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Abstract

Sound radiation from large structures poses a problem for many organisations in a large variety of areas.

Common "passive" noise control techniques are often limited in their ability to address this type of

noise problem, particularly at low frequencies. Because of this, active control of noise radiated from

structures continues to receive significant research effort. The typical approach to active control of noise

and vibration relating to large sources has seen designers attempt to scale up smaller, successful systems.

This has resulted in more control system inputs, more coîtrol outputs, more acl.:,tatofs, more sensors,

etc. Howeve¡ such an approach has only increased the size and complexity of the active control system

and has yielded very few working applications. An overriding conclusion is that the quality, rather than

quantity, of the approach must be improved if successful practical implementation is to be achieved.

Driven by the need for a general "error" sensing system design methodology and approach, one which

can be applied to a wide range of noise sources, sizes and complexities, work in this thesis investigates the

sensing and control of sound radiation from two- and three-dimensional noise sources in free space based

on orthogonal acoustic basis functions. The novel decomposition method employed takes an acoustic-

centric approach, using orthogonal combinations of monopoles (termed multipole radiation patterns),

rather than the more common vibration approach in the bid to facilitate more general (non-structural)

orthogonal radiation patterns. The significance of this work lies in the establishment of a general design

framework for the development and analysis of an acoustic based sensing system for sensing the global

error quantity, radiated sound power, which can be applied to any complex two- or three-dimensional

noise source.

Included in this thesis is the theoretical development of a sensing strategy based on acoustic ra-

diation patterns using two- and three-dimensional arrays of monopoles. A real time simulation using

the decomposition of the noise radiated from a forced two-dimensional structure has been conducted,

and extensive experimental validation and investigation was performed. The experiments focus was on:

aspects of practical implementation; and sensing and control of the multipole radiation patterns for a

two-dimensional structure and a three-dimensional non-structural noise source.

New work presented in this thesis includes:

1. The development of a time domain expression for the radiated sound pressure from a rectangular

panel.

2. Real time simulation of a multipole decomposition from 128 microphones.

3. Analytical development of two-dimensional multipole radiation patterns.

4. Analytical development of three-dimensional multipole radiation patterns.
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5. Experimental veriflcation of the two-dimensional multipole radiation patterns on both two- and

three-dimensional noise sources.

6. Experimental veriflcation of the three-dimensional multipole radiation patterns on both two- and

three-dimensional noise sources.

7. Experimental comparisons of power/radiation modes on both two- and three-dimensional struc-

tures.

8. A real time control implementation which compares radiated power attenuation when minimising
two-dimensional multþoles, three-dimensional multipoles and radiation modes.
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Chapter 1

lntroduction

1.1 Motivation and contribution of this thesis

Sound radiation from large structures poses a problem for many organisations in a variety of areas:

aerospace firms, marine vessel constructors, electrical power utilities and heavy or light vehicle manu-

facturers are several examples. Common "passive" noise control techniques are often limited in their

ability to address this type of noise problem, particularly at low frequencies. Because of this, active

control of noise radiated from structures continues to receive significant research effort'

The title of this thesis, Towards practical sensing strategies for large active noise control systems,

raises two questions. What is practical? and what is large? These questions set a framework for this

work and highlight the new and novel content. In this work, a practical sensing strategy is one that

is straightforward to implement outside of the laboratory, i.e. it is not restricted to any special shapes,

small noise sources, boundary conditions or even structural noise. Such a sensing strategy would require

no acoustic/vibration investigation of the sound source, enabling the sensing system to be "erected and

turned on". This definition excludes many of the assumptions that are implicitly or explicitly part of

current sensing strategies in relation to available structural information, and describes a more general

approach to the design of sensing systems. To facilitate practical implementation, often the mathemati-

cal models/developments have some degree of approximation, the effects of which must be scrutinized

experimentally.

The answer to the second question illustrates the need for a practical sensing system approach. The

term large here refers to a noise source/structure with dimensions greater than the wavelength of sound at

the frequency of interest. To measure the global performance criterion in such a situation would require

the number of sensors to be in the order of at least 100. For this reason the work here seeks to investigate

a generalised implementation of a sensing system consisting of a large number of error sensors.

The typical approach to active control of noise and vibration problems relating to large structures has

seen designers attempt to scale up smaller, successful systems. This has resulted in more control system

inputs, more control outputs, more pÍocessoÍs, more actuators, more sensors, more power output from

more poweÍ amplifiers, etc. However, such an approach has only increased the size and complexity of

the active control system and has yielded very few working applications.

An overriding conclusion is that the quality, rather than quantity, of the approach must be improved

if successful practical implementation is to be achieved. Deriving such an approach to the design of

1



2 Chapter 1. lntroduction

sensing systems is the aim of this thesis.

In error sensing, the underlying principle is "what is measured is what is controlled". In systems
targeting disturbance attenuation in free space, the aim is often to attenuate the disturbance "globally',,
and so what is often sought is a set of measurements that reflect the global quantity of radiated acoustic
power. Sound power attenuation achieved in an active control implementation is limited by a hierarchy
of factors. Referring to Fig. 1.1 these are, the quality of the reference signal (Ross, l982a,b), the quality
of the control law/system (Morgan, 1991b), the quality of the error measuring system and finally the
quality of the control setup (Kempton, 1976; Nelson and Elliott, l9g6).

Correlation

Control law, number
of inputs and outputs

Sensor type,
location and number

Source type,
location and number

Reference signal

Controller

Error sensors

Control sources

Relative contribution to possible
power attenuation (dB)

Figure 1.1: Factors influencing the amount of power attenuation

At this point designers come across a conflict that has hampered the implementation of many prac-
tical (large) active noise control systems. Referring to Fig. 1.2, while many effor sensors are required
to measure acoustic power or energy, quantities which lead to the greatest levels of global disturbance
attenuation (Snyder and Tanaka, 1993a), it is a minimal number of signals which will minimise com-
plexity and maximise the convergence speed and robustness of the control system (Elliott, Boucher, and
Nelson, 1992; Snyder and Tanaka,1997).

t\--

But a few signals measuring
a global quantity, to

be minimised

Many error sensors
to measure a global

error criteria
(microphones)

Figure 1.2: Ideal sensing system.

Specifically relating to sound power attenuation, the problem of measuring this quantity has received
much attention (Borgiotti, 1990 Baumann, Ho, and Roberlshaw , 1992; Snyder and Tanaka, I993a,b;
Elliott and Johnson,1993; Burdisso and Fuller, I994a:Hansen and Snyder, 1997; Berkhoff, 2000; Berry,
2001). Most simple approaches do not scale well for practical implementation on large, complex noise
problems. Taking, for example, a sensing system for the control of an electrical transformer, to obtain
a measurement which is related to acoustic power using acoustic pressure sensors, a large number of
sensors (microphones) will be required. For an industrial sized transformer (typically in the size range of
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1.1. Motivation and contribution of this thesis

5m by 5m by 5m) a significant number of microphones (placed with a separation of less ttran )) would

be required to surround the structure to obtain a global measurement of sound power. However, sending

all of these signals to a controller will quickly overtax the controller's central processing unit and reduce

the performance of the system.

To seek to address this problem, researchers have turned to modal filtering (Meirovitch and Oz,

1980; Meirovitch and Baruh, 1982, 1985; Lee and Moon, 1990; Morgan, l99la¡' Hansen and Snyder,

1997;Lane, Clark, and Southward, 2000; Snyder, Burgan, and Tanaka, 2O02;Burgan, Snyder, Tanaka,

and Zander, 2OO2; Hill, Snyder, Cazzolato, Tanaka, and Fukuda, 2002; Preumont, François, De Man,

and Piefort, 2003). In modal filtering, many point measurements are reduced to a smaller number of

estimates of global quantities, traditionally modes of vibration. It is then the aim of the control system

to minimise the resulting few filtered signals, rather than the signals from all of the point sensors.

The general effect of applying modal filtering on a large number of error signals in terms of possible

powerattenuationisillustratedinFig. 1.3. IllustratedinFig. 1.3(a)isthetypicalpracticaloutcomewhen

adding more inputs to a feedforward or feedback active noise controller. In Fig. 1.3(b) is the typical

theoretical result of adding more effor sensors to the system. Referring to Fig. 1.3(a), for an adaptive

feedforward control system, the convergence coefficient must be reduced for the system to remain stable

as inputs are added. At some point this begins to have a negative impact upon the final attenuation,

as essentially the control system "switches off" before adaptation is complete. For feedback control,

additional inputs improve performance in a diminishing way. Referring to Fig. 1.3(b), the addition of

individual sensors will improve performance, in a diminishing way. Maximum attenuation is bounded

by the characteristics of the control source affangement. By modal filtering the individual sensor signals,

before feeding them as inputs to the controller, additional information relating to the global error can be

input to the control system without an increase in the number of error signals. Hence, modal filtering

addresses the balance between obtaining sufficient information to enable attenuation of a global error

criterion, and minimising the actual inputs to the control law'
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A control system implementing a modal filtering process aims to attenuate the resolved modes (from
the filtering process) rather than all the point measurements themselves. Although this approach is valid
for vibration attenuation, application to global sound pressure reduction is not straightforward, as it
is well know that vibration attenuation can lead to increased sound pressure levels (Fuller, 1990; pan,

Hansen, and Bies, 1990; Fuller, Hansen, and Snyder, I991a; Pan and Hansen, l99la). While free space

radiation problems do not have any true modes, it is possible to mathematically express the acoustic
radiation as a quadratic function from a set of structural modes (Snyder and Tanaka, 1993a) or points

on the structure (Elliott and Johnson, 1993). The eigenvectors of this expression define combinations of
modes or points, effectively taking on the roll of the modes in the modal filtering exercise (hence the term
"radiation modes", Elliott and Johnson (1993)). The eigenvalues are used to quantify the importance
of each of the radiation modes at a given frequency, as they represent the radiation efficiency of the

radiation modes. The end result of the radiation mode exercise described above is the derivation of a

set of quantities that can be used in a modal filtering system. Illustrated in Fig. 1.4, is the acoustic
concept of the decomposition, where the sound field is decomposed into orthogonal functions (radiating
modes) relating to radiated power. The aim of the sensing exercise is to then measure the orthogonal
functions. In terms of active noise control, the benefit of controlling orthogonal functions is that a

reduction in any one of them will guarantee a reduction in overall radiated power. A relatively large

number of point sensor measurements can then be resolved into a relatively small number of important,
global orthogonal quantities. Hence, the two ideals of the active noise control system developer may
be realised; measurement of global quantities and the use of a limited number of input signals to the

controller.

