defined by Equa-
tion 7.6. Substituting Equation 7.21 into Equation 7.6 gives the quadratic cost function
as

J=w'E [R"(n)R(n)] w+ 2w E [R" (n)ds(n)] + E [d] (n)ds(n)] . (7.26)
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Assuming that E [R" (n)R(n)] is positive definite, this cost function has a unique global min-
imum and the optimal set of control filters that minimises the scattered acoustic field at the
error sensors is given as

Wopt = — [E [RT(n)R(n) + B1]] ' E [RT(n)d4(n)] . (7.27)

As with the causally unconstrained solution given by Equation 7.14, Tikhonov regularisation
has been included, which introduces a constraint on the control effort, via the regularisation
parameter j.

7.3 Experimental Investigation of Active Structural Acoustic Cloak-
ing Limitations

In the following analysis, the acoustic measurements described above will be used to in-
vestigate the performance limitations of the proposed feedforward control strategy both with
and without a constraint on the causality. As shown in Figure 7.3, the total pressure mea-
sured at the microphone directly in-front of the primary disturbance will be used to provide
the reference signal, which will be calculated using the IMC structure shown in Figure 7.4.
In practice it would not necessarily be known where the primary disturbance is relative to
the scattering object and, therefore, it may be necessary to use a DOA estimation process
to select the most suitable reference signal or signals to use. The FXLMS controller will be
implemented using M = 9 control actuators to minimise the scattered acoustic pressure at
L = 20 far-field microphones using a control filter of length I = 512 samples at a sampling
frequency of f; = 2500 Hz. In the present study, the regularisation parameters in each case
have been selected so as to ensure that the magnitude of the dominant peak in the con-
trol filter impulse responses are approximately equal between the causally constrained and
causally unconstrained control filters to enable a sensible comparison between the two con-
figurations; however, it should be noted that an alternative approach would be to regularise
both controllers such that the overall power of the impulse responses are equal.

7.3.1 Limits Due to Causality

In order to understand the limits on the performance of the ASACL control system described
above, this section will compare the performance of the causally constrained and uncon-
strained controllers in order to provide insight into the limits imposed by both enforcing
causality and the proposed method of obtaining a time-advanced reference signal. The per-
formance of the control systems can be evaluated in terms of the cost function defined in
Equation 7.6 and, provided that the error microphones are positioned in the far-field, this can
be related to the scattered sound power as [54]

_J
* " 2poco

(7.28)
where pyq is the fluid density and ¢ is the speed of sound in the fluid.

The scattered sound power has been calculated for both the causally unconstrained and
constrained controllers, and is presented in Figure 7.5, along with the scattered sound power
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before control. From these results it can be seen that the causally constrained controller is
able to achieve between 5 and 10 dB of attenuation across the presented bandwidth. By
removing the constraint on the causality of the control filter, it can be seen that performance
at frequencies below around 400 Hz is significantly increased, with an attenuation of around
20 dB at 100 Hz. At frequencies above approximately 500 Hz, however, the difference be-
tween the causally constrained and unconstrained controllers is less than 1 dB.
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Figure 7.5: The scattered power before control, with broadband unconstrained control, and with
broadband causally constrained control.

The difference in performance achieved between the causally constrained and unconstrained
controllers can be explained by evaluating the time-advance provided by the reference sig-
nal. This can be evaluated in terms of the group delay [99] between the reference signal,
calculated according to Equation 7.4, and the scattered pressure error signal at the same
microphone position, given by Equation 7.7. The calculated group delay is shown in Figure
7.6 as a function of frequency and, from these results, it is shown that the proposed ref-
erence signal provides a time advance compared to the error signal of around 6 ms over
the considered bandwidth. There is a slight increase in the group delay with frequency,
but importantly, at lower frequencies the time advance is not much greater than the period
of oscillation, and this limits the achievable control performance at lower frequencies when
causality is enforced, as shown in Figure 7.5. For reference, the impulse response of the con-
trol filter corresponding to the first actuator for the causally constrained and unconstrained
control strategies is presented in Figure 7.7, and this shows the significant non-causal com-
ponent in the unconstrained filters. It is interesting to note that the impulse response for the
causally constrained controller, shown in Figure 7.7, has significantly higher levels of energy
throughout the tail of the response, whereas the response for the causally unconstrained
controller decays to negligible levels rapidly after the main peak. This may suggest that the
controller is utilising the modal response of the structure, which is periodic and, therefore,
predictable, to achieve enhanced control without requiring acausal components. The control
filter responses for all 9 actuators are consistent in form to the examples presented in Figure
7.7.

Whilst Figure 7.5 presents the performance of the two control algorithms over frequency, it is
also insightful to observe how the control strategies affect the directivity of the acoustic scat-
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Figure 7.6: The group delay between the reference signal and the scattered pressure error signal at
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Figure 7.7: The impulse responses of the control filter for the first actuator, with both the causally
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tered pressure. Figure 7.8 shows the directivity of the scattered pressure at the frequencies
corresponding to each of the four dominant modes of the structure, as identified in Figure
7.2. The directivities of the scattered pressure are shown both before control, and after con-
trol using the causally constrained and unconstrained control strategies. For reference, the
orientation of the cylinder has been marked on each plot in Figure 7.8 and the direction of
propagation of the incident field is indicated by the arrow. The 480 Hz and 514 Hz plots in
Figure 7.8 clearly show the two main lobes of the scattered pressure field, with the specular
back-scattering occurring in the 120° direction and the scattered field that results in acoustic
shadowing being most prominent in the 240° direction. It is interesting to note that while the
ASACL strategies are effective at achieving significant reductions in the acoustic scattered
power, as shown by the results presented in Figure 7.5, it is clear from the results in Figure
7.8 that both constrained and unconstrained controllers produce some enhancement in the
acoustic scattered pressure in certain directions. In general, these enhancements occur in
directions where the uncontrolled scattered field is low in level and, therefore, the controllers
are effectively trading off the enhancement to achieve significant reductions in directions
where the uncontrolled scattered field is dominant.
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Figure 7.8: Polar plots showing the directivity of the scattered pressure field at the frequencies cor-
responding to the four dominant modes of the cylinder before control, with broadband unconstrained
control, and with broadband causally constrained control. The direction of the incident wave is marked
with an arrow.

125



CHAPTER 7. ACTIVE STRUCTURAL ACOUSTIC CLOAKING, APPLIED TO A FLEXIBLE
CYLINDER

To provide more insight into the effects of constraining the causality of the control system,
the control effort for each controller has been calculated as

CE = 10logy, [u'u] . (7.29)

The control effort provides an indication of the power required by a control system and the
results for the causally constrained and unconstrained controllers are presented over fre-
quency in Figure 7.9. These results show that the causally constrained controller requires
significantly more energy at low frequencies, despite achieving a lower level of reduction
in the scattered power. Above approximately 800 Hz, both the causally unconstrained and
causally constrained controllers are almost identical in terms of both performance and con-
trol effort. It is worth noting that the performance of any practical system will be limited by
the maximum force output of the control actuators, and it should be ensured that the required
control effort is within the linear operating range of the actuators.
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Figure 7.9: The control effort in decibels plotted against frequency for both the causally unconstrained
and causally constrained controllers.

7.3.2 Effect of Active Cloaking on the Structural Response

In addition to investigating the effect of ASACL on the scattered acoustic field, it is also in-
sightful and of practical interest to investigate how the structural response of the cylinder is
affected by the active cloaking strategy. In certain applications, an ASACL system that signif-
icantly increases the vibration of the structure would not be acceptable and, therefore, it may
be necessary to constrain the levels of structural enhancement or adopt alternative control
methods.

As described previously, and as shown in Chapter 6.20, an array of 12 accelerometers was
attached to the cylinder to measure the radial component of the cylinder vibration when ex-
cited by the incident acoustic wave. Figure 7.10 shows the sum of the squared accelerometer
signals when the cylinder is excited by the primary acoustic field, and when acoustic scatter-
ing is controlled using the two control formulations. Figure 7.10 clearly shows the four main
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structural resonances of the cylinder, corresponding to the dominant modes outlined in Fig-
ure 7.2. From these results it can be seen that both control strategies result in a significant
increase in the structural vibration across the presented frequency range. This indicates
that the structure is effectively being used as an acoustic radiator to achieve the acoustic
control, as in the case of active structural acoustic control systems [100—-104]. This result
also indicates that rather than the active cloaking system driving the structure to behave as
an acoustically rigid body which scatters less on resonance than an elastic body [20, 74],
as discussed in Chapter 6, the structure is being driven in a more complex manner to max-
imise the reduction in the scattered acoustic field. The differences between the causally
constrained and causally unconstrained results shown in Figure 7.10 can be related to the
corresponding differences between the control efforts in each case, as shown in Figure 7.9.
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Figure 7.10: The structural response of the cylinder when it is excited by the incident acoustic field
without control, and with both causally unconstrained control and causally constrained control.

7.3.3 Limits Due to Number of Control Actuators

It has been shown in the previous sections that the structural actuator array is able to effec-
tively reduce the scattering from the finite-sized cylinder and the limits due to the use of a
practical reference signal and imposing causality on the controller have also been demon-
strated. However, in most practical applications, it is beneficial for the active control system
to be as light weight and low-cost as possible. This can be achieved by minimising the num-
ber of control actuators required. For this reason, an investigation into the reliance of the
implemented ASACL system on the number of control actuators has been carried out. Al-
though a similar study into the effect of the number of control actuators was carried out by
Eggler et al [92], this previous study investigated a cylinder of infinite length via numerical
simulations. Therefore, it is of interest to investigate the influence of the number of structural
control actuators for the experimental configuration presented here.

The performance of the ASACL system in terms of the broadband average attenuation in
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the scattered sound power has been calculated for increasing numbers of actuators between
1 and 9. In each case, the optimal configuration of actuators was selected through an ex-
haustive search. Due to the computational complexity of an exhaustive search, only the
performance of the causally unconstrained controller has been investigated; however, these
results are expected to be consistent regardless of the causality of the controller. Figure 7.11
presents the scattered sound power over frequency before control and with the causally un-
constrained controller for an increasing number of control actuators. From these results it can
be seen that with a single control actuator, reduction in the scattered acoustic pressure can
only be achieved at frequencies below around 250 Hz. As the number of control actuators
is increased, the control bandwidth also increases, and with 5 control actuators significant
levels of control are achieved across the presented bandwidth. Increasing the number of
control actuators further offers some further improvements in the level of control achieved
across the presented bandwidth, but the difference in performance between five, seven and
nine actuators at frequencies above 500 Hz is less than 3 dB.
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Figure 7.11: The scattered power before control, and with broadband unconstrained control with
increasing numbers of control actuators.

To provide further insight into the influence of the number of control actuators used, the
performance presented in Figure 7.11 has been averaged over three frequency bands and
the frequency averaged attenuation has been plotted against the number of control actuators
in Figure 7.12. From these results it can be seen that, whilst the performance has not fully
converged in any of the three frequency bands, it has reached a point where the increase
in performance achieved by adding additional actuators is less than 1 dB. For example,
increasing the number of actuators from 8 to 9 provides a broadband increase in performance
of 0.7 dB, 0.8 dB and 0.3 dB in the three bandwidths respectively. It is interesting to note
that to achieve a broadband average attenuation of around 6 dB requires 2 actuators up to
250 Hz, 4 actuators up to 500 Hz and 7 actuators up to 1 kHz, suggesting a doubling in
bandwidth approximately requires a doubling in the number of control actuators.
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Figure 7.12: The frequency averaged attenuation within three frequency bands, for increasing num-
bers of control actuators

7.3.4 Limits Due to the Reference Signal

It is well known that, in the case of causally-constrained broadband active control, the perfor-
mance of the controller is heavily dependent on the suitability of the reference signal(s). As
has been discussed previously, the reference signal must be both time advanced compared
to, and coherent with, the disturbance signal. This study has made use of an IMC structure
to obtain a reference signal for the controller, as shown in Figure 7.4, and it was shown in
Figures 7.5 and 7.6 that the low-frequency performance of the proposed system is limited
by the time-advance provided by the reference signal. Due to experimental constraints, this
practical study used one of the sensors from the far-field microphone array as the refer-
ence sensor, however this is unlikely to be the optimal location to obtain a reference signal
due to its distance from the scattering object, and the limited time advance that this results in.

To investigate the effect that the position of the reference sensor has on the performance of
the ASACL system, the computational FEM-BEM model described in Chapter 6 was used.
As described in Chapter 6, this model simulates a flexible thin-walled aluminium cylinder of
nominally the same geometry as in the experimental case. A far-field microphone array has
been simulated within the computational model, with each sensor positioned consistently
with the experimental setup described in Figure 7.3, and an array of structural point forces
are simulated on the surface of the cylinder, located to match the experimental setup shown
in Figure 6.16. Further to the far-field microphone array, a dedicated reference microphone
has been implemented, and its location can move radially on-axis with the incident field. As
in Chapter 6, this model has been solved over a range of frequencies between 100 Hz and
1 kHz, and over a range of reference sensor positions between »r =1.2mand »r =3 m. The
data from this model was then used, in conjunction with Equation 7.27 to simulate a causally-
constrained broadband ASACL system for each position of the reference sensor.

The attenuation achieved by the controller is presented in Figure 7.13 for a range of reference
sensor positions, plotted at a range of discrete frequencies. It can be seen that, in general,
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the performance of the ASACL system deteriorates as the distance between the reference
sensor and the scattering object increases, and therefore as the time-advance of the ref-
erence signal decreases. This is more obvious at lower frequencies, as the time-advance
provided by the reference signal becomes equivalent to, or even less than, the period of
oscillation of the scattered wave.
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Figure 7.13: The attenuation achieved by the ASACL system for a range of reference sensor positions,
plotted at discrete frequencies.

7.4 Conclusions

This chapter has built on the previous work presented in this thesis by applying an Active
Acoustic Cloaking system to a practical structure; in this case a flexible aluminium cylin-
der. Building on previous literature of ASACL, a broadband control strategy has been imple-
mented, using an IMC structure to obtain a reference signal, and the causality of the control
filters has been investigated. Using this configuration, it has been shown that at least 10 dB
of attenuation in the far-field scattered sound power can be achieved across the bandwidth
investigated. The impact of causally constraining the control filters was investigated, and it
has been shown that the causality constraint required in broadband control systems limits
the performance of the controller, particularly at low frequencies where the time-advance
provided by the proposed reference signal is small compared to the period of oscillation,
however this can be overcome if the reference sensor can be located in the near-field of
the scattering object. It has also been shown that the control effort required by the causally
constrained controller is significantly greater than that required by the causally unconstrained
controller and this can be related to a reduction in the efficiency of control. The effect of the
ASACL system on the structural response of the scattering structure has also been inves-
tigated for the first time, and it has been shown that the structural response is significantly
enhanced. This may need to be considered in real-world applications, where an enhanced
level of structural vibration may not be acceptable. The influence of the number of control
actuators on performance has also been investigated, and it has been shown how the num-
ber of structural control actuators required for successful acoustic cloaking increases as the
bandwidth of control increases, with a doubling in control bandwidth approximately corre-
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sponding to a doubling in the number of required actuators.

The presented results provide new insight into the practicability of using structural actuation
to minimise the acoustic scattering from an object. However, challenges to the realisation
of fully practical active acoustic cloaking strategies that are capable of operating in non-
stationary environments are still outstanding. For instance, in a practical active acoustic
cloaking system the formulation described in this chapter would need to be combined with
the virtual sensing technique described in Chapter 5 so as to avoid relying on unrealistic
a priori information about the scattered soundfield. In addition to the real-time estimation
of the scattered acoustic pressure, it is necessary to obtain a real-time reference signal.
In this chapter, a reference signal has been calculated using an IMC architecture and the
signal provided by a microphone located in the direction of the primary source. In a practical
implementation, the direction of arrival of the incident wave may not be known and, therefore,
multiple reference microphones would need to be used to ensure that at least one reference
signal is time-advanced compared to the scattered wave [70].
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Chapter 8

Conclusions

In many applications, there is an interest in reducing the acoustic scattering from both rigid
and flexible objects subject to an incident soundfield, often referred to as acoustic cloaking.
Passive and active methods of acoustic cloaking have been discussed in the literature, how-
ever, the latter is the focus of this thesis. The main challenge with implementing an active
acoustic cloaking system is the lack of availability of a suitable error signal. Ideally, such
a system would directly minimise the scattered acoustic pressure measured in the far-field
of the scattering object. However, a microphone placed in the scattered soundfield will pro-
vide a signal proportional to the total acoustic pressure, which contains both the scattered
and incident components. In addition, placing sensors in the far-field of the scattering object
may not be practical for many implementations. There are also a number of other practical
challenges associated with implementing an active acoustic cloak in practice, which include
considerations of robustness and controller design.

This thesis has primarily focussed on the challenges associated with practically implementing
an active acoustic cloaking system, and has addressed the scattered field detection problem,
as well as considering alternative control approaches that may not require measuring this in
real-time. The robustness of the active acoustic cloaking systems has been investigated,
and both rigid and non-rigid scattering objects have been considered. The main conclusions
from each of these investigations are reviewed below.

8.1 Active Acoustic Cloaking of a Rigid Sphere

It is known from the literature that the acoustic scattering from an object can be considered
to consist of a rigid and flexible component. The work described in Chapters 2 to 5 of this
thesis considers the former of these problems, and experimentally investigates the acoustic
scattering from a rigid spherical object.

In the first instance, Chapter 2 has described the experimental setup for the investigation of
active acoustic cloaking of the rigid sphere, and an optimal tonal control strategy is used to
directly minimise the measured scattered acoustic pressure using the transfer responses of
the measured system. This work forms the foundation for the remainder of the thesis by high-
lighting some of the limitations of practical active acoustic cloaking. In particular, although it
was shown that the given active acoustic cloaking system was able to achieve up to 18 dB
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of attenuation in the scattered sound power, this performance was dependent on both the
control source and error sensor arrangements. This is consistent with active control systems
in general, with the control source arrangement determining the controllability and the error
sensors determining the observability.

The work presented in Chapter 2 extends the literature simply by presenting an experimental
investigation into the performance of active acoustic cloaking, and goes beyond the previous
work of Friot et al [40, 41] by considering both backscatter and shadowing effects. When de-
signing a practical active acoustic cloaking system, it is valuable to consider the robustness
of the system to uncertainties. Over time, it is likely that the physical plant responses and the
disturbance sound field will vary and, therefore, it should be ensured that the active acoustic
cloaking system is sufficiently robust to handle these uncertainties. To provide insight into
this challenge, Chapter 3 has presented an investigation into the robustness of the optimal
tonal control strategy. This study considered the effects of both structured uncertainty, in the
form of variations in the size of the scattering sphere and variations in the position of the
scattering sphere, and random unstructured uncertainty. It was shown that a robust solu-
tion could be achieved by including regularisation in the formulation of the optimal source
strengths on two conditions: that the magnitude of the cross-terms shown in Equation 3.9
could be neglected, and that the matrix AGHAG, where AG is the matrix of plant uncer-
tainties, is diagonally dominant. However, it was shown that, for the considered structured
uncertainties, the magnitude of the cross-terms related to perturbations in the plant response
were significant and, therefore, neglecting them would be inaccurate. In contrast, the magni-
tude of the cross-terms related to the disturbance field, and unstructured uncertainty in both
the disturbance field and plant response, were small and, therefore, it may be valid to neglect
them. It was also shown that the matrix AGHAG is not diagonally dominant for any of the
structured uncertainties considered in this study, however, it is diagonally dominant in the
case of the unstructured uncertainty.

Despite the perturbations corresponding to the structured uncertainties not meeting the con-
ditions described above, it remains practically insightful to consider what effect regularisation
would have and, therefore, the effect of including regularisation in the formulation of the opti-
mal source strengths has also been investigated. It was shown that for the unstructured un-
certainties, including regularisation results in minimal degradation to the performance when
compared to the nominal case. Based on the previous investigation that showed that the
unstructured uncertainty satisfied the two conditions needed for regularisation to be effec-
tive, this is, perhaps, unsurprising. However, what is less obvious is the effect of including
regularisation in the control source formulation when using the responses containing struc-
tured uncertainty. Whilst the performance is significantly degraded compared to the nominal
case, some level of control was achieved with all of the structured perturbations considered
in this study, when using a suitable value of regularisation. It was also shown that, across
all perturbation conditions, uncertainty in the plant responses has the biggest influence on
performance and, by comparison, uncertainty in the measured disturbance signal causes far
less degradation in performance.