Radiated sound fìeld
Docomposed sound fleld into
a set of orthogonal funct¡ons,

similar to modss
+

lnf¡n¡te baffle 'Þ elc

Figure 1.4: Sound field decomposition.

There have been many orthogonal functions used to describe acoustic power (Borgiotti, 1990; pho-

tiadis, 1990; Sarkissian, 1991; Cunefare,lggI; Baumann, Saunders, and Robertshaw, 1991; Baumann
et a1.,1992; Naghshineh and Koopmann,1992; Naghshineh, Koopmann, ancl Belegundu,lgg2; Snyder
and Tanaka, 1993a; Elliott and Johnson, 1993; Naghshineh and Koopmann, 1993; Cunefare and Currey,
1994;Beny,200I; Berkhoff, 2002). However, all approaches to date inherently require vibration enor
signals and control sources, which often leads to the requirement of some detailed dynamic knowledge
of structure. These factors have kept applications limited to the laboratory and structural noise sources.

To realise a practical implementation, the current methods must overcome one or more of the following
major shortcomings:

+

object



1.1. Motivation and contribution of this thesis

o Current design strategies require some knowledge of the vibration characteristics of the target

structure, such as structural mode shapes or detailed dimensions, to construct the quadratic acous-

tic power equation at the heart of the process. Mode shapes and resonance frequencies are gener-

ally straightforward to calculate for a simple structures, facilitating reported success in a laboratory

setting. However, extension beyond simple structures, especially complex structures such as elec-

trical transformers is extremely difficult.

o All strategies reported to date are explicitly vibration-based, limiting the technique to vibration

sensors which need to be placed on the structure. At the most basic level, the use of vibration

sensors implies that the noise disturbance must be structural. There are many free space problems

where this does not hold. If the noise source is a structure, the control input has typically come via

vibration sources when vibration sensors are used. While this approach to the system arrangement

has been implemented successfully, producing "smart structures" fitted with embedded control

systems, it is not always the ideal approach. It is also not applicable if the noise sources is not a

vibrating structure.

o The structural wavelength is usually smaller than acoustic wavelength resulting in the need for

more sensors.

o Current techniques are restricted to two-dimensional structural noise sources, with expansion to a

three-dimensional non-structural noise sources difficult.

It is the aim of the work here to overcome these problems by developing a new modal filtering like

sensing system design strategy that uses acoustic measurements. As mentioned, most current sensing

system approaches begin with the vibration characteristics of the structure from which the radiated sound

field is decomposed. It is then assumed that the vibration characteristics of the structure are actually

known, which is often not the case when departing from the laboratory environment. To develop a more

general approach, fundamental descriptors of acoustic radiation patterns, akin to monopole, dipole and

quadrupole patterns, will be used to decompose the vibration of the structure. The decomposition in

this case differs from the previously mentioned strategies, as it only requires a priori knowledge of the

broad geometry of the structure, but not a prioriknowledge of the detailed characteristics of the vibration

response. This rethinking of the design approach has the following significant advantages:

o The design strategy can be applied to a much wider range of problems, since almost all free-space

acoustic fields can be decomposed in terms of acoustic patterns.

o The implementation of acoustic control sources and acoustic sensors is straightforward, since it is

the acoustic field that is to be measured and decomposed and not the vibration on the structure.

o The need to calculate mode shape functions and resonance frequencies of the structure to im-

plement a sensing system has been removed. A designer only needs a description of the broad

dimensions of the target structure. The radiation efficiencies of the acoustic patterns at the target

frequencies, combined with the dimensions of the structure, will determine the number of modes

(acoustic patterns) that must be decomposed in the modal filtering problem. The modal filtering

system will resolve the amplitudes of the fundamental acoustic patterns from the sensor signals

5



6 Chapter 1. lntroduction

using weighting functions that can be derived without knowleclge of the structural mode shape

functions

o As the decomposition process does not "see" the shape or the size of the structure, the acoustic
field can be modelled from any noise source. The acoustic fleld decomposition can then easily be

applied to a three-dimensional noise source as the monopoles in the decomposition process can be

arranged in a three-dimensional array.

The importance of these points to the area of active noise control of large complex structures cannot be

underestimated. For example, if work here is successful, an optimised sensing system for active control
systems applied to an electrical transformer can be developed without having to know the mode shape

functions or vibration patterns of the tank a priori. The problem of handling hundreds of sensor inputs
for this type of problem has hampered commercial implementation for decades, and has led to results
that are marginal at best. The work proposed here has the potential to change this.

1.2 Aims

The aim of this project is to develop an improved sensing system design methodology for active control
of structural-acoustic radiation. The methodology will improve upon existing techniques in the field by:

o removing the need for knowledge of structural mode shape functions;

o providing a straightforward path for implementation using acouslic control sources and error sen-

sors, while still accommodating the use of vibration control sources and sensors;

o providing a method to achieve global acoustic control by uniquely resolving a large number of
elTor sensor signals into a concise few, which will lead to faster convergence and better disturbance

tracking.

o providing a general sensing system design methodology which can be applied to any two- or three-
dimensional noise source.

1.3 Chapter summary

Referring to Fig. 1.5, work in this thesis is organised as follows

Literature
Review

Methodology
development

Sensing system
simulation

lmplementâtion
on a 2D stÍucture

lmplementation
on a 3D souræ

Conclusions and
Future work

Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter I

Figure 1.5: Thesis overview

Chapter 2. Literafire review. This chapter explores development of sensing systems for active noise
control, providing a overview of the state of the art.

Chapter 3. Proposed sensing strategy. In this chapter a novel acoustic-based sensing approach that aims

to overcome many shortcomings in the current state of the art is developed.

Chapter 4. Development of the simulation environment. In this chapter a new method for obtaining a

Development of
the s¡mulation
environment
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time dependent sound pressure signal at any point in the far field of a rectangular panel is developed.

This is required as current time domain modelling methods are insufficient for simulations needed here.

Chapter 5. Sensing system simulation. In this chapter the proposed approach to the sensing of radiated

power is compared to current vibration based approaches, both of which are transferred to measurement

in the acoustic domain. Simulations are performed in which estimates of radiated sound power from

panels with different dynamic responses obtained by modifying boundary conditions are compared.

Chapter 6. Implementation on a two-dimensional structure. In this chapter the proposed technique

and current techniques, applied to the acoustic domain are implemented on a rectangular panel. The

rectangular panel is placed under two different sets of boundary conditions, simply supported and a com-

bination of simply supported and clamped. Using feedforward control the attenuation of radiated power

is attempted and is compared to the maximum theoretically possible for the given experimental setup.

Chapter 7. Implementation on a three-dimensional source. In this chapter the proposed sensing tech-

nique is implemented on a small air compressor. This estimate of radiated power is compared to that

obtained through a spatial integral of sound pressure over a hemisphere around the compressor.

Chapter 8. Conclusions and future work. This chapter examines the conclusions of this body of work

and suggests potential future work in the search for practical active noise control systems'
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Chapter 2

Literature review

2.1 Scope

Active noise control, having received much research effort in recent years, is a f,eld in which much has

been published. The breadth of knowledge required to implement a working system, including physics,

control, signal processing, and mechanical and electrical engineering, is mirrored by the breadth of topics

addressed under the broad heading of "active control".

In this literature review, two fundamental questions underlying sensing system design for active noise

control systems are of most importance; what quantity should be controlled/minimised and how should

the quantity be measured? The focus of the work in this thesis is sensing system development for free

field/semi free field radiation modelling for practical implementation of active noise control' By way of

introduction to the subject, active noise control of electrical transformers will be used as a case study,

illustrating the problems which large, practical, active systems face.

2.2 Early principles - destructive interference

The concept of two waves deconstructively interfering can be traced back to Leonardo Da Vinci (1452-

1519). Da Vinci mentioned that "nothing indicates that this would not work" (Lago, 2002)' Towards the

end of 1600's, the Dutch physicist Christian Huygen developed a principle that states that the sound field

from a set of primary sources can be exactly reproduced by replacing them with an affay of secondary

sources (Mangiante, 1977;Eghtesadi and Leventhall, 198I,1982; Stevens and Ahuja, l99l). Huygen's

principle was later reformulated by Jessel and his co-workers and published between 1954 and 1966 in

French, (Jessel, Ig54,1966) and later in English (Jessel and Mangiante,lg12; Mangiante, 1977i, Canévet,

1978; Mangiante, 1993). In the re-formulation, cancellation was achieved by a source distribution of an

alay of Huygens sources (monopoles plus dipoles) distributed along a closed shell surrounding the

primary sources, the so-called JMC theory (after Jessel, Mangiante and Canévet) which was patented in

1967 (Jessel, tg67). Similar approaches based upon destructive interference using "inversely" phased

sound to cancel out unwanted noise, were also patented in the 1930's by Henry Coanda (1930,1932)

(de Heering ,I993;Guicking, lgg3,20}l) and Paul Lueg (1933, 1934) (Warn aka,1982; Leitch and Tokhi,

1987; Guicking, 1990). While Coanda's patents appear to be acoustically incorrect (Guicking, 2001) both

his and Lueg's patents were beyond the technology available at the time for practical implementation.

9
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2.3 Active no¡se control of electrical transformers

In terms of free field noise radiation, electrical transformers have long been identified as an annoyance
to the local community, particularly where the "hum" is present in areas of high population density.
The fundamental frequency of the disturbance is twice the cycles of the power supply frequency, plus
harmonics. The magnetostrictive forces within the transformer (laminated) core have long been accepted
as the source of noise (Gorgy, 1950; Conover, 1956; Sakuta, Kowalewski, and Colbert, lgg2). However,
manufacturers have been unable to reduce noise emissions.