In summary, the robustness study presented in Chapter 3 showed that the optimal tonal
active control system is able to achieve robust performance across the considered pertur-
bations. However, to achieve this, the regularisation factor, whether frequency dependent
or independent, requires careful tuning with consideration of the expected levels and forms
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of uncertainty and so expected uncertainties would need to be characterised for a practical
realisation.

In many implementations of active acoustic cloaking, there may be an interest in cloaking the
scattering object from non-tonal incident fields. Therefore, the performance of a time-domain,
broadband active acoustic cloaking strategy was investigated, using the experimental data
obtained from the rigid spherical scattering object described previously, and the results of
this study were presented in Chapter 4. In the first instance, it was assumed that a per-
fect reference signal was available and, in this case, the broadband active acoustic cloaking
method was shown to achieve a similar reduction in the scattered sound power as provided
by the optimal tonal controller. However, since the ideal reference signal is unlikely to be
available in practice, the performance of the broadband controller was subsequently investi-
gated when the incident pressure measured at the microphone directly infront of the primary
loudspeaker was used as the reference signal. This resulted in some small deterioration
in the level of acoustic cloaking performance compared to the idealised reference case, but
still remains some way from a practical solution. Nevertheless, a brief investigation into the
robustness of the broadband active acoustic cloaking system to perturbations in the position
of the scattering object was presented, and it was again demonstrated that suitable selection
of the regularisation value was able to provide a robust solution, at the cost of reduced per-
formance in the nominal case.

In the work summarised to this point, it was assumed that a real-time measure of the scat-
tered acoustic pressure was available for the controller to minimise. In practice, it is not
possible to directly measure the scattered acoustic pressure and, therefore, a novel virtual
sensing approach based on the Remote Microphone Technique [72] has been proposed in
Chapter 5. This sensing strategy is able to estimate the far-field scattered acoustic pressure
from near-field measurements of the total acoustic pressure. This broadband approach has
been formulated in the time domain, and has again been validated using the measured data
corresponding to the rigid spherical scatterer. The proposed strategy satisfies two require-
ments for a practical active acoustic cloaking system: it provides a real-time estimate of the
far-field scattered acoustic pressure, and it only requires measurements in the near-field of
the scattering object. It was shown, using the measured data, that the virtual sensing ap-
proach is able to accurately estimate the far-field scattered acoustic pressure, achieving an
average estimation error of approximately -40 dB. Whilst the results presented in Chapter 5
show that the virtual sensing system may be able to achieve lower values of estimation error,
the robustness of the estimation should also be considered and, therefore, the regularisa-
tion used in the calculation of the observation filters should be chosen with a consideration
of uncertainties. When the virtual sensing strategy is integrated into the broadband active
control strategy, it was shown that this system is able to achieve comparable levels of per-
formance to when the controller directly minimises the far-field scattered acoustic pressure;
the performance difference between the former and the latter is shown to be less than 2 dB
across the frequency range investigated. The robustness of the virtual sensing system was
considered and it was shown that, for the regularisation value used in this study, uncertainty
in the position of the scattering object resulted in an increase in the estimation error but not
to such an extent that it had a significant effect on the control performance.
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8.2 Active Acoustic Cloaking of a Flexible Cylinder

All of the work summarised in Section 8.1 was motivated by the use-case of implementing an
active acoustic cloaking system on a rigid spherical object, using acoustic control sources.
In practice, many applications of active acoustic cloaking will be applied to non-rigid objects,
and it is known that the scattering behaviour of a flexible object has additional complexities
due to the presence of both resonant and rigid scattering components. Therefore, Chapters
6 and 7 of this thesis have investigated the potential of using active technologies to cloak
a hollow aluminium cylinder. In this case, structural actuation is used to provide the control
sources rather than loudspeakers, and the sensing arrays include both structural and acous-
tic sensors.

Since a flexible scattering body will contain both rigid and resonant scattering components,
it can be theorised that forcing a flexible object to behave rigidly will reduce the resonant
scattering component and leave the rigid scattering component relatively unaffected. An in-
vestigation into the validity of this theory was presented in the thesis, considering a hollow
aluminium cylinder. The effect of AVC on the acoustic scattering from the cylinder was inves-
tigated via both numerical simulations and experiments. In the simulation study it was shown
that, by minimising the structural response with the implementation of AVC, a reduction in the
resonant scattering was realised. However, resonant scattering was not apparent in the mea-
sured datasets. A thorough investigation into possible causes for the discrepancies between
the simulation and experimental results has been presented in Appendix |, and it is thought
that the most likely cause for the discrepancy is the presence of additional damping in the ex-
perimental setup. AVC was successfully implemented, achieving significant reductions in the
structural response of the cylinder, however, as resonant scattering was not present before
the implementation of AVC, the control resulted in a negligible change to the scattered sound
power. Whilst the results from this experimental study do not disprove the concept of AVC
reducing resonant scattering from a flexible body, the experimental setup considered in this
study was not able to show it. Refinements to the experimental setup have been suggested,
however, and these are recommended in Section 8.3.

In order to realise acoustic cloaking of the flexible structure, and particularly control of both
resonant and rigid body scattering, Chapter 7 presents an investigation into an active struc-
tural acoustic cloaking strategy. It was shown that this control strategy was able to achieve
over 5 dB of attenuation in the scattered sound power across the bandwidth considered. A
study into the effect of reducing the number of structural control actuators was also con-
ducted, and this demonstrated that to achieve a doubling in the control bandwidth approx-
imately requires a doubling in the number of control actuators for the considered system,
however, generalising this has been left for future work. Finally, it was shown that the ASACL
system using structural actuation resulted in a significant increase in the structural response
of the cylinder, leading to the conclusion that the controller is using the cylinder as a sur-
face with which to radiate acoustic energy. In practice, this may raise concerns of structural
fatigue and the system designer should be aware of this side-effect of ASACL.

8.3 Recommendations for Future Work

The work presented in this thesis has highlighted a number of areas for potential future work,
which are summarised in this section.
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Whilst the robustness study presented in Chapter 3 provided significant insight into the ro-
bustness of the proposed active acoustic cloaking system to the four perturbation conditions
considered in the study, it may be of interest to consider additional sources of uncertainty. In
the use-case of an Autonomous Underwater Vehicle (AUV), for example, the plant responses
of the system may change as the depth of the AUV varies due to changes in the temperature
and pressure of the surrounding fluid. It may be possible to predict this effect and apply a
correction to the plant responses based on a depth sensor, however, this would require ad-
ditional work to assess its feasibility.

The work presented in Chapter 3 concluded that the active acoustic cloaking system is rela-
tively robust to structured uncertainty in the disturbance field, but that uncertainty in the plant
responses had a more significant effect on the cloaking performance. Various methods have
been presented in the literature for the real-time update of the plant responses in a control
system [67, 68]. An approach such as this could be incorporated into the active acoustic
cloaking system to reduce the effect of uncertainty in the plant responses and, therefore,
increase the robustness of the system.

Many of the control approaches discussed in this thesis have assumed prior knowledge of
the DOA of the incident acoustic wave. The broadband control strategies utilised the incident
pressure measured in front of the primary source as the reference signal, and the obser-
vation filters used in the virtual sensing algorithm will also be dependent on the angle of
incidence of the incoming wave. In a practical implementation of active acoustic cloaking, it
is possible that the DOA will not be known and, therefore, a DOA estimation technique [105—
108] may need to be introduced into the control architecture. Whilst the study presented in
Chapter 4 investigated the suitability of various reference signals, it is important to consider
how this could be found in practice and, for this reason, a feedback control architecture may
be beneficial [109].

The numerical investigation, presented in Chapter 6, into the effect of AVC on the acoustic
scattering from a cylinder showed a potential reduction in the resonant scattering behaviour,
however, this could not be validated experimentally. This is likely due to experimental limita-
tions, which had the effect of damping the resonances to the point that the resonant scatter-
ing behaviour could not be observed for the considered structure in air. It would be insightful
for these experiments to be repeated, possibly underwater where the fluid-structure coupling
would be greater, to see if AVC can, in fact, be used to reduce resonant scattering as demon-
strated numerically in this thesis.

It was assumed when designing the ASACL system presented in Chapter 7 that the scattered
acoustic pressure at the far-field sensor array was known. This would not be the case for a
practical implementation and, therefore, it would be insightful to integrate a scattered field
detection approach, such as that presented in Chapter 5, into the ASACL system. As the
experimental setup considered in Chapter 7 contains an array of accelerometers rather than
a near-field array of microphones, a study into the accuracy of the virtual sensing approach
when the cylinder is excited off-resonance would be beneficial, and would greatly improve
the practicability of the ASACL system presented in Chapter 7.
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Serial Numbers for Equipment for the
Rigid Sphere Measurements

e Microphone Preamplifier - Yamaha MLA8

e ADC - Tascam ML32D, SN 1860049

e DAC - Dante AVIO

e DAC & Control Source Power Amplifier - Innosonix MA32LP - SN 300118000098

e Primary Source Power Amplifier - Behringer iNuke NU1000 - SN S1200159AEM

e Primary Loudspeaker - Tannoy CPA12

e Control Loudspeaker - Visaton B80 (in custom enclosure)

e Near-Field Measurement Microphones - 16 x NT| M4261
1. SN 2320

SN 1892

SN 2291

SN 2327

SN 2328

SN 2005

SN 2322

SN 2329

SN 2323

SN 2289

. SN 1871

SN 2292

. SN 2002

. SN 2332

© © o N o o bk~ W DN
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APPENDIX A. SERIAL NUMBERS FOR EQUIPMENT FOR THE RIGID SPHERE
MEASUREMENTS

15. SN 2326
16. SN 2006

e Far-Field Measurement Microphones - 20 x PCB 130F20 ICP Measurement Micro-
phones

. SN 50328
SN 50330
SN 50352
SN 50333
SN 50337
SN 50326
SN 50349
SN 50335
SN 50353
SN 50351
. SN 50329
12. SN 50325
13. SN 50327
14. SN 50350
15. SN 50334
16. SN 50442
17. SN 50348
18. SN 50331
19. SN 50354
20. SN 50336
e Acoustic Intensity Probe - Microflown PU Regular - SN PR901011
e Acoustic Calibrator - Larson Davis CAL250 - SN 0122

—

S © ® N O O A N

—_— -
—
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Appendix B

Manufacturing Drawings for the
Visaton B80 Control Loudspeakers

140



141

ww 6T

3N"0"U0JOS@ISNOY D - 9SNOH iRy Ag umeiq

Wwgz : wwj :9jesg
Buimel [eoluyos] - Jexyeadspno [0JJuU0) wosnD .