An early application of active noise control to theproblem was on alarge (15,000 KVA) electrical
transformer, carried out by Conover (1956). Conover's pioneering work illustrated significant problems
which face all active noise control systems, problems which today's researchers still grapple with. Using
sound pressure measured at a single point in the far field as an error signal, Conover was able to attenuate
radiating noise from the electrical transformer. However, attenuation was localised around the position
of the error sensor and increases in the sound pressure level at other points around the transformer were
measured.

Measurement, prediction and investigation of active control of transformer noise has been studied
in the U.S. by Craig and Angevine (1993); Brungard, Vierengel, and Weissman (1997) and Angevine
(1981, 199I,7992,1994), in The Netherlands by Schuller (1982), in Canada by Gosselin, Forrin, and
L'Esperance (1992); Gosselin, Fortin, L'Esperance, and Laroche (1993); Laroche, Rouffet, Gosselin, and
Fortin (1992); Sakuta et al. (1992); Kowalewski, Sakuta, and Colbert (1992) and Savard (lgg2) and in
Australia by Qiu, Li, and Hansen (1999); Li, Qiu, Gu, Köehle¡ and Hansen (1999); Li (2000); eiu and
Hansen (2001); Köehler (2001); Qiu, Xun, Yanting, and Hansen (2002); Hill and Snyder (2002) and Li,
Qui, Hansen, and Ai (2002). However, despite the many studies into the feasibility of applying active
noise control to large transformers, successful implementations of the technique number just a few.

Traditional active noise control methods for reducing sound radiated from electrical transformers
involve the use of large numbers of control sources and error sensors. Construction and tuning such
a system can be extremely difficult and expensive. For example Hesselmann (197S); Angevine (1981)
ancl Angevine and Wright (1990) reported that global control could bc achicvcd for a transformer in
an anechoic room provided that the transformer was completely surrounded with loudspeakers. The
practicality of extending this result to existing substation installations is questionable. Angevine and
Wright (1990) also concluded that the attenuation ,,vas dependent on the number of control sources and
that this dependence was stronger at lower frequencies, a result also reported by Li et at. (1999) and Li
(2000) for a transformer in the field.

Ross (1978) found the noise from a transformer was principally periodic and this could excite the
acoustic modes of nearby buildings. In this study, Ross achieved a spatially averaged sound pressure

reduction of I 0 dB in a nearby office space using only one loudspeaker. A local noise reduction of 28 dB
was also attained in this study, however noise also increased in other areas. Ross then suggested that
better control could be achieved by using more control sources. Local noise reductions have also been
achieved by Hesselmann (1978). In this study a single 100 KVA transformer approximately l.3m wide
by 0.8m high was used with two control sources. The small physical size of this transformer made it
easier to achieved good results and large noise reductions were reported. The ability to scale up such
as system is fraught with problems and successful results have yet to be reported on a typical large
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substation transformer. In further field measurements conducted by Berge, Pettersen, and Sørsdal (1987,

1988) on 20 MVA transformers, only very narro\ / cancelling zones were achieved. This result can be

attributed to the random fluctuations in environmental conditions and the large size of the transformer

used in these tests, relative to the control sound sources.

Angevine (1981, 1991,1992,1994) and Angevine and Wright (1990) have made several attempts

to actively control transformer hum. Angevine implemented an array containing as many as 26 control

sources arranged around a model transformer, and while using a trial and error approach to tuning the

system he managed to achieve attenuation between 10 dB and 20 dB at the first harmonic. Later, Craig

and Angevine (1993) attempted control of the first four harmonic tones produced by an actual substation

transformer. V/hile the attenuation produced was significant, it was limited to angles of 30 to 60 degrees

away from the transformer because of the limited number of control sources that were used.

Cheuk, Man, Ho, and Tang (1994) attempted to control radiated noise from a 66 KVA transformer

using eight loudspeakers. The speakers surrounded the transformer whose free field radiation was already

passively controlled via an enclosure. An attenuation of 20 dB at the frrst harmonic was achieved at a

single point close to the front of the enclosure. However the most important measure of performance,

global sound attenuation, was not reported.

With disappointing results obtained using traditional active noise control techniques (acoustic

sources) Mcloughlin, Hildebrand, and Hu (1994) moved to using only structural control sources'

Mcloughlin placed sixty four closely spaced microphones in the far field and attached thirty two piezo-

ceramic control actuators to a small transformer tank. This study reported a global tonal noise reduction

of 10 to 15 dB in the far field. While this is a good result, once again scaling the system up for larger

transformers has yet to be proven viable.

Brungard et al. (1997) has reported the most successful "global" sound attenuation of a transformer,

as measured at 88 locations on the perimeter of a electrical substation. The active noise control system,

Alqrlu (Active Transformer Quieting) used in the case study was developed by QuitePower. It con-

sisted of 64 microphones (placed in the yard of the substation) while 40 piezoceramic drivers and 26

resonant acoustic devices were used as control sources. The size of this transformer was not reported.

Since this result has been reported, other researchers have been unable to replicate these results on large

transformers and QuitePower has stopped trading.

Researchers at the University of Adelaide have focused on a number of aspects of transformer noise

control including sensing strategy investigation (Li et a1.,1999;Li,2000; Li et a1.,2002), modelling

the noise radiated by a large electrical transformer (Qiu e/ al., 1999) as well as developing controller

algorithms for practical implementation (Qiu and Hansen,1999,2001). Li (2000) achieved an average

sound pressure reduction (from 526locations) of 15.8 dB at 100 Hz on a small transformer in an anechoic

chamber using 8 control sources and 8 sound pressure error sensors. This result was later published in

Li et al. (2002). The error sensors were located 0.8m from the transformer tank. The locations of

the error sensors where chosen using a genetic algorithm as outlined by Qiu et al. (2002). This work

also sought to compare minimising sound intensity (measured in the near field using alarge number of

sensors) with minimising squared pressure. Theoretically it was shown that intensity minimisation in

the near field could provide a better result, however a large number of sensors were required to obtain

an accurate measurement. Köehler (2001) further highlighted the problems associated with measuring

intensity in the near field in his study on electrical transformers. He found that when minimising sound
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Should the aim of the control exercise be to achieve
global disturbance attenuation

or
local attenuation at few

points of interest?

Chapter 2. Literature review

What to measu re?
Should the control approach:

minimise all sensors simultaneously
or

minimise a pre-processed combination
of sensors to minimise controller input?

vibration,
sound pressure

or
some other power related
quantity (e.9., intensity)

lf the measurement is acoustic,
where should the measurement be taken?

ln the near field
or

the far field

How to measure it?
(what type of transducer)

Figure 2.1: Approaching sensing system design, some questions to ask.

intensity, there are often multiple minimum that the controller can converge to. When measured in the

near field, particle velocity can be minimised, while sound power and far field pressure can actually
increase. However, when intensity was measured in the far field, both particle velocity and sound power

were minimised.

The body of literature on electrical transformers highlights a few key points:

o actively attenuating acoustic pressure will achieve localised reductions in noise (only), unless many
pressure sensors are used and control is achieved at each point;

. many effor sensors are required to accurately measure the radiated field;

o a large number ofcontrol sources are required to achieve global disturbance attenuation

These three points have lead to a cumbersome control strategy, where a control system seeks to process

and analyse alarge number of error signals while attempting to drive a large number of control sources.

In terms of measuring a signal (the error) to be minimised, studies into active noise control for electrical
transformers raises the question; what should a sensing system measure? or stated differently, what
should a control system seek to minimise? The literature on active noise control for large electrical
transformers has indicated the fundamental questions which face all sensing design methodologies, as

summarised in Fig. 2.1. These questions are further explored in the following sections.
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2.4 What to measure?

The quality of an error signal plays an important role in determining the maximum possible levels of at-

tenuation (Snyder and Tanaka, 1993a). Over the years of research on active noise control, many different

quantities have been used as the error signal. Most early work sought to achieve a reduction in radiated

pressure at a point or a small number of points e.g. Olson and May (1953); Olson (1956)' However, in

more recent times, it has been recognised that if the aim of the exercise is to achieve "global" disturbance

attenuation in free space, the sensing system would better measure the global error, usually encapsulated

in a quadratic function, acoustic power (Nelson and Elliott, 1986; Nelson, Curtis, Elliott, and Bullmore,

1987; Deffayet and Nelson, 1988; Mollo and Bernhard, 1989, 1990; Cunefare and Koopmann, 1991a,b).

Defining the enor signal as a quadratic also has advantages in terms of control system implementation,

as seeking the minimum becomes a straightforward gradient descent problem. As seen by the electrical

transformer case study, practical implementation is hampered by the difficulty in measuring a global

eror signal, as a large number of sensors are required.

In addition to selecting an effor criterion, another important consideration is where and how it should

be measured. For structural noise sources there are two options, acoustic or vibration measurement. The

question of where to take measurements is related to the placement of acoustic sensors, in the acoustic

near field or far field. To achieve a reduction in far field pressure it is logical to place acoustic error

sensors in the far field. However, far field sensors usually reduce radiation in the direction of the sensors,

but not necessarily the global sound field (Beny, Qiu, and Hansen, 1999). Far field sensors also introduce

long acoustic delays between control sources and error sensors, and these can result in the controller

becoming unstable. In addition long delays are more prone to time variations (Abdel-Rohman, 1982,

1987; Snyder and Hansen, 1990), further hampering controller stability. Near field acoustic sensors

overcome this control based problem. However, a reduction in the far field pressure can be accompanied

by an increase in near field pressure (Hesselmann, 1978; Nelson and Elliott, 1992). This is because every

acoustic sound field has an active and reactive component (which are 90 degrees apart), the latter decays

rapidly moving away from the source. V/hen sensing in the near field, control may be attempted to that

part of the sound field that does not propagate, at the expense of limiting, or even increasing the active

part (Hansen and Snyder, 1997).