19 eadspno] 089 UOIESIA e

13sen Jaggny InD-JaseT

INN XoH 8IW

[OOM X204 Y3IM pajims
AJIABD J2xeadspno e— |

193sen Jaqgny IND-19SeT e——

©g
©g

Jaxeadspno 0gg UOJESIA

| o 42X E2dSpnoT
yoea o4
S19%00S
eueueg




Appendix C

On-Axis Acoustic Response of the
Visaton B80 Control Loudspeakers

This appendix will present the on-axis acoustic response measurements of one pair of control
loudspeakers used for the acoustic cloaking measurements in Chapters 2 to 5. The physical
details of the control loudspeakers are presented in Appendix B.

One of the loudspeaker pairs was mounted on a stand at a height of 1 m in the Large Ane-
choic Chamber at the Institute of Sound & Vibration Research, University of Southampton,
as shown in Figure C.1. An NTI M4261 measurement microphone (Serial Number 2292)
was mounted on a microphone stand on-axis with the loudspeaker, at a distance of 1 m. The
loudspeaker was powered via a Monacor STA1508 power amplifier, and a Focusrite 2i4 USB
Soundcard was used as the ADC/DAC. As shown in Appendix B, each control loudspeaker
unit consists of a pair of Visaton B80 loudspeakers, mounted coaxially and in opposite di-
rections from one another. These loudspeakers were driven individually with a broadband
sine sweep, which was then de-convolved with the inverse sweep to calculate the transfer
response [51]. The measured acoustic transfer response is presented in Figure C.2.

Figure C.1: Photograph showing the measurement setup to characterise the on-axis response of the
loudspeakers.
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APPENDIX C. ON-AXIS ACOUSTIC RESPONSE OF THE VISATON B80 CONTROL
LOUDSPEAKERS

The acoustic response presented in Figure C.2 shows that both loudspeakers have a low
frequency roll off below approximately 120 Hz, but a reasonably flat response at frequen-
cies above this. The rear loudspeaker has a slightly lower broadband response to the front
loudspeaker, which can be attributed to variability in the manufacturer supplied components.
Above approximately 1 kHz, the response from the rear loudspeaker begins to significantly
reduce as acoustic shadowing effects, from the enclosure and front loudspeaker, begin to
become significant. As the experimental studies presented in this thesis that make use of
these loudspeakers are focussed on the 100 Hz - 500 Hz bandwidth, it can be concluded
from this set of results that the proposed loudspeaker design is fit for purpose. Whilst the
variability between individual loudspeakers is not significant enough to cause a problem, it
should be considered and corrected for in the post-processing of any subsequent experi-
mental setups. It should also be noted that these loudspeakers are inefficient below approxi-
mately 120 Hz and, therefore, any acoustic excitation within this bandwidth will be at a lower
amplitude.

—— Front Loudspeaker
Rear Loudspeaker

Response (dB)

-120 -

-140 . . .
102 10° 10*
Frequency (Hz)

Figure C.2: Plot showing the measured acoustic response from each loudspeaker to the measure-
ment microphone.
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Transducer Datasheets

144



145

GERMANY

VISATZN
B 80 - 8 Ohm

Art. No. 1261

8 cm (3,3") High-End-Breitband-Lautsprecher mit hervorragend ausgeglichenem Ubertragungsverhalten. Durch das Zusammenspiel der
beschichteten Papiermembran, der hinterllifteten Zentrierspinne, dem Phaseplug, sowie dem sehr starken, aber gleichzeitig leichten
Neodymantrieb konnte ein &uBerst ausgeglichener Frequenzgang mit sehr geringen Verzerrungen und mechanischen Verlusten geschaffen
werden. Der B 80 - 8 Ohm ist ideal einsetzbar fur kleine High-End-Regalboxen oder als Mittelhochtdéner in hochwertigen
Mehrwegkombinationen.

8 cm (3.3") high-end full-range loudspeaker with excellent balanced response characteristics. Due to perfect accordance of the coated paper
cone, the rear ventilated damper and the phase plug, as well as the strong and lightweight neodymium magnet, an extremely well-balanced
frequency response with very low harmonic distortion and lowest possible mechanical losses comes into being. The B 80 8 OHM is ideal for
small high-end shelf speakers or as a mid-high-range unit in high-end multi-way speakers.

08.06.2016

VISATON GmbH e Ohligser StraBe 29-31  D-42781 Haan ® Tel.: 02129/552-0  Fax 02129/552-10 ® E-Mail: visaton@visaton.com
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GERMANY

VISATZN

Breitband-Systeme / Fullrange S

B 80 -8 Ohm

Art. No. 1261

46 33 Technische Daten / Technical data

@104 4
Membrannachgiebigkeit Cm
@95 cm 0,87 mm/N
Nennbelastbarkeit
Rated power 30 W
g
Musikbelastbarkeit
Maximum power 50 W
@12
Nennimpedanz Z
@39 Nominal impedance Z 8 Ohm
B 80 - 8 Ohm Ubertragungsbereich
17.09.2012 Frequency response 80-20000 Hz
Mittlerer Schalldruckpegel 85 dB
VISATON B 80 Mean sound pressure level (1 W/1 m)
. Frequenzgang (1W1m) und r\‘mpedanzverlam 2o Abstrahlwinkel (-6 dB)
I Opening angle (-6 dB) 119°/4000 Hz
o“ f |l S SR e e e Maximaler linearer Hub
& \ Maximum linear displacement 2,2 mm
n
o = Resonanzfrequenz fs
@ Resonance frequency fs 110 Hz
20 &0 100 200 S0 1000 2000 5000 10000 20000 M t h | d kt
agnetische Induktion
Magnetic induction 117 T
Magnetischer Fluss
Magnetic flux 290 uyWb
Directivity pattern
07048 Obere Polplattenhéhe
F[ann, Height of front pole-plate 3 mm
o) Schwingspulendurchmesser
fg:g Voice coil diameter 25 mm
= 8000
Wickelhthe
Height of winding 7,5 mm
Schallwandéffnung
Cutout diameter 89 mm

Gewicht netto
Net weight 0,32 kg

Gleichstromwiderstand Rdc
D.C. resistance Rdc 6,6 Ohm

Mechanischer Q-Faktor Qms
Mechanical Q factor Qms 6,53

Elektrischer Q-Faktor Qes
Electrical Q factor Qes 0,69

Gesamt-Q-Faktor Qts
Total Q factor Qts 0,63

Aquivalentes
Luftnachgiebigkeitsvolumen Vas

08.06.2016
VISATON GmbH e Ohligser StraBe 29-31  D-42781 Haan ® Tel.: 02129/552-0  Fax 02129/552-10 ® E-Mail: visaton@visaton.com
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VISATZN

Equivalent volume Vas 1,81

Effektive Membranflache Sd
Effective piston area Sd 38,5 cm?

Dynamische bewegte Masse Mms
Dynamically moved mass Mms 28¢g

Antriebsfaktor BxI

Force factor Bxl 4,15 Tm

Anschlisse 5,1 x 0,5 mm (+)

Connections 2,8 x 0,5 mm (-)
08.06.2016

VISATON GmbH e Ohligser StraBe 29-31  D-42781 Haan ® Tel.: 02129/552-0  Fax 02129/552-10 ® E-Mail: visaton@visaton.com
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BPCB PIEZ0TRONICS

Model 130F20
ICP® Electret Array Microphone

Installation and Operating Manual

For assistance with the operation of this product,
contact PCB Piezotronics, Inc.

Toll-free: 800-828-8840
24-hour SensorLine: 716-684-0001
Fax: 716-684-0987
E-mail: info@pcb.com
Web: www.pcb.com
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SPCB PIFZ0TRONICS

Service, Repair, and Return
Policies and Instructions

The information contained in this document supersedes all similar information that

may be found elsewhere in this manual.

Service — Due to the sophisticated
nature of the sensors and associated
instrumentation provided by PCB
Piezotronics, user servicing or repair is
not recommended and, if attempted,
may void the factory warranty. Routine
maintenance, such as the cleaning of
electrical connectors, housings, and
mounting surfaces with solutions and
techniques that will not harm the
physical material of construction, is
acceptable. Caution should be observed
to ensure that liquids are not permitted
to migrate into devices that are not
hermetically sealed. Such devices
should only be wiped with a dampened
cloth and never submerged or have
liquids poured upon them.

Repair — In the event that equipment
becomes damaged or ceases to
operate, arrangements should be made
to return the equipment to PCB
Piezotronics for repair. User servicing or
repair is not recommended and, if
attempted, may void the factory
warranty.

Calibration — Routine calibration of
sensors and associated instrumentation
is recommended as this helps build
confidence in measurement accuracy
and acquired data. Equipment
calibration cycles are typically
established by the users own quality
regimen. When in doubt about a
calibration cycle, a good “rule of thumb”
is to recalibrate on an annual basis. It is

also good practice to recalibrate after
exposure to any severe temperature
extreme, shock, load, or other
environmental influence, or prior to any
critical test.

PCB Piezotronics maintains an 1SO-
9001 certified metrology laboratory and
offers calibration services, which are
accredited by A2LA to ISO/IEC 17025,
with  full traceability to Sl through
N.ILS.T. In addition to the normally
supplied calibration, special testing is
also available, such as: sensitivity at
elevated or cryogenic temperatures,
phase response, extended high or low
frequency response, extended range,
leak testing, hydrostatic pressure
testing, and others. For information on
standard recalibration services or
special testing, contact your local PCB
Piezotronics distributor, sales
representative, or factory customer
service representative.

Returning Equipment - Following
these procedures will ensure that your
returned materials are handled in the
most  expedient manner.  Before
returning any equipment to PCB
Piezotronics,  contact your local
distributor, sales representative, or
factory customer service representative
to obtain a Return Warranty, Service,
Repair, and Return Policies and
Instructions Materials  Authorization
(RMA) Number. This RMA number
should be clearly marked on the outside
of all package(s) and on the packing
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list(s) accompanying the shipment. A
detailed account of the nature of the
problem(s) being experienced with the
equipment should also be included
inside the package(s) containing any
returned materials.

A Purchase Order, included with the
returned materials, will expedite the
turn-around of serviced equipment. It is
recommended to include authorization
on the Purchase Order for PCB to
proceed with any repairs, as long as
they do not exceed 50% of the
replacement cost of the returned
item(s). PCB will provide a price
quotation or replacement
recommendation for any item whose
repair costs would exceed 50% of
replacement cost, or any item that is not
economically feasible to repair. For
routine  calibration services, the
Purchase  Order  should include
authorization to proceed and return at
current pricing, which can be obtained
from a factory customer service
representative.

Contact Information - International
customers should direct all inquiries to
their local distributor or sales office. A

complete list of distributors and offices
can be found at www.pcb.com.
Customers within the United States may
contact their local sales representative
or a factory customer service
representative. A complete list of sales
representatives can be found at
www.pcb.com.  Toll-free  telephone
numbers for a factory customer service
representative, in the division
responsible for this product, can be
found on the title page at the front of this
manual. Our ship to address and
general contact numbers are:

PCB Piezotronics, Inc.

3425 Walden Ave.

Depew, NY14043 USA

Toll-free: (800) 828-8840

24-hour SensorLine®™: (716) 684-0001
Website: www.pcb.com

E-mail: info@pcb.com
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PCB Industrial Monitoring and Measuring Equipment - China RoHS 2 Disclosure Table
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Component Name

Hazardous Substances

Lead
(Pb)

Mercury
(Hg)

Cadmium
(Cd)

Chromium VI
Compounds
(Cr(v1)

Polybrominated
Biphenyls
(PBB)

Polybrominated
Diphenyl
Ethers (PBDE)

Housing

)

PCB Board

Electrical
Connectors

Piezoelectric
Crystals

Epoxy

Teflon

Electronics

Thick Film
Substrate

Wires

Cables

Plastic

Solder

Copper Alloy/Brass

X|X|O[X|O|] O|0|0|0| X| O|X|O

O|O|0|0|0|] O|0|0|0| O] O|o|o

O|O0|0|0|0] X|O|0|0| O] O|o|0o

O|O|0|0O|0O| O|0|0|0| O] 0O|o|o

O|O0|0|0|0] O|0|0|0| O] O|o|o

O|O|0|0|0] O|0|0|0l O o|o

This table is prepared in accordance with the provisions of SJ/T 11364.

O: Indicates that said hazardous substance contained in all of the homogeneous materials for this part is below the limit

requirement of GB/T 26572.

X: Indicates that said hazardous substance contained in at least one of the homogeneous materials for this part is above

the limit requirement of GB/T 26572.

Lead is present due to allowed exemption in Annex Il or Annex IV of the European RoHS Directive 2011/65/EU.




CPCB FIF70TRONICS

OPERATING GUIDE FOR 130 SERIES MICROPHONES

Contents:

1.0 Introduction........cccceeeeeveuveeeennnns 1
2.0 Product Description
3.0 Powering .........cccecvvevenneen.
4.0 Installation...........ccceeevveeeererenne.
5.0 Calibration..........coceeevuveeenennnn..
6.0 SEIVICE....ccvvveeereeeereeeereeereeene
7.0 Warranty........ccceeeeeevenveevennnenn

130F20

B 130F21

130A24

130A23 130F22

Figure 1
1.0 Introduction

PCB™ 130 series ICP® array microphones provide an extremely cost-effective method for large
channel count sound pressure measurements. Multiple array microphones with their excellent
phase characteristics can be combined with the appropriate software to perform measurements
that are not possible with a single microphone. Typical applications include sound pressure
mapping, beamforming, acoustic mode analysis, near-field acoustic holography, or sound
intensity measurments. To ensure the best performance from your 130 series microphone follow
the installation and operating procedures in this guide. If you have additional questions
concerning the microphone system or applications, call a factory Application Engineer at 716-
684-0001, or your nearest PCB® Field Application Engineer.

2.0 Product Description

PCB™s 130 series ICP® Array are integrated systems that include a built-in preamplifier.
Models 130F20, 130F21, and 130F22 are all Y4-inch microphones that provide a 45 mV/Pa
output over an extended 120dB dynamic range. They are ideal for use at frequencies from 20 Hz
to 10 kHz (+ 2dB) or 20 kHz (+ 5dB). All models are of rugged, stainless steel construction .

o1-
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These microphones all have the same performance specifications but are fitted with different
electrical connectors to make them suitable for differing applications. Model 130F20 features a
BNC connector while Model 130F21 uses a 10-32 coaxial jack connector. Model 130F22
terminates in a SMB connector. These models are shown in Figure 1.

The 130A23 and 130A24 are designed for high amplitude applications with an upper dynamic
range of 150 dB. Model 130A23 terminates in a SMB electrical connector. The 130A24 is an
enhanced, rugged, water and dust resistant design, and terminates in a BNC electrical connector.
Model 130A24 has a lower sensitivity (10 mV/Pa) than the 130A23 (14 mV/Pa), but otherwise
the performance specifications are the same.

All 130 Series array microphones include TEDS capable digital memory and communitation
electronics compliant with IEEE 1451.4. These microphones are easy to operate and interface
with many PCB® ICP® constant current signal conditioners and other data acquisition and
recording instruments available on the market today. In a complete microphone system, low-
impedance cables couple the microphone and signal conditioner to customer supplied read-out
instruments. The use of low impedance cables enables signals to be driven long distances with
negligible signal loss.

3.0 Powering

All ICP® powered microphones require constant-current excitation for proper operation. For this
reason, use only PCB constant-current signal conditioners or other approved constant-current
sources. The signal conditioner provides an AC-coupled output signal that is compatible with
most standard readout devices. Signal conditioners consist of a regulated 2-20mA, 18-30 VDC
source. They are available in single or multi channel, battery or line powered configurataions.
Battery powered devices offer versatility for portable low noise measurements, whereas line
powered units provide the capability for continuous monitoring. A typical system schematic is
shown in Figure 2.

Microphone

Data Acquisition

Signal

Conditioner

LE

B—H|©® @ |f—i| ©©©

Figure 2

Signal conditioners have meters or LEDS, which enable users to monitor the bias voltage output
signal, check microphone operation, and detect cable faults. Typically yellow denotes an open
circuit; green indicates normal operation and red indicates a short circuit. Many FFT analyzers,
data acquisition modules, and data collectors have the proper constant-current excitation built-in
for direct use with ICP® microphones. Before using this feature, care should be taken to assure
the proper supply voltage and constant current excitation are provided. Check the enclosed
specification sheet to make sure the supply voltage and current are within acceptable limits for
your particular microphone.
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4.0 Installation

There are many ways to mount the microphone, from simply placing the microphone in a clip to
using a two-dimensional array stand. A diagram of an array configuration is provided in Figure
3. For installation of this type, remove the microphone from its package, connect the appropriate
cable between the signal conditioner and the microphone, and connect a second cable between
the signal conditioner and the data acquisition device. Cabling may consist of standard low-
impedance coax cables. Desired electrical connectors would be dependent on the 130 series
microphone used and the input of the signal conditioner and read-out instrument. PCB® offers
these cables in a variety of standard or customer specified lengths.

Figure 3

The 130A24 microphone features a removable grid cap and replaceable protective cover. This
allows the 130A24 to withstand harsh environments while extending the lifespan of critical
sensitive components. If the water and dust resistant cover is damaged, having a removable grid
cap allows the user to replace this protective cover quickly and easily.

To replace a grid cap, first unthread the grid cap from the housing. Next, peel off the existing
cover from the end of the housing. Sharp edged tools can be used to aid in cover removal, but it
is important to keep the tool at a shallow angle. DO NOT make contact with the microphone’s
delicate diaphragm (right hand side of Figure 4). To ensure a proper seal, gently wipe the top of
the microphone housing to remove any moisture or debris. Do not use solvent when removing
debirs from the housing because solvents have the potential to damage the microphone. Apply
the replacement water resistant patch to the end of the housing (left hand side of Figure 4) while
keeping it centered. Finally, assemble the grid cap back onto the housing. Additional 079A46
five-pack replacement water resistant pads can be ordered separately.

Figure 4

5.0 Calibration

All microphones are supplied with calibration documentation showing the free field frequency
response and the conditions under which the calibration was performed. Calibrations are
performed with reference microphones traceable to national laboratories specializing in acoustic
measurements (NIST, PTB, or DFM). PCB is ISO 10012-1 and ISO 9001-2008

certified. Calibration methods used by PCB for acoustic pressure have been audited for
proficiency and accredited for compliance with ISO/IEC 17025:2005; ANSI/NCSL Z540-1-1994
& ANSI/NCSL Z540.3. Sample calibration certificates are provided in Figure 5,  Figure 6, and
Figure 7 for the 130F series, 130A23, and 130A24, respectively.

_3-
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All 130 series array microphones are designed for use in a free field environment. A free field
environment is one without reflections. Anechoic rooms and outdoor spaces without structures
are good examples of a free field environment. The free field response is the voltage response
with respect to the pressure when exposed to a plane progressive sound wave. A free field
microphone has a flat frequency response with respect to any source whose primary direction is
collinear with the axis of the microphone.

Calibration of free field microphone occurs at a zero degree angle of incidence. This means that
the frequency response reported on the calibration certificate is valid when the microphone is
directed straight at the sound source. If the microphone is directed at an angle with respect to the
source the response may vary depending on the angle and the frequency of operation.

After completing the system set-up, turn on the the signal conditioner and allow 1 to 2 minutes
for the system to stabilize. If the system doesn’t appear to be functioning correctly check all
system connections and try to isolate and individually check functionality of all system
components, or consider replacing system components one at a time. If the system still does not
operate properly, consult a PCB Application Engineer.