Intensity has been studied as an error signal by many researchers, as the quantity is directly related

to sound power and can be measured accurately in the near field. A great deal has been written about

measuring acoustic intensity (Noiseux, 1970; Pavic,1977; Elliott, 1981; Thompson and Tree, 1981;

Thompson, l982a,b; Kitech and Tichy, 1982; Pascal and Carles,1982; Krishnappa, 1983; Bodén and

,Å.bo-, 1986; Watkinson, 1986), a detailed summary of which may be found in Fahy (1995). Sound

intensity measured at a point is a measure of the sound power radiated through an elemental area (in

the free field). If the sound fleld is then relatively uniform, intensity measured at a point is a good

approximation of sound power, hence the notion is that a minimisation in intensity will bring about a

global reduction. Qiu, Hansen, and Li (1998) theoretically compared minimisation of acoustic potential

energy density, acoustic kinetic energy density, total acoustic energy density and mean active sound

intensity at a point using measurements taken in both the near and far f,elds. The results obtained for

the eight error sensing strategies showed that measurement in the far field gave the same results as in

the near field and concluded that if one region was good for one criterion then it is usually also good for
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the other. The second conclusion was that it is impossible to obtain a cost function which can always
maximise the level of achievable attenuation, regardless of the distance from the control sources to the

effor sensors or the number of enor sensors. This work was extended by Berry et at. (1999) and Berry
(2001) who compared the minimisation of normal active sound intensity to the sum of near field squared
pressure, structural intensity, volume velocity and discrete strain sensing. It was found that performance
of all methods, in terms of global attenuation, is comparable. However, intensity suffered limitations
relating to the quantity being signed, and could result in the cost function taking negative values after
minimisation. It was suggested that poor control performance could result, which has been confirmed
experimentally by Köehler (2001) who showed that minimising sound intensity (measured in the near

field) can lead to an increase in far field pressure.

In terms of structural noise sources, a reduction in vibration will often be accompanied by a reduc-
tion in noise. Achieving zero vibration on a large complex structure is hard to practically achieve as it
would almost require an infinite number of control sources and control energy. Over the years there has

been much research effort into the area of decentralised control (Johnson and Elliott, 1995; Naghshineh
and Manson,1996; Sun, 1996; Johnson and Elliott, 1997; Johnson and Fuller,2000; Gardonio, Lee,
Elliott, and Debost, 2001; Elliott, Gardonio, Sors, and Brennan, 2002;Gardonio and Elliott, 2003). De-
centralised control aims to achieve many localised reductions in structural vibration or volume velocity.
An alternative name for this technique is nodal control, which has typically been used when the specific
aim is reducing structural vibration (Meirovitch and Baruh, 1982; Meirovitch and Silverberg, 1983; Sil-
verberg, 1986; Weaver Jr and Silverberg, 1992; Rossetti and Sun, 1995). Achieving global reductions of
radiated sound power through the use of a large number of individual control units can be traced back to
Davidson Jr (197 5a). He used a large number of decentralised units to target local vibration in an attempt
to reduce radiated pressure from a large structure. This idea patented in 1975, (Davidson Jr, 1975b).

Decentralised/node control seeks the balance between having many sensors and actuators yet a control
system with a few inputs/outputs. Ideally the addition of many individual control systems will produce
significant local disturbance attenuations, which may contribute to an global reduction in noise radiation.

Decentralised/nodal control has lead to significant reductions in local quantities, however in practice
it has yet to translate into significant reductions in sound power. Reductions in radiated power could
be difficult to achieve using this approach as a reduction in a local quantity, typically vibration, will
not guarantee a reduction in radiated sound power (Meirovitch and Thangjitham, 1990; Fuller, 1990; pan

et a|.,1990l. Baumann et al., 1992; Meirovitch and Thangjitham,lgg2;Fuller, Elliott, and Nelson, 1996).

The volume velocity of a structure is a good estimate of the most efficient radiating method at low
frequencies. As it is relatively straightforward to measure it has received attention as a global error cri-
terion (Johnson and Elliott, 1995,1997 Pan, Sutton, and Elliott, 1998; Gardonio et a\.,2001; Sors and

Elliott, 2002; Gardonio and Elliott, 2003). However, in most experiments, targeting attenuation of vol-
ume velocity has lead to disappointing results. Results published by Gardonio and Elliott (2003) for the

implementation of a decentralised control system on an aluminium panel (0.414m x 0.314m x 0.001m)
radiating into a Perspex box (with dimensions: 0.414m x 0.314m x 0.385m) only showed a sound power
reduction of between 5 to 10 dB in just a few of the 63 Hzto 4kHz,l/3 octave frequency bands. The
decentralised system used l6 piezoceramic control actuators with 16 collocated accelerometers.

The proceeding discussions highlight that system design based upon attenuation of an error crite-
rion based on a global quantity (sound power), as opposed to a local quantity, can lead to greater global
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performance. It is possible to achieve a global reduction in radiation by explicitly considering vibration

modes of a structure. This can be achieved in two ways; reducing all modal amplitudes or modal re-

structuring, where phases between modes are adjusted to reduce the radiation efficiency of the structure

(Baumann et al.,l99l; Snyder and Hansen,Iggla; Pan, Snyder, Hansen, and Fuller, 1992). The latter

approach is physically possible because vibration modes, orthogonal on the structure, do not in general,

radiated orthogonally. However, such an approach is difficult to optimise without a modal analysis of the

target structure. To then overcome problems arising from the orthogonality issue associated with vibra-

tion modes and power radiation, researchers have developed many vibration functions which contribute

orthogonally to radiated po\ /er (Borgiotti, 1990; Snyder and Tanaka, 1993a; Elliott and Johnson, 1993;

Cunefare and Currey, 1994). These approaches are discussed in more detail in Section 2.5.1'

In terms of an alternative to radiated power as a global error signal, particularly in an enclosed space

with light damping, acoustic potential energy has been investigated (Curtis, Nelson, and Elliott, 1990;

Sommerfeldt and Parkin s, 1994; Park and Sommerfeldt, 1997; Cazzolato, 1999). In the work by Curtis

et al. (199O), experiments verified that for the control at a single frequency of an enclosed sound field,

minimisation of acoustic energy provided the better global attenuation of the interior sound field than

strategies based on cancellation at a point. To provide an approximation of acoustic energy, they used

the squared sum of eight microphones placed in a small duct (0.234m x 0.533m x 6m). Like free fleld

noise problems, to provide an accurate estimate of a global error (acoustic power or energy) in a large

enclosure, alarge number of sensors are required.

This review indicates the difflculty in choosing a single best effor criterion. However, the case

study of electrical transformers (in Section 2.3) and Section 2.4 illustrates a common theme; to provide

a estimate of a global errof a large number of sensors are required, independent of the error criteria

(intensity, acoustic potential energy, sound power, sound pressure or volume velocity). An active noise

control system seeking to minimise the outputs of each sensor has proved difficult. There then exists a

conflict in the approach; a large number of sensors are required, yet a control system is unable to process

and achieve robust control of all of them simultaneously.

2.4.1 Modal control

In an attempt to address the balance between the requirement of a large number of sensors to achieve

adequate sensing of a global quantity, yet few inputs to the control system for controller convergence,

researchers have turned to modal control. In modal control it is the aim of the control system to solely

modify a systems modes (i.e. the eigenvalues of the system matrix). Many authors (Balas, 1978a;

Meirovitch andOz,1979; Meirovitch and Baruh, 1982; Baruh and Silverberg, 1985; Silverberg, 1986)

cite Simon and Mitter (1963) and Porter and Crossley (1972) as early work on modal control and credit

Rosenbrock (1962) for suggesting the technique as a design aid. As controller computational power

limits the amount of data that can be processed in real time, there exists a fundamental problem for

many active control systems: control a large dimensional system (a system with a large number of

inputs/outputs) with a small dimension controller. For example, a large number of elastic modes may be

needed to describe the behavior of a flexible satellite. However, active control of all of these modes is

impractical due to computer limitations and modelling errors. While vibration control can be generally

limited to just a few critical modes (Balas, I978a;Luzzafo,1983), free space radiation problems do not
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have any true modes. However, it is possible to mathematically express the aconstic racliation from a

rectangular panel as a quadratic function from a set of structural modes (Snyder and Tanaka, 1993a),

or points on the structure (Elliott and Johnson, 1993). The eigenvectors of these expressions define
combinations of modes or points, effectively taking on the roll of the modes in the modal filtering exercise
(hence the term "radiation modes", Elliott and Johnson (1993)). The corresponding eigenvalues are

used to quantify the importance of each of the radiation modes at a given frequency, as they effectively
represent the radiation efficiency of the radiation modes. When attempting to control all modes, it is
possible for modes associated with very small error criterion (small eigenvalues) to be forced to converge
to equilibrium. However, this will occur very slowly, and to do so will require an inordinate amount of
energy (Elliott et al., 1992). As the modes associated with small eigenvalues contribute little to overall
disturbance levels, they can effectively be ignored. This truncates the control problem and has been
shown to produce little or no drop in control performance in acoustic problems (Fuller et al., l99la;
Snyde¡ Tanaka, and Kikushima,Igg5; Berkhoff, 2002) and, vibration problems (Hallauer Jr, Skidmore,
and Gehling,7984; Skidmore and Hallauer Jr, 1985; Crawley and de Luis, 1987; Audraun, Masson,
and Berry, 2000). Controlling the modal behaviour then offers the potential to limit both the number
of controlled signals and simplify/optimise the design technique. Clark (1995) provides an excellent
discussion on the advantages and disadvantages of modal coordinates versus physical coordinates for
adaptive feedforward control, which is summarised in Table 2.1.