Under normal conditions, microphones offer a very stable response. However, the microphone
output may be affected by harsh environments, such as moisture, dirt, mechanical shock, or other
unusual conditions. This may manifest itself in a number of ways, ranging from a loss in
frequency range to failure of the built-in microelectronic circuits. To assure sensors
characteristics are known PCB®™ recommends that a recalibration cycle be established for each
microphone. Customers should determine a calibration cycle best suited for their needs as the
cycle is based upon a variety of factors, such as frequency of use, exposure to harsh
environmentals, accuracy requirements, trend information obtained from previous calibration
records, contractual regulations, and risk associated with incorrect readings. PCB® recommends
12 to 24 month calibration intervals but as stated, this interval is at the discretion of the customer
and is based on customer needs. It is also best practice to perform verification both before and
after each test. PCB’s CAL 250 acoustic calibrator (sold separately) is a handheld calibration
instrument ideal for field or quick sensor operational evaluation purposes.

6.0 Service

See the supplemental sheet for information on our service, repair and return policies, procedures
and instructions. If an unexpected problem arises, call our 24-Hour SensorLines (716-684-
0001) to discuss your dynamic instrumentation needs with a PCB® Application Engineer.

7.0 Warranty

PCB’s 130 Series Microphones are covered by a limited warranty against defective material and
workmanship. Visit http://www.pcb.com/terms_conditions for a complete statement of our
warranty.




CPCB PIF70TRONICS

3425 Walden Avenue, Depew, NY 14043-2495 24-hour SensorLine™: 716-684-0001

E-Mail: info@pcb.com Fax: 716-684-0987
Website: www.pcb.com Toll-free: 800-828-8840

ISO 9001 CERTIFIED e AS9100 CERTIFIED

In the interest of constant product improvement, specifications are subject to change without notice.

© Copyright PCB Group, Inc. 2016

PCB® and ICP® are registered trademarks of PCB Group, Inc.
SensorLine™ is a service mark of PCB Group, Inc.

Manual Number: 64548
Manual Revision: NR
ECO# 45478

Printed in the U.S.A.
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TANNOY. CPA12/15
S

DESCRIPTION

s GE4 12 and THA TS hese b
Ll ranze Fyng luzsces<e
bac< end voczl renforczment it 1res
g d niht cuz sppitators

ENEN dwaoc-ad for rusic oy
51, heoses af wnrvhis

Tronuys Engoees “ave developed Teo 7aw Cus Czncsntric drue units
zclor Senza. Both dree oits hevs |oes dstoton- o

for e Zante
: hizher auz ¢ fids ity tran s-at expectzd fro— sbudio mo=tors, ok
alone B4 geates.

The D34 12 5 a seorway passnely croasad syatas ocomznEtg =f ons
13" PCL (Fhaze Coheert J) Dozl Corczntrc dnvsr, “hs CTPA 15 Uses 5
15" versizao of the Lue Czncs-tric foe =gplizetio=s t-at mquim
paznde: bsse Farrofud = Csec to coo the B=
o7 bozh mozele By uzing an aco.stizally tir
ss coars"t Cus Concz-tric druer the o

15 B POl SIurce,
ng. Atz 2 schizvad

withioes thes BLL UG 21972l DcEeEIng

2 Frawme ure 1L lises a DN ens
i e g dity wthout cacsir
D frnction and rellectuon erects are -nr':_alr\
and edges an ve frons baflz,

matrix Thes

FEATURES

Pant zourze J.al Conzantr ¢ sransducers

3 D
LAl e~closurs conssucton
Trapeendal encasare ‘or esse cf arraying
Vel behewad chi
Simpe rgging capabity

Ide~bea hotzoresl ned vertical O axs certormancs

sl prass cobersel drse unit

= when arrs

APPLICATIONS
Nahteibes and Catare:

“heatre and cinerna winforcement,
'ZrETIp

Hausas aof «

Auzio Vs
Lsstul buiding blozk fzr 2msl to mic szed arrays




The CPA 2 ang 15 enclsures are
equppad win &n ntagral aluminum
extrusion The exzrusion will readiy
fecitate the fitting of cptional track,
Incluzing Aeroquip an both sde faces, ar
any simlar rggog arcware which can
be tarminatad with WEa sals o littes
beswean the top and hozem extrusans,
ACPA rgging kit s avalablz as &
opuiznal extra, this zomzrizas -

2 x E [z lenzt-s cf Aencquiz shde

Extrusion

1€ kigh tansile MA bolts

1€ Wasrars

1€ MB Mirs
“hs allows the ripzing bs e cut o-d
taicrez to the ndwdua aplicaton

STAND
MOUNTING

Eace enclozurs i had wio twa
ntar~al ME nuiz o” the base of tre
ences.ce whehwil marey ue with 2n
industry ezndard ezand maurs for
garzszle applcenzns

CROSS-0O0VER

Tanny wsed whet cen be dezcnbed as
a maniralisl cross-ovee rebwock. This
apprusch resuLs in & moce catursl
reccuduction of scund than large compex
netwar<z. Ire air cored nductors anc
fim zapscitots are hars wirsd on to 5rs
tar~—inal parsl, All comcanerts sre aasily
sErviTEane oy emoann the ssrminal
parsl, avenin a ixes installszon, The
tering coonechons ane made vin
4 zale Sgencos coonectars, Tre

s i sewn choge [0 L3 sass
ol leld sernzaad ity

AMPLIFICATION

Your CFA 12775 ¢

b taken b asni: reening the ampirar into
cipp~g. Senenally o higr prrse ae-plilier
e al dizbarnzo wil do lezs
dsmags o your CPA 1215 5
pres wnpliies conunually cippi-g. % is
asn worth umembesing tat a hgh
pone smplfie ronn
of p_taut cawer gel
hetgr can a losss poms
r.oning at 107,

lires
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ARCHITECTURAL AND
ENGINEERING
SPECIFICATIONS

cPA 12

laudszeake syetem zha b of the baowy Dus
wntric tyse conesticg of ome wfex coded 12" low
transzuce~ an2 hgh frecuency compession
saiglly mouzEd 20d zoinzidestally time algnes
waithiv the se~e frama.

Loy and high faquency ek ents ghal ba corbined by an
mtar-n |PAB/ nntens SE3508 ZRZE0VEC NEbaork nperring
ok 1.5k

Parfarmance of thi lnudszakes, wioout any eecronc
czntead shal mees or excesd Ue ‘oloving oriteris

Fruguency reapose messuned 1 metre cn 2xis with
soe sna wene shall be SOHz FSk-lz - 5/-6d2. Hign
taquzney dizpersio= at - BdB s-all be SC° Hx 607 Y
The povwer hancling shell e 150 Wems AME, Sated
imoadonze shal be B Ghms. Maamum contnuse 5P °
mztre an ks el e 12006

Ciensonz ehelbe A9 cm A x 372 an WX 3ED zm D
“GLTHY A8 Wx142'0)

The boudspeaker system ahall be the Tannoy CPA 12

CPA 15

The: lnukspiesker syztam shall be 7 ta tvoway Dual
Conzentre type conzigtng of one reflex loaded 15° cw
‘roaues ansducsr 2nd migh freqensy comare2scn
driver cogxally mo.ntad and concxientaly Lme aligTed
won the Bame ‘rame

Lone ez igh regaency @emsms shal be combined oy en
rrema ¢ 203000 pees v oross-owr nemvirk cparatng
st 7 Sl

Farfor—ance of the lo.dsceake wWitho.t any ekctronic
santral shall mest or ex2eed ths flodwing oot

measces © Metrs on axis with

hal be AbHz-25kz <3/-2dA. Hgh

freg.ency ssperscn L - B2B shal bs 607 H x G0° W

Tre pawes handlivg shall be 200 Watks SRS, Rote:

1~peadzce shall ze E Ohns Maxmum coctnuo.s SAL 1

mztre cn sxis 5all e 12245,

Dimenziere ehelice 720 cm Hx492 onWxdED zm D
PBI Hx 848" Wx142'0)

The loudepesker systam shall be the Tannoy CPA 15

Freg.ency mspa
swept. Eine wa

DIMENSIONS

CRA 15

SLE AT RN S ALV TS
DoP7H EXQUDRG HLLE

L 22CC ""|‘\ 3600
\.‘
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CPA 12 FREGUENCY RESPONSE

CPA 12 VERTICAL cPA 12 HORIZONTAL
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Appendix E

Additional Results from Chapter 3

These are the equivalent plots to those presented in Section 3.4.1, but corresponding to per-
turbations in the position of the scattering object rather than perturbations in the size of the
scattering object. They provide minimal further insight compared to the results presented in
Section 3.4.1 hence they have not been included in the chapter, however the additional plots

are included here for completeness.
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Figure E.1: Contour plots showing the attenuation that the control system is able to achieve in the
scattered sound power over frequency and a range of values of 3, when the position of the scattering
sphere is perturbed by 20 cm and the controller has different levels of knowledge of the perturbations.
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APPENDIX E. ADDITIONAL RESULTS FROM CHAPTER 3
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Figure E.2: Contour plots showing the attenuation that the control system is able to achieve in the
scattered sound power over frequency and a range of values of 3, when the position of the scattering
sphere is perturbed by 10 cm and the controller has different levels of knowledge of the perturbations.

10 T

—— Nominal

—— No Perturbed Knowledge
Knowledge of G

—— Knowledge of d

——— Knowledge of G and d

Frequency Averaged Attenuation
N
T

104 1072 102

Beta

108 10

Figure E.3: A plot showing the frequency averaged attenuation in the scattered sound power that the
control system is able to achieve with increasing values of regularisation for the nominal case, and
when the sphere is perturbed by 20 cm, and the controller has different levels of knowledge of the
perturbations.
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Figure E.4: A plot showing the frequency averaged attenuation in the scattered sound power that the
control system is able to achieve with increasing values of regularisation for the nominal case, and
when the sphere is perturbed by 10 cm, and the controller has different levels of knowledge of the
perturbations.
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Appendix F

Convergence Study of Cylindrical
Shell FEM/BEM Modelling

Chapter 6 discusses the implementation of a BEM/FEM model to investigate the structural
response and acoustic scattering properties of a hollow cylindrical shell when excited by an
incident acoustic plane wave. Active Vibration Control was then implemented, and the ef-
fect that this has on the scattered field was investigated. It is known that the quality of the
data from a numerical model such as this is heavily reliant on the suitability of the mesh
[79, 110, 111] and, therefore, a convergence study has been carried out.

To solve the model in COMSOL Multiphysics, a free tetrahedral mesh has been created. In
Chapter 6 it is stated that this mesh was scaled such that it had a minimum of 6 elements per
wavelength. This is standard practice [75, 81, 112], as it is generally assumed that a finer
mesh than this is not necessary. To confirm that this is the case, a convergence study has
been implemented by solving the model with increasing mesh resolution from 0.1 elements
per wavelength to 10 elements per wavelength. As the maximum frequency investigated in
Chapter 6 is 1 kHz, the convergence study has been implemented at this frequency.

The model was excited by a radial structural force applied midway along its length. The total
sound power radiated by the cylinder was then calculated using Equation 6.4, and plotted
against mesh resolution, as shown in Figure F.1. It can clearly be seen that the results from
the model are inconsistent at low mesh resolutions, where the model is prone to high levels of
numerical error. However, when it reaches ~ 4 elements per wavelength, the data converges
on a consistent value and is independent of mesh resolution. It can therefore be assumed
that the mesh used throughout the numerical model in Chapter 6 is of a sufficiently high
density to resolve the necessary detail within the required frequency range without adding
unnecessary computational cost.
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APPENDIX F. CONVERGENCE STUDY OF CYLINDRICAL SHELL FEM/BEM
MODELLING

Figure F.1: Convergence study showing the total acoustic power of the cylindrical shell when excited
by a 1kHz unit structural force and meshed with varying element sizes.
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Appendix G

Manufacturing Drawings for the
Aluminium Cylinder
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Appendix H

Serial Numbers for Equipment for the
Aluminium Cylinder
Measurements

¢ Signal Conditioner - PCB Sensor Signal Conditioner Model Series 481
e Low Pass Filters - 2 x Benchmaster 21M Kemo

e Power Amplifiers - 2 x Monacor STA1508 (Loudspeaker ran over 2 channels in bridge
mode, control shakers ran on single channels)

e Acquisition System - dSPACE AutoBox RTI1005, DS2103 DAC, DS2002 ADC
e 20 x Fylde 256AC Mic Preamplifiers
e Control Actuators - 10 x TEAX32C30-4/B
e Accelerometers - 12 x PCB A352 / C67:
1. SN 26906

SN 63554
SN 26885
SN 63552
SN 59258
SN 26895
SN 26886
SN 63556
SN 26894
SN 26890
. SN 26893

12. SN 26879
e Measurement Microphones - 20 x PCB 130F20 ICP Measurement Microphones
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APPENDIX H. SERIAL NUMBERS FOR EQUIPMENT FOR THE ALUMINIUM CYLINDER
MEASUREMENTS

—

. SN 50331
SN 50329
SN 50330
SN 50327
SN 50350
SN 50351
SN 50348
SN 50332
SN 50334
SN 50335
. SN 50336
. SN 50328
. SN 50349
. SN 50354
. SN 50325
. SN 50352
. SN 50326
. SN 50337
. SN 50353
20. SN 50333
e Loudspeaker - Tannoy CPA12 Loudspeaker
e Calibrator - Larson Davis CAL250-0122

S © ® N O O A D

T S S G G Gy
O© 00 N O 0o A WO N =

185



Appendix |

A Discussion into Possible
Differences Between the Simulation
Study and Experimental Study in
Chapter 6

It is clear from the results presented in Chapter 6 that there are significant differences be-
tween the scattering results in the simulation study, which exhibit resonant scattering be-
haviour, and the scattering results in the experimental study, which do not. Whilst the struc-
tural response of the cylinder is similar in both simulated and measured datasets, the scat-
tered sound power is not and, therefore, the effect of AVC on the scattered sound power in
the experimental study is inconsistent with the numerical study. It is understood from the
simulations that an AVC system would only be able to reduce resonant scattering and, as
this is not present in the experimental dataset, it is not surprising that AVC has little effect.
An investigation will now be made into a few potential differences between the simulation
study and the experimental study, and the effects of these inconsistencies on the scattered
sound field will be quantified. A number of differences will be discussed, however in the in-
terests of succinctness updated scattered power plots will only be presented when they differ
significantly from the results presented in Figure 6.14.

.1 Differences in Incident Field

Whilst care was taken to ensure that the measurement setup matched the simulated environ-
ment as much as possible, there are inevitably some differences which cannot be avoided.
The incident acoustic field in the simulated dataset was generated by a uniform plane wave,
whereas in the measurements it was generated by a loudspeaker, close enough to the cylin-
der to not be considered far-field. It is possible that this difference in the characteristics of the
incident field could result in a significantly different scattering response. To investigate this,
the computational model was re-run with the background field being generated by a spherical
wave emanating from the same position that the loudspeaker was located in the measure-
ments as, at low frequencies, a spherical wave model is more consistent with the acoustic
propagation from a loudspeaker than a plane wave model is [113]. After re-running the com-
putational model with this change to the incident field, the scattered pressure directivity plots
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APPENDIX I. A DISCUSSION INTO POSSIBLE DIFFERENCES BETWEEN THE
SIMULATION STUDY AND EXPERIMENTAL STUDY IN CHAPTER 6

and the total scattered power plot were almost identical to those presented in Chapter 6;
leading to the conclusion that this minor difference is unlikely to be a significant contributor to
the discrepancy between the measured and simulated results presented in Chapter 6.

.2 Planar Power Evaluation

A potential reason for the measurements and modelling to show inconsistent results is due
to the fact that the evaluation of the scattered power in the model was an integration over a
sphere surrounding the cylinder, whereas in the measurements the power was evaluated by
summing the pressure at 20 discrete locations in a ring around the cylinder. This discreti-
sation of the sound field is unlikely to cause significant problems over the bandwidth being
investigated, however evaluating the summation over a plane rather than a sphere may in-
troduce greater errors.

To investigate this, the scattered power from the computational model was re-calculated us-
ing Equation 6.7. The scattered pressures were evaluated from distinct points in the model,
arranged in a circle around the cylinder with consistent locations to the microphones in the
experimental setup. The scattered sound power was then calculated using Equation 6.8,
consistent with the measurement results. The scattered acoustic power when calculated
using both methods (spherical surface integral vs a planar discrete summation) is plotted in
Figure 1.1. Whilst there is an overall broadband level shift between the two calculation meth-
ods, the magnitude of the resonant peaks in the scattered power are consistent. This implies
that the acoustic power evaluation method is not a significant contributor to the differences
observed in Chapter 6 between simulation and experimental datasets.

-30

Integral
Discrete Sum

Scattered Power (dB)

_60 | | | | | | | |
100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 1.1: Modelled scattered power from the cylinder when calculated using an integration, and
using a sum over a discrete number of points.
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APPENDIX I. A DISCUSSION INTO POSSIBLE DIFFERENCES BETWEEN THE
SIMULATION STUDY AND EXPERIMENTAL STUDY IN CHAPTER 6

.3 Effect of Annuli

As was described in Chapter 6, the computational model is based on the scattering object
being a perfect cylindrical shell, whereas the real-life scatterer has additional geometry to
allow for the removal of the end caps. Whilst any added geometry was minimised as much
as possible in the manufacturing and design stages, the thickness of the annulus structure
welded to the end of the cylinder cannot be neglected, and will have a significant effect on
the structural dynamics of the object. The geometry of the real cylinder can be seen in the
schematic presented in Figure 6.15, and in the manufacturing drawings shown in Appendix
G.

To investigate this effect, the computational model has been adapted to include a flexible an-
nulus structure on each end. These annuli have been rigidly coupled to the cylinder body (the
effects of the welds have been neglected, although these could also be modelled if needed
[114]). The end caps have then been rigidly coupled to the annulus structure as it can be
assumed that, within the bandwidth of interest, the bolt connections between the end caps
and the annulus behave rigidly. This coupling sequence allows the cylindrical shell, the solid
annuli, and the end caps to bend and distort freely on the condition they stay fixed to one
another.

As in the previous studies, the computational model has been run over a range of frequen-
cies, and the structural response to an acoustic excitation has been calculated. The acoustic
scattered power has also been calculated, according to Equation 6.4. This has been per-
formed with both a perfect cylinder, and with the annulus structure on the ends. The struc-
tural and acoustic responses are presented in Figures I.2a and 1.2b respectively.
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Figure 1.2: Investigating the effects of the annulus structure

Figure 1.2a shows how the annuli make minimal difference to the structural response at low
frequencies, with the first breathing mode not changing in frequency, however the bending
mode has lowered in frequency by 38Hz and is approximately 6 db lower in magnitude. The
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higher order modes are also significantly reduced in both magnitude and frequency. Figure
I.2b shows that the presence of the annulus lowers the frequency of the resonance in the
scattered field, consistent with the frequency of the bending mode reducing, however the
relative magnitude of the resonance is unchanged and, therefore, this is unlikely to contribute
to the discrepancies between the simulation and experimental results presented in Chapter
6.

.4 Effect of Shakers

Whilst the shakers chosen to implement AVC on the structure are fairly small relative to the
size of the cylinder, the effect that they have on the dynamics of the structure cannot be ne-
glected. When not being driven, a shaker behaves like a Single Degree of Freedom (SDOF)
mass spring damper system [115—117] and, therefore, the 10 shakers mounted onto the
cylinder for this set of anechoic measurements will likely have a significant effect on the
structural response of the cylinder; especially when excited at the resonant frequency of the
shakers. To investigate this behaviour, a lumped parameter model of a mass spring damper
system was implemented within the numerical model. Ten independent mass-spring-damper
systems were simulated within the model as lumped mechanical systems, each of which
was excited by a point-evaluation of the radial acceleration of the cylinder and each of which
imparts a radial point force onto the cylinder. The properties of these mass-spring-damper
systems were obtained by characterising the dynamics of the shakers used in the experi-
mental procedure with a Thiele-Small analysis. This analysis is detailed in Appendix J, and
the dynamic properties of the shakers are presented in Table 1.1.