In addition to minimising the number of error signals (and corresponding controller dimensionality),
a modal based approach for active noise control problems has been shown to: minimise the number of
actuators and thus minimise the control effort, provide robustness to system uncertainty and minimise
the adaptive convergence time by uncoupling the modal responses (Morgan, l99la). The number of
control sources can be minimised, as only the same number of sources as controlled modes are required
to achieve independent modal control (Meirovitch and Baruh, 1982; Lindberg and Longman, l9B4).

Associated with achieving independent modal control is the optimisation of actuator placement.
V/ithin the literature there is a vast array of methods in optimising actuator locations, encompassing
both structural and acoustic control sources. A common thread for all approaches is that the actuator
placement should maximise energy transmission to the structure/acoustic field and maximise control
authority. As Griffin, Hansen, andCazzolato (1999) showed, selecting actuator locations based on "ra-
diation modes" can lead to more than twice the control authority than with random selection of actuator
locations. However, for a practical system optimal locations based solely on a maximum noise reduction
is not sufficient. Additional factors including: average structural velocity; control force amplitude; and
the reactive sound field generation should also be examined (Pan and Hansen, 199lb). In the past optimal
locations have been chosen based on:

¡ controllability (Arbel, 1981; Lindberg and Longman, 1984; Clark and Fuller, 1991,1992e; Baruh,
1992;Hac and Liu, 1993; Heck and Naghshineh,lgg4;Chen and Shen, 1997; Mirzaand Van Niek-
erk,1999; Jemai, Ichchou, and Jezequel, 1999);

o multiple regression (snyder and Hansen, r99lb; Ruckman and Fuller, 1995);

o genetic algorithms (Rao, Pan, and Venkavya, I99l; Krishnakumar and Goldberg, 1992;Baek and
Elliott, 1993; Krishna, Swaminathan, and Montgomery,Igg4; Baek and Elliott, 1995; Martin and
Roure, 1998; Li, Cheng, and Gosselin,2004);
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Control in Physical Coordinates Control in Modal Coordinates

Advantages Disadvantages Advantages Disadvantages

Ideal for local control.

Minimal a priori signal

processing required.

Global control requires ac-

tuator and sensor oPtimisa-

tion as well as signal pro-

cesslng.

Large adaptive filters are re-

quired for broadband con-

trol.

Global power control is

readily achieved.

Controller is non interact-

ing due to orthogonal coor-

dinates.

Requires a priori knowl-

edge of system mode

shapes.

Requires a coordinate

transformation from phys-

ical coordinates to modal

coordinates on the input

and the output.

Control and observation

spillover can lead to

performance degradation.

Ease of implementation

with filtered-x LMS

algorithm.

Convergence of MIMO

controller is slow due to

coupling between actuators

and sensors.

Control is typically depen-

dent upon system identifi-

cation of each control to er-

ror transfer function.

control to efror trans-

fer function may be

non-minimum phase.

A single coefficient adap-

tive filter is all that is re-

quired for broadband con-

trol of each mode.

A time-averaged gradient

decent approach is practi-

cal, eliminating the need

for control to error system

identification.

Optimal control for each

mode is always minimal

phase.

Convergence of each mode

is simultaneous.

Control system is insensi-

tive to drifts in the system

resonant frequencies.

Table 2.1: The advantages and disadvantages offeedforward control in physical coordinates and modal

coordinates (from Clark (1995) - Table I)
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o a linear quadratic optimal framework (Kondoh. Yatomi, and Inoue, 1990; Wang, Fuller, and Dim-
itriadis, 1991b; Yang and Lee,1993; Bruant, coffignal, Léné, andyergé,1997:Kimand Ih, 2000;
Kammer and Tinker, 2004); and

o dissipated energy (Dhingra and Lee, 1995)

A different approach proposed by Lim (1997) involved selecting actuator and sensor placement for dis-
turbance rejection based upon the Hankel singular values of lightly damped structures. Compared to pre-
vious methodologies which emphasized the use of iterative, nonlinear optimization techniques (Wang,

Burdisso, and Fuller, l99la Clark and Fuller, 1992e; Ruckman and Fuller, lggs),the approach outlined
in Lim (1997) is computationally efficient. Another method proposed by Clark and Cox (lggg)based the
actuator/sensor pair locations on the trade-off between the coupling to structural modes related to per-
formance within the bandwidth of interest, and the lack of coupling to structural modes outside the band

of interest. Sun, Norris, Rossetti, and Highfill ( 1996) designed a PZT modal actuator for a cylindrical
shell that had control authority only for the structural modes which efficiently coupled to the acoustic
modes' In doing so they were able to reduce modal spillover and reduce the interior noise levels without
increasing the structural vibration. As with all optimal methods, the results are only optimal for the pre-
defined function. In the cited examples typically a prior knowledge of stuctural dynamics is required,
restricting applications solely to vibrating noise sources.

Many different modal control techniques have been proposed for vibration control of large flexible
structures (Balas, l9'l8a; Skelton and Gregory, 1979; Meirovitch and Baruh, 1982; Silverberg, 1986).
However, most of these techniques suffer limitations as the order of the control system is increased.

As the number of controlled modes becomes large, computational difficulties in determining the feed-
back gains are experienced (Meirovitch, Baruh, and Oz,l9S3). An approach capable of handling large-
order systems is "natural" control, which is also known as the independent modal-space control (IMSC)
(Meirovitch and ö2,1980; Meirovitch and Baruh, 1982; Oz and Meirovitch, 1983; Meirovitch and Sil-
verberg, 1983; Meirovitch, Baruh, Montgomery, and Williams, 1984; Bennighof and Meirovitch, 1989).

There are some practical limitations that IMSC can face, namely observation and control spillover, these
will be discussed in the next section.

The literature has shown that the design of a sensing system and active control system based on modal
quantities can reduce the dimensionality of the controller and sensing system. Thus requiring fewer
control sources, enabling independent control of the modes and minimising control spillover. However,
simply measuring vibration modes or acoustic modes using discrete sensors is not possible as each sensor

output contains a contribution from all modes. Extracting the modal amplitudes from the sensors is the

subject of the next section.

2.4.2 Modal sens¡ng

There are two common approaches to the problem of extracting modal amplitudes ("modal filtering")
from an array of point sensors or a distributed sensor. The first relies on modal orthogonality, where the
modal amplitude of displacem ent u¿ of the ith mode can be extracted from a known structural displace-
ment distribution through the relationship
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-o: { g¿ft)u;(r)d,S QJ)
Js

where ,u(r) is the displacement of the structure at the location r, Q¿(r) is the ith eigenfunction and ,S is

the region over which the integral is evaluated. Modal filtering can be constructed by implementing Equ.

(2.1) numerically using measurements of the structural displacement at discrete locations, as described

by Meirovitch and Baruh (1983).

The second approach to modal filtering uses a least-squares approximation, rather than numerical

integration. To develop this, the output amplitude from a set of n sensors can be expressed in matrix

form as

W: úw Q.2)

where 'W is the (n x 1) vector of sensor output amplitudes, w is the modal displacement vector of

dimensions (n, m), where rn is the number of modes considered and rþ is the modal sensitivity matrix.

For the most common discrete displacement or velocity sensors, the'i-,jth term of ty' is equal to the value

of the jth mode shape function at the location of the ith sensor. Since the purpose of the modal filtering

operation is to estimate the modal coefficients u.r¿ in the vector w, the problem can be resolved directly

by multiplying the inverse matrix of ry', provided that the matrix ty' is non-singular.

Methods for extraction of the modal coordinates from the system output also include the Luenberger

observers (Brogan, 1974) and,temporal filters (Hallauer Jr, Skidmore, and Mesquita,1982). These strate-

gies, which aim to sense normal structural modes using a combination of weighted discrete sensors, with

the weighting relating to mode shape functions (Balas, 1978a; Meirovitch and Baruh, 1982; Baruh and

Silverberg, 1985; Meirovitch and Baruh, 1985; Meirovitch and Bennighof, 1986; Morgan,l99la;Han

and Feeny, 2003), suffer from spatial aliasing and observation spillover (Balas, 1978b; Meirovitch and

Baruh, 1982; Meirovitch et al., 1983; Meirovitch, l9S7). This results in performance degradation as

signals contain contributions from modes which are not controlled.

Balas (1978b, 1980, 1982) has suggested possible remedies for the spillover problem, both control

spillover (where energy used to control particular modes has spilt into uncontrolled modes) and obser-

vation spillover (where sensors contain contributions from uncontrolled modes). These can be loosely

divided into three main groups: redesign of the structure and controller with relocation of actuators and

sensors, signal filtering techniques, and via additional feed through terms in the controller design. The

remedies are summarized in the context of large space structure control theory by Balas (1982). Ellis and

Mote (1979) have used a proportional derivative controller to decrease transverse vibration of circular

saws. In this case, spillover was overcome by placing the sensor and actuator at the same radius. In the

cases where spillover does not lead to instability there may only be one or two modes to be controlled.

This is also the underlying theme of many applications of passive vibration absorbers (Walsh and Laman-

cusa,I992;Brennan, 1991;Hill and Snyder, 2002) where a single actuator is required for the control of

each mode. The spillover problem was addressed by Meirovitch and Baruh (1983), they illustrated two

methods of estimating modal coordinates from sensor data, observers and modal filters. It was shown

that if the residual modes (those not controlled but modelled) are included in the observer state, observa-

tion spillover cannot cause instability. It was also shown that when using a sufficient number of sensors

observation spillover will be minimised. It has been shown by Clark (1995) that by increasing the ratio
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of the number of discrete sensors to the number of controlled signals, spillover is reduced. This high-
lights the need for a large number of sensors and suggests more will provide a more accurate estimate
of the error criterion. Further techniques have been introduced to help overcome these limitations, such
as careful placement of the sensors (Balas, 1978a; Elliott and Johnson, 1993; Snyder and Tanaka, 1995;
Snyder et aL.,7995) and band-pass filters used to restrict the bandwidth of operation to that influenced
most by the modes in the control system (Clark, 1995).

A solution to control spillover has been proposed by Baz and Poh (1988); Baz, poh, and Studer
(1989) andBaz and Poh (1990), called modified independent modal-space control (MIMSC). In this
method minimisation of spillover is attempted by using fewer actuators than the number of modelled
modes. This resulted in less control authority of the controlled modes, however the authors believe that
this can be compensated by selecting optimal control source locations. While control spillover continues
to receive attention in theoretical studies (Krishna et a\.,1994; Mei and Mace, 2002), in practical noise
control situations it is difficult, if not impossible, to eliminate control spillover completely. Howeve¡ for
radiation noise problems dominated by 3-5 orthogonal radiation patterns ("radiation" modes), control
spillover into other less efficient patterns may not be detectable by a human observer.

Like modal actuator placement, the placement of discrete sensors for modal sensing has received
significant attention. While sensor placement should maximise output energy over the system and max-
imise signal to noise ratio. The majority of work has sought to maximise modal observability (El Jai and
Pritchard, 1987; Basseville, Benveniste, Moustakides, and Rougee ,1987;Baruh and Choe, 1990; Baruh,
1992), where "observability is the ability to deduce the state variables from a measured input" (Nise,
2000). The difficulty of transfening this approach to large structural problems is again the required
structural knowledge so that modal observability can be quantified and thus maximised.

The limiting factor in applying most vibration-based modal filtering techniques to practical problems
is the availability of analytical or experimental mode shape functions for the structure under question
(Sun, Hirsch, and Jayachandran, 1998), so that the modal amplitudes can be evaluated using point sensors

or distributed sensors. While such information is straightforward to determine for simple structures such
as a rectangular panel, evaluating vibration mode shape functions for large complex structures is difficult.
In addition, should structural conditions (mode shapes and modal frequencies) change over time the
process of modal analysis becomes inaccurate and impractical (Crawley and de Luis, 1987). In addition
to the problem of known structural dynamics is the complex nature in which vibration couples to the
surrounding medium creating an acoustic disturbance, this is the subject ofthe next section.

2.5 Sensing system design and radiation modelling

In the previous sections of this chapter a general framework was developed to illustrate the current
approaches to sensing system design for structural radiation. In this section various sensing system and
control techniques are discussed in more detail and critically reviewed. In terms of sensing system design,
radiation modelling forms the basis of what the sensing system is going to measure, if either vibration or
acoustic sensors are used. The previous discussion on "what to measure?" dealt in a general way with
current available approaches, intensity, volume velocity, sound power etc. Previous work has suggested
that sensing, and then attenuating, sound power can achieve optimal global results. The following review
concentrates on obtaining a measure of sound power.



2.5. Sensing system design and radiation modelling

2.5.1 Sound power and radiation modes

In terms of modelling structural radiation, the most commonly investigated system is the simply sup-

ported panel. Over the years, a great deal of research has been reported for this structure. Originally

studies aimed at understanding fundamental properties such as:

o radiated pressure to a point (Maidanik, 1962,1966; Feit, 1966; Maestrello and Lindon, I97l);

o directivity of the source (Lomas and Hayek, 1977);

o radiation efficiency (Stepanishen,lg7l; Burnett and Soroka, 1972;Wallace, 1972; Lindemann,

1974; Sandman,1975; Stepanishen,1977; Mechel, 1988; Photiadis, 1989; Berry, Guyader, and

Nicolas, 1990; Beny, 1994);

o damping (Wallace, 1987);

o modal coupling and the effect on radiated pressure (Bozich, 1964; Davies,l9Tl:- Pope and Lei-

bowitz, I974;Keltie and Peng, 1987; Cunefare,1992; Frendi, Maestrello, and Bayliss, 1994); and

o radiated power (Swenson Jr and Johnson, 1952; Smith Jt,1964; Levine, 1983, 1984).

The rectangular panel today still receives much theoretical attention, particularly in areas such as nu-

merically efficient methods of modelling structural response (Li and Gibeling, 2000; DiPerna and Feit,

2001, 2003) and the fluid-structure interation (Cunefare and de Rosa, 1999). This body of research has

provided an excellent test bed for development of new sensing and control techniques.

Models of radiation generally seek a set of orthogonal functions, commonly combinations of struc-

tural modes that radiate independently, such as "spherical modes" (Borgiotti, 1990), "power modes"

(Snyder and Tanaka, 1993a) or "radiation modes" (Elliott and Johnson , 1993), which diagonalise a ra-

diation operator in the exterior domain of the structure. The "radiation operator" is the function which

describes exterior acoustic radiation from a structure. As mentioned previously, these orthogonal acoustic

radiation modes may be found through an eigenanalysis characterising the general exchange of acous-

tic energy (Bessac, Gagliardini, and Guyader, 1996). The eigenvalue analysis of the radiator operator

shows that only a very limited number of "radiation modes" contribute to radiated sound from a vibrating

structure. It is then the number of importanl radiation modes which define the dimension of the control

system, not the modal response of the structure. Sarkissian (1991) showed that the number of efficiently

radiating modes was of the order of kI where k is the acoustic wave number and I is the major dimension

of the structure. This number is typically significantly smaller than the number of structural modes ex-

cited for the frequency range of typical active systems. In early work by Borgiotti (1990), the boundary

integral problem for circular shapes was solved to provide orthogonal radiating velocity patterns. The

work of Borgiotti was extended by Photiadis (1990) and Sarkissian (1991) where the connection between

singular value decomposition and wave vector filtering was studied. Their work provided information

on the physical contributions of the individual subsonic and supersonic elements radiated by a shell. Al-

ternative orthogonal velocity functions for shells have also been developed by Fahnline and Koopmann

(1991); Borgiotti and Jones (lgg3, 1994); Chen and Ginsberg (1995); Chen (1997) and Naghshineh,

Chen, and Koopmann (1998).

21
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There is also a large amount of literature on orthogonal surface velocity patterns for radiated power
from:

o vibrating beams (Cunefare, 1991; Baumann et a\.,1991; Naghshineh and Koopmann, 1993; Cune-
fare and Cuney, 1994); and

o rectangular panels (Snyder and Tanaka, 1993a; Elliott and Johnson, 1993; Currey and Cunefare,
1995; Johnson and Elliott, 1995; Snyder et a\.,1995; Johnson, 1996; Burgemeister, 1996; Sny-
der, Tanaka, and Kikushima, 1996; Berkhoff, 2000; Gibbs, clark, cox, and vipperman, 2000;
B erkhoff, S araj lic, Cazzolato, and Hansen, 200 1 ; B erkh off , 2002) .

Vibration patterns which radiate independently for simply supported rectangular panels have been based
on structural modes (Snyder and Tanaka, 1993a) and structural elements (Elliott and Johnson, 1993). The
orthogonal radiation development based on structural modes is straightforward to apply to measurement
using shaped PVDF sensors (Snyder and Tanaka, 1993a; Snyder, Hansen, and Tänaka, 1993; Snyder
et aL.,1995,1996)' The radiation mode formulation based on elemental radiators has demonstrated global
minimisation of the radiated power by controlling the weighted sum (to resolve radiation modes) of the
squared outputs from a bank of vibration sensors mounted on the surface of the structure (Elliott and
Johnson, 1993; Berkhoff, 2001). Johnson and Elliott (1995) extended rheir earlier work by showing that
a substantial reduction in the radiated power from planar structures was obtained at long wavelengths by
volume velocity cancellation, clearly demonstrating a close relationship between volume velocity control
and control of the dominant acoustic radiation mode. A comparison between formulating radiation
modes on structural modes and elemental radiators for a beam has been carried out by Cunefare and
Currey (1994).In this work a global (velocity) basis function in the form of a sine series expansion was
assumed. The results illustrated that 20 structural modes needed to be considered so that at very low
frequencies the first radiation mode of the beam looks like a piston mode.

In the design of a broadband sensing system based on radiation modes, the frequency characteristics
of the radiation modes become important. Unfortunately radiation modes are highly frequency depen-
dent (Berkhotr,2000). Gibbs e/ al. (200O) and Sors and Elliott (2002) have plorted the first radiation
mode shape at high (-5) and low (-0.5) non-dimensional frequency values (kø values) for a rectan-
gular panel. At very low frequencies the first radiation mode shape is piston like, however at higher
frequencies the radiation mode shape looks like the (1,1) vibration mode shape of a simply supported
panel. A disadvantage of using radiation modes for control is that the vibration patterns correspond-
ing to the radiation modes depend on frequency. A frequency independent spatial weighting function
has the advantage that, for all radiator geometries, a single set of orthogonal radiation filter shapes can
be determined. The problem of modal filtering basis functions which are frequency dependent is well
stated by Borgiotti and Jones (1993), "filtering cannot be performed by using (frequency independent)
combinational networks". Filtering is then required to be performed in the frequency domain to take
into account the frequency variation. This becomes computationally difficult when a large number of
error signals are considered. This problem has been by-passed by minimising the radiation modal er-
ror signals based on radiation modes shapes evaluated at the highest control frequency. Based on this
approach suff,cient attenuation at lower frequencies has been obtained by Borgiotti and Jones (1994);
Curey and Cunefare (1995); Berkhoff and Doelman (1999) and Berkhotr (2001). By evaluating rhe
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radiation mode shapes at the highest control frequency, frequency variation has been effectively ignored

allowing the modal flltering to be performed using only a multiplication and addition process. A devel-

opment for radiation modes using a time domain formulation has been proposed by Berkhoff (2002).

The resulting modes were termed broadband as they are optimal modes over a wide frequency range (0

to 450 Hz). His work investigating frequency dependence suggests that over a limited frequency range,

some radiation fllters can be assumed approximately frequency independent. Such filters can be imple-

mented with a simple real number weighting factors applied to each sensor. This results in radiation filter

outputs without any delay, as opposed to the method using the discrete wave-number transform, which

requires a delay for nearly all sensors. Simple analog front-end networks can then be used to obtain

the radiation filter outputs, leading to a reduction in the computational burden for the digital controller,

as compared to full spatio-temporal radiation mode filtering (Berkhoff and Doelman, 1999). The use

of frequency-independent spatial filters has also been suggested by Baumann et al. (1991) and Burge-

meister (1996). Their approach, however, \ryas based on implementing frequency-dependent radiation

efflciencies of structural modes and the interaction between these modes. The frequency-dependent part

was implemented as temporal f,lters on the output of the spatial weighting functions, i.e. the structural

modes. In many cases, particularly with thin panels, this is a rather inefficient procedure, and it may be

more efficient to use spatial filters defined by acoustic modes'

One of the most efficient means of minimising the sound po'ù/er output from a structure is to modify a

mode shape(s) of the structure into a weak radiator. A weak radiator is a mode which radiates sound very

inefflciently due to a corresponding low net volume velocity and a structural response that is dominated

by inefficient modes having predominated subsonic wave-number components. Several "noise-control-

by-design" papers have applied this concept, including Naghshineh et al. (1992); Belegundu, Salagame,

and Koopmann (1994); St Piene Jr and Koopmann (1995); Li, Guigou, Fuller, and Burdisso (1997);

St Pierre J¡ Koopmann, and Chen (1998) and Constans, Koopmann, and Belegundu (1998). The tech-

nique has been applied by Naghshineh and Koopmann (1992, 1993, 1994) to actively force a beam to

respond in a forced mode of vibration that coincided with an inefficient acoustic radiation mode. Cune-

fare and Koopmann (1991a, 1994) extended the weak radiator technique to determine the optimal mode

shapes for a three-dimensional rectangular box based on a boundary element analysis.

More recently Cunefare, Currey, Johnson, and Elliott (2001) and Snyder et al. (2OO2) have published

an acoustic based approach to determining radiation patterns from two-dimensional structures. Cunefare

et at. (2001) developed orthogonal velocity patterns of a rectangular box based on spherical harmonics

of a sphere placed in the center of the box. The orthogonal patterns were not based on any structural

information, however practical measurement of the patterns is problematic and the frequency dependence

of the patterns was not examined. The radiation patterns by Snyder et al. (20O2), termed "multipole

radiation patterns" were developed based upon phased (+1 or -1) combinations of acoustic monopoles,

representing acoustic basis functions. This approach is independent of structural mode shapes and was

shown experimentally to give an accurate estimation of radiated power from a simply supported panel by

Burgan et at. (2002) using vibration sensors and by lJrtll et al. (2002) using acoustic sensors' The latter

is the preliminary outcomes of the work detailed in this thesis. Shown in Table 2.2 is a summary of the

literature regarding basis functions for the decomposition of radiated power. The table highlights that

work to date has typically taken a vibration-centric approach.
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Approach to basis function derivations

Table2.2: Different approaches to modal filtering for structural acoustic problems.

Boundary Intergral Structural Modes Elemental radiators Acoustic Radiation

Pattems

Key References Borgiotti (1990);

Photiadis (1990);

Sarkissian (l 991)

Snyder and Tanaka

(1993a); Cunefare

and Cuney (l 994)

Elliott and Johnson

(1993); Cunefare

and Currey (1994)

Cunefare et al.

(2001); Snyder

et al. (2002)

Pros Exact solution of
radiated power.

Easily applied to
circular symetrical

shapes.

Exact solution of
radiated power.

Easily applied

to shaped piezo-

electric sensor

design.

Knowledge of
mode shapes not

required for vibra-

tron measurement.

Very

tural

little struc-

required.

knowledge

Readily

applicable to

acoustic sensing

system design. Re-

sults transferrable

to similarly-sized

problems.

Cons Requires knowl-

edge of structural

modes. Restricted

to circular shapes.

Difficulty in mov-

ing to acoustic

sensing. Must be

calculated for each

new structure.

Requires knowl-

edge of structural

modes. Difficulty
in moving to acous-

tic sensing. Must

be calculated for

each new structure.

Less "exact" than

structural modes.

Difficulty in mov-

ing to acoustic

sensing. Must be

calculated for each

new structure.

Difficulty in mov-

ing to structural

sensing. Not

suitable for shaped

piezoelectric film

sensor design.

Vibration

Measure-

ment

Snyder et al.

(1995), Snyder

et al. (1996)

Elliott and Johnson

(1993), Berkhoff

(2000), Berkhoff

(2002)

Burgan

(2002)

et al.

Acoustic

Measure-

ments

Hill et al. (2002)
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2.5.2 Far field pressure and structural vibration
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In an attempt to overcome the problems of using acoustic sensors placed in the far field, researchers have

sought structural-based measurements that can form the basis of the acoustic control objective (Maillard

and Fuller, 1994a; Baumann et a1.,1997). The combination of structural sensors and vibration control

sources has been termed Active Structural Acoustic Control, (ASAC) (Fuller and Silcox, 1992). This

technique has been used in the free fleld (Clark and Fuller, 1991,1992b; Burdisso and Fuller, 1994a) and

in enclosures (Chaplin, 1983; Fuller and Jones, 1987; Jones and Fuller, 1989) using both feedback and

feedforward control approaches. The control approach uses structural control sources (shakers) as less

vibration control sources than acoustic sources are typically required for the same controllability (Snyder

and Hansen,lggla; Charette, Guigou, and Berry, 1995). For applications in which the noise field is

due to persistent inputs, the potential of the ASAC technique in conjunction with adaptive feedforward

control approaches has been demonstrated by Fuller (1990) and Metcalf, Fuller, Silcox, and Brown

(ree2).

In the feedforward ASAC system designed by Burdisso and Fuller (1994a), the actuators and sen-

sors were arranged such that the controlled structure would respond with a set of poor radiating modes,

a similar concept to the design of "weak radiators" as highlighted by Cunefare (1996). The formula-

tion takes advantage of previous work (Burdisso and Fuller, 1992, I994c), which demonstrated that an

active feedforward-controlled structure will respond with a new set of eigenproperties whether vibra-

tion or radiation is being attenuated. It has been demonstrated that for radiation control the controlled

eigenfunctions are all non-volumetric or ineffrcient radiators (Burdisso and Fuller, l994b,c). The thrust

of this research has been to develop intelligent structures that can adapt to their environment such that

undesired vibration or acoustic radiation can be minimised. To this end, the adaptive least-mean-square

(LMS) algorithm has played an important role in providing feedforward control approaches for narrow

band applications (Elliott, Stothers, and Nelson, 1987; Fuller, Gibbs, and Silcox, 1990).

Sensing systems for ASAC implementations have predominantly used distributed sensors, as will

be discussed in the next section, although discrete sensors have also been used. A sensing technique

referred to as Discrete Structural Acoustic Sensing (DSAS) has been developed both analytically and

experimentally by Maillard and Fuller (1994a,b,1995). The technique implements an aray of struc-

tural point sensors (usually accelerometers) whose outputs are passed through digital filters to estimate

(in real time) the far field radiated pressure in a given direction, or equivalently, a given wave-number

component, over a broad frequency range. The digital filters are usually Finite Impulse Response (FIR)

filters designed to model the appropriate Green's function associated with each point sensor and a far

field location. A simplified version of this approach consists of replacing the radiation Green's func-

tions by a unity transfer function. The sensor output then simply becomes the sum of the acceleration

signals. The resulting error information thus represents an estimate of the net volume acceleration of

the structure, somewhat equivalent to the PVDF volume velocity sensor except in discrete form. This

sensing approach is referred to as Discrete Structural Volume Acceleration Sensing (DSVAS). For planar

radiators, this error information is also equivalent to measuring the far field pressure in the direction

normal to the plane of the radiator (Guigou, Li, and Fuller, 1996b). Maillard and Fuller (1998) later

presented a numerical study comparing the performance of the two approaches, DSAS and DSVAS, in

ASAC applied to a rectangular baffled panel. In that study it was found that the DSVAS approach per-
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formed well at lower frequencies, below the resonance of the first non-volumetric mode of the panel.
However at higher frequencies, the DSAS performed far better due to the fact that it observes radiation
from all modes. This result was also observed by Vipperman and Clark (1999), where a new transducer
technology known as adaptive piezoelectric sensoriactuators (APASA) (Vipperman,1997; Vippermann
and Clark, 1996) was used to experimentally demonstrate a multi-input multi-output (MIMO) feedback
active structural acoustic control system. Since including more radiation filters effectively increases the
frequency range of the control system, better overall performance was achieved as more modes were
controlled and so less control spillover was observed.

Problems associated with the practical implementation of ASAC have been highlighted by few re-
searchers even though a free field implementation beyond a rectangular panel would be difficult. Clark,
Gibbs, and Fuller (1993c) and Silcox, Fuller, and Burdisso (1995) have expressed concerns regarding the
required physical understanding of the structure under consideration, understanding which is necessary

to achieve control in practice, and the inability of the technique to accommodate structural variations.

2.5.3 Numerical sensing/modelling methods

Over the years there has been considerable effort in numerical modelling of the acoustic field radiated
by complex structures, much of which uses the boundary element method (Schenck, 1967;Meyer, Bell,
Zinn, and Stallybrass, 1978; Brebbia, Telles, and Wrobel, 1984; Seyberl, Soenarko,Rizzo, and Shippy,
1984, 1985; Cunefare, Koopmann, and Brod, 1989; Sarkissian,lgg2; Cunefare and Koopmann,1994;
Yang, Tseng, and Ling, 1994; Kim and Ih, 1996). An alternative which is simpler and more accurate is
the equivalent sources method (Chen and Schweikert,Ig63; Tomilina, 1993; Johnson, Elliott, Baek, and
Garcia-Bonito, 1998; Janssens, Verheij, and Thompson, 1999;Bouchet, Loyau, Hamzaoui, and Boisson,
2000; You Yan, Chew Hung, and Zheng, 2003). Depending on the authors the method of modelling a

pressure field using an array of acoustic sources has been called "super-position method" (Koopmann,

Song, and Fahnline, 1989; Fahnline and Koopmann, 1991;Song, Koopmann, and Fahnline,lggIa,b),
"auxiliary source method" (Bobrovnitskii and Tomilina, 1990), "equivalent source method" (Tomilina,
1993; Johnson et a|.,1998; Bouchet et aL.,2000) or even "source simulation method" (Ochmann, 199,5).

The method consists of replacing the vibrating surface with a distribution of acoustic sources. The
contribution of each source is determined in such a way that the acoustic field radiated by these sources

satisfies the acoustic radiation pattern, rather than structural boundary conditions. The sound pressure

distribution, rather than the normal particle velocity distribution on an appropriate surface is used to
uniquely determine the wave field within a three-dimensional region by using the principle of generalised
near field holography (Williams, Maynard, and Skudrzyk, 1980; Maynard, V/illiams, and Lee, 1985;

Borgiotti, Sarkissian, V/illiams, and Schuetz, 1990; Sarkissian, 1990; Mann III, Williams, Washburn,
and Grosh, l99I). A near field to far field projection procedure has also been proposed based on the
identification of an equivalent distribution of monopoles surrounding the vibrati¡g structure ancl is based

on the sound pressure measured at a small set of near field points (Borgiotti and Rosen, lgg2).
Using equivalent sources with radiation patterns more complex than monopoles and dipoles, radia-

tion modelling can be extremely accurate. However one draw back is that the source strengths are highly
frequency dependent (Lonðarió, Ryaben'kii, and Tsynkov,200l;Loné,aúó, and Tsynkov,2002). The
equivalent source method is of major interest to acoustic modelling if the acoustic radiation of the struc-
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ture or noise source, be it two- or three-dimensional, can be approximated with a sufficiently low number

of sources. While it may be possible to model a sound field by a few sources, studies by Mangiante

(1977,1993); Martin, Vignassa, and Peseux (199Ð; Bolton, Gardneq and Beauvilain (1995); Martin

and Roure (7997 ,1998); Qiu et al. (1999) and Qiu and Hansen (2000) have shown that a large number

of monopoles (control sources) are often required to achieve an adequate global reduction in radiated

pressure.

Radiated pressure has also been expanded based on spherical waves measured in the near field

(Hansen, 1995) and the far field (Pan, 2000). Spherical wave expansions have a wide range of appli-

cations such as construction of analytical solutions to scattering problems and expansions of the radiated

field by general sources. In the work by Pan (2000) orthogonal radiating modes were developed and

shown to be in the shape of a monopole, dipole, quadrupole etc. The orthonormal property of his radi-

ating modes allowed for a general expression of radiated power. However, the contribution from each

shape and its frequency dependence was not studied.

Of the studies cited here, the majority of the approaches have been focused on modelling the acoustic

pressure field. In this thesis, however, acoustic monopoles will be used to model acoustic power based on

combinations of monopoles to facilitate the calculation of a global enor signal resulting in a formulation

independent of structural vibration and thus not limited to structural noise sources.

2.6 Sensor/actuator design

Having discussed the merits of controlling "modes" which contributed orthogonally to a given error

criterion, a discussion of the techniques which have been used to sense the "modes" and thus provide the

error to be minimised is required. The concepts of modal flltering using discrete sensors have previously

been discussed. In early applications of modal sensors researchers sought to measure a structure's modes

of vibration from a combination of weighted discrete sensors such as accelerometers (Balas, I978al.

Meirovitch and Baruh, 1982, 1985; Morgan, 1991a). The literature suggests that discrete sensors suffer

from spatial aliasing and observation spillover (Balas, 1978a Meirovitch and Baruh, 1982; Baruh and

Silverberg, 1985) resulting in reduced performance. In an attempt to reduce modal observation and

control spillover, researchers have used distributed sensors and actuators. The advent of distributed

sensors spawned a wide body of work which sought the design of sensors (or actuators) which measured

(or excited) selective structural modes and steered acoustic cost function sensing to where it is today:

vibration based.

2.6.1 Polyvinylidene difluoride (PVDF) thin film and p¡ezoelectric patches

Credit for discovering Piezoelectric crystals has been given to the Curie brothers in 1880 (Cady,1964;

Lee, 1990; Tzou,l99l; Tzou and Zhong,1994). Since then many new theories, materials and applica-

tions have been developed. Piezoelectric materials may be divided into two groups: thin film (polyvinyli-

dene difluoride, PVDF) or thin plate (lead zirconate titanite piezo ceramic,PZT); and the stack type. A

significant advantage that PVDF films and PZT ceramics have in terms of active noise and vibration con-

trol is that they can serve as both sensors or actuators, are light weight, can apply a significant force and

are cost effective. The stack type is typically used as an actuator, similar to an electrodynamic shaker,
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applying a force over a small area.

2.6.1.1 Sensors

The distributed sensing of structural modes started with the use of shaped polyvinylidene fluoride
(PVDF) thin film. PVDF film is sensitive to induced strain and the sensitivity of the film is propor-
tional to the second derivative of the out-of-plane displacement of a structure (thin panels and shells).
The early theory relating strain (and charge sensitivity) to out-of-plane displacement was published by
Lee (1990). He also showed that by varying the shape of the piezoelecrric film it is possible to weight
the output of the transducer over the surface of a panel and thus measure particular structural modes.
Lee and Moon (1990) used PVDF thin fllm as a continuous distributed modal sensor on a cantilevered
beam. Later developments in modal sensing using PVDF extend the sensor theory to include rectangu-
lar panels with arbitrary boundary conditions (Burke and Hubbard Jr., l99l; Rogers, Liang, and Fuller,
1991;Burke, Hubbard Jr., and Meyer, 1993) and sensors with arbitrary spatial distributions (Sullivan,
Hubbard, and Burke, 1996). Experimental studies on sensing normal structural modes have included:

o beams (Tzou and Gadre, 1989; Pines and von Flotow, 1990; Miller, Collins, and Peltzman, 1990;
Lee, Chiang, and O'Sullivan, 1991; Hanagud, Obal, and Calise, 1992; Charctte, Guigou, Berry,
and Plantier,1994; Callahan and Baruh, 1995; Pines, 1996; Masson, Berry, and Nicolas,1997;
Gawronski, 2000; Friswell, 2001);

o plates (Burke and Hubbard Jr., l99l Carey and Stulen, 1993; Clark, Burdisso, and Fuller, 1993a:
Burdisso and Fuller, 1994a; Callahan and Baruh, 1995; Snyder et a\.,1995; Clark and Burke, 1996;
Tanaka, Kikushima, and Fergusson, 1998);

r pipes (Canoll, 1991; Royston,1994,1995); and

o cylindrical shells (Tzou and Tseng, 1997; Tzou, Bao, and Venkayya, 1996; Dube, Dumir, and
Balaji Kumar,1999; Dumir, Dube, and Balaji Kumar, 1999;Ding and rzou, 2004).

The distributed sensor theory has been extended by Friswell (1999) to the development of partial sensors

for a beam. A partial sensor covers only a portion of one structural dimension rather than the whole
length. His published results compare well to those in the literature relating to distributed sensors. partial

sensors represent an saving of material and space on a structure. However the same problems that have
hampered distributed sensors still apply, as the shape of the partial sensor also requires a prior knowledge
of the target structures mode shape functious.

The use of PVDF sensors has not been restricted to sensing structural modes. Application to sensing
sound radiation from structures is also extensive. In early ASAC work, the goal of the sensing system
was to obtain a structural error signal which related to far field pressure (Clark, Fuller, and Wicks, 199 I ;

Dimitriadis, Fuller, and Rogers, l99l ; Clark and Fuller, l992a,c,e). At the heart of the technique was
the assumption that odd-odd vibration modes on the rectangular panel contribute the most to radiated
noise, as these are the most efficient acoustic radiators. The shaped PVDF sensors were then shaped to
measure the odd-odd vibration modes of the panel. This type of cost function was relatively successful
in reducing the sound power radiated into the far field. However, optimal levels of control were only
achieved on resonance, where a single mode dominates the response. Off-resonance the attenuation
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was less than when several microphones were used to provide the cost function. Off-resonance the

contribution from the structural vibration modes to radiated power is more complicated, as previously

discussed. Shaped PVDF strips have been developed by Rex and Elliott (1992) and Gardoni o et aI' (2001)

to measure a rectangular panels volume velocity. Both of these publications present experimental results

which demonstrate the accuracy of the volume velocity measure, not the level of global attenuation that

can be achieved when the quantity is minimised. While theoretical investigations show large global

attenuation is possible (Johnson and Elliott, 1995), only recently has experimental sound power results

been published by Gardonio and Elliott (2003), whose results were discussed previously.

In general, structural sensors for ASAC can be divided into two main categories: those which give

estimates of radiated pressure at certain angles (Clark and Fuller, 1992a; Maillard and Fuller, 1994a,b,

1995) and those which give estimates related to the total volume velocity of the structure (Johnson and

Elliott, 1993; Snyder et a\.,1993; Guigou, Berry, Charette, and Nicolas,l996a). Of the first category,

work by Clark and Fuller (I992a) and Maillard and Fuller (1995) has demonstrated that large reductions

in sound pressure at certain positions is possible. However, extension to global control beyond a small

rectangular panel using this method is a difficult task. Experimental results based on the second approach

have shown good attenuation of the primary error signal (volume velocity). However, reduction in the

global quantity sound power, in most cases has not been achieved or reported.

To achieve global reductions, the theoretical study by Snyder et al. (1993) showed the importance of

sensing "radiation" modes, as opposed to normal structural modes. Using the earlier work of Lee and

Moon (1990) several approximations were made to allow shaped distributed sensors to measure radia-

tion modes (Snyder and Tanaka, 1995; Snyder et al.,1995,1996; Tanaka, Snyder, and Hansen, 1996b).

There have been other sensor shapes which have proved successful in controlling sound radiation. Som-

merfeldt and Scou (1994) and Scott and Sommerfeldt (1997) used a PVDF f,lm sensor shaped from

a modified s,inc function to provide a low-pass wave-number filter. Since the radiated power depends

only on the structural wave-number components whose magnitudes are less than or equal to the acoustic

wave-number, minimisation of the sensor output will minimise the radiated sound power (Sommerfeldt,

lgg3). A discrete wave-number transform has also been used to sense the sound