Property |  Value
Proof Mass 0.119kg
Stiffness | 45191Nm~!
Damping | 35.1Nsm~!
Resonant Frequency 98.1Hz

Table I.1: Dynamic Properties of Tectonic Elements TEAX 32C30 Shakers

These parameters were used to tune the 10 lumped parameter systems within the compu-
tational model. The transfer function between the input of the mass-spring-damper system
and the acceleration of the mass on the free end has been plotted, to ensure that the system
is behaving as expected, and is presented in Figure 1.3.

For reference, a second model was also created with the shakers modelled as simple point
masses rather than lumped mechanical systems, to investigate the difference between mod-
elling the shakers as dynamic systems compared to modelling them as a mass loading on
the cylinder. Both models were solved over a range of frequencies between 100Hz and 1kHz,
with the structural response and acoustic scattered power results presented in Figures l.4a
and .4b respectively.

As expected, Figure 1.4b shows that applying a distribution of simple masses over the surface
of the cylinder has the effect of lowering the frequency of the resonances. The magnitude
of the breathing mode is significantly amplified, whilst the other modes have little change in
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their magnitude. Including mass-spring-damper systems has little effect on the frequency of
the resonances, but does increase the magnitude of the bending mode by over 10dB. Figure
I.4a shows that the inclusion of multiple mass-spring-damper systems increases the size of
the ~ 550Hz resonant peak in the scattered power by approximately 5dB, but almost com-
pletely eliminates the higher frequency resonant peaks. This implies that the impact of the
shakers on the cylinder in the measurements discussed above is not the cause of the lack of
resonant scattering - in fact it should be increasing the resonant scattering.

To investigate the effects of the the presence of the shakers on the structure experimen-
tally, the structural characterisation of the cylinder discussed in Chapter 6 was repeated with
the shakers removed from the structure. Clearly in this configuration AVC cannot be imple-
mented, however it does allow for the effects of the shakers to be quantified. The structural
response to an acoustic excitation is presented in Figure 1.5, which shows that the presence
of the shakers have a significant effect at the first breathing mode, where the structural re-
sponse is reduced by over 30dB. The magnitudes of the second breathing mode and the
first bending mode are reduced by approximately 10dB in each case. This is likely to be a
significant contributor to the lack of resonant scattering, as reducing the magnitude of the rel-
evant structural resonance by 10dB will have a significant impact on the resonant scattering
behaviour.
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Figure 1.5: Measured structural response of the cylinder to an acoustic excitation without the presence
of the control shakers on the scattering object.

1.5 Effects of Modelling Boundary Conditions
The computational model discussed in Chapter 6 has free boundary conditions on all sides -

that is to say the cylinder in the model is floating in space without any forces imposed upon
it except those from the incident acoustic wave. In the real-life experiments, the cylinder is
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suspended from the lifting eyes welded onto either end, as shown in Figure 6.22. This will
have the effect of resisting translational motion in the horizontal plane, and preventing it in
the vertical plane. It will also resist rotational motion in both planes. Considering that the
simulations predict the first bending mode to be the one at which resonant scattering occurs,
the effect of the boundary conditions restricting the displacement at the ends of the cylinder
will likely have a considerable impact on the structural response at this frequency.

To investigate the effect that the boundary conditions will have on the structural and acoustic
responses of the cylinder, the simulations have been re-computed with the structure both
pinned, and fixed, at the locations of the hanging eyes. COMSOL defines these boundary
conditions as [83]:

Pinned: "The Pinned node adds a point condition that fixes the translations in all directions,
that is, all displacements are zero. The rotations are not constrained.”

Fixed: "The Fixed Constraint node adds a condition that makes the geometric entity fixed;
that is, the displacements are zero in all directions. If there are rotational degrees of freedom,
they will also be zero.”

As with the previous models the structural response to the acoustic excitation and the scat-
tered sound power have been calculated at each frequency. These results are presented in
Figures |.6a and 1.6b respectively.
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Figure 1.6: Investigating the effects of boundary conditions on the structural response and acoustic
scattered power.

Figure 1.6a shows how the inclusion of both the pinned and fixed boundary conditions sig-
nificantly increases the magnitude of the first breathing mode (approx 334Hz), whilst having
little effect on its frequency. The first bending mode is shifted down to 478Hz with the pinned
condition, or 486Hz with the fixed condition, and is reduced by 5dB and 9dB respectively.
The second breathing mode is pushed up in frequency, and now coincides with a number
of the higher frequency modes above 700Hz. Two lower frequency modes are introduced,
at 166Hz and 280Hz, corresponding to rigid body modes which have been warped by the
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boundary conditions, as shown by the mode shape plots presented in Figure 1.7. These res-
onances appear to correspond to the vertical and horizontal rigid body modes, however the
pinning of the two mounting points has caused a sagging action in each case.

Figure 1.6b shows the predicted scattered power for the three boundary condition cases.
Whereas the free cylinder has one single peak at the bending mode, the cylinders with either
pinned or fixed boundary conditions have a number of smaller resonances, corresponding to
various mode shapes. Each of these resonances is approximately 1dB or less, which could
explain why no resonances were found in the measured scattered fields - identifying a 1dB
peak in a real-world measurement is incredibly challenging.

x107 X107
35 2

(a) 166 Hz (b) 280 Hz

Figure 1.7: Surface acceleration magnitude of the cylindrical shell when excited at the two low fre-
quency resonances with either fixed or pinned boundary conditions.

.6 Conclusions

Chapter 6 presents an investigation into the effects of Active Vibration Control on the sound-
field scattered by a flexible structure, using computational and experimental data. Whilst the
simulation results show resonant scattering behaviour, which is reduced by the introduction
of AVC, the experimental results do not show the presence of resonant scattering. This
appendix has discussed a humber of potential sources of error between the simulation and
experimental datasets, and attempted to quantify what effect these discrepancies would have
on the acoustic response. In reality, the discrepancy is likely to be a combination of all of the
factors discussed above, however the latter sets of results implies that the presence of shak-
ers on the scattering body, and the boundary conditions at the hanging points, are the most
significant contribution to this error. It is not trivial to reduce the effects of these phenomena
in an experimental setup without significant changes to the way the measurements are car-
ried out and, therefore, further investigation into this line of research has not been continued
under this project.
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Appendix J

Control Shaker Characterisation

Appendix | presents a discussion into potential sources of error in the computational mod-
elling discussed in Chapter 6. As part of this investigation, the electroacoustic shakers
used in the experiments are simulated as mass-spring-damper systems within the numer-
ical model. For these systems to be accurately tuned to match the dynamics of the real-life
shakers, the dynamics of the shakers must first be characterised. A Thiele-Small analysis is
a method for characterising the dynamics of an inertial actuator without prior knowledge of its
electrical or mechanical properties [113, 118]. After conducting a full Thiele-Small analysis,
all of the properties needed to fully describe the performance of an electroacoustic trans-
ducer can be calculated. This appendix will present a Thiele-Small analysis on the Tectonic
Elements TEAX 32C30 actuators used throughout this project, which in turn will allow these
to be simulated within the numerical model presented in Chapter 6 and Appendix .

Figure J.1: A photograph showing the actuator being tested, mounted to a rigid block.
These measurements were performed using a dSpace Autobox RTI1005, connected to a

DS2103 DAC card and a DS2003 ADC card, set to a sampling frequency of 2.5 kHz. A pair
of Benchmaster 21M Kemo low-pass filters (cutoff at 1 kHz) were used as anti-aliasing and
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reconstruction filters, and a Lab-Works PA119 power amplifier was used to drive the shaker.
The structural response was measured by a PCB A352/C67 accelerometer, which was pow-
ered by a PCB481 signal conditioner.

One of the Tectonic Elements TEAX 32C30 actuators actuators was mounted to a rigid block,
as shown in Figure J.1, with an accelerometer mounted to the back of it. Only one of the 10
shaker will be characterised in this appendix, and it assumed that the dynamic properties
of the other shakers are comparable. The shaker was driven with 30s of bandlimited white
noise, and the response was measured at the accelerometer position. A small mass was
then placed onto the back of the shaker (Blu-Tac in this case), and the measurement was
repeated. This process was carried out for two different sized masses of Blu-Tac, as shown
in Figure J.2. The first mass had a weight of 11g, the second of 20g.

Figure J.2: A photograph showing two different sized masses of Blu-Tac attached to the actuator

The transfer function between the actuator drive signal and the measured accelerometer
signal was then calculated for each case using the H1 estimatior, and these responses are
plotted in Figure J.3a. Figure J.3a shows how the addition of the mass lowers the resonance
in the actuator, but also has the effect of damping the resonance . The resonance of a SDOF
system w, is given as

wp =1 % (1)

m

where k is the stiffness of the shaker mounts, and m is the moving mass of the shaker.
Therefore, by identifying the frequencies of the three resonances shown in Figure J.3a and
knowing the amount of mass added each time, the moving mass m of the shaker can be
found. As the measurement was repeated with two different sized added masses, two dif-
ferent values for the moving-mass of the shaker can be calculated. These were found to be
within 0.5% of one another, and therefore they were simply averaged to give an estimate of
the true moving mass of the shaker. This value of m can then be combined with Equation J.1
to give a value for the stiffness of the shaker mounts.

The final mechanical property needed to describe the mechanical properties of the shaker
is the damping coefficient. This can be calculated using the half-power bandwidth of the
measured resonance [119]. The half power bandwidth Aw was calculated for the measured
transfer function, as shown in Figure J.3b. The Damping Factor @ can then be calculated
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from which the damping ratio ¢ can be calculated as
1
=—. J.3
(=30 (J.3)
The critical damping value C.,;; for a SDOF system is given as
Ccrit = 2v k:m, (J4)
and the damping coefficient C for the given shakers can be calculated as
C = (Ceit (J.5)

These calculations give values for the mass, stiffness and damping ratio of the Tectonic Ele-
ments TEAX 32C30 as:

Property | Value

Moving Mass 0.119kg
Stiffness | 45191Nm~*
Damping | 35.1Nsm~!

Resonant Frequency 98.1Hz

Table J.1: Dynamic Properties of Tectonic Elements TEAX 32C30 Shakers

A previous study into the dynamics of these shakers has been carried out using the method-
ology presented in [120], and gives comparable dynamic properties to those presented in
Table J.1.
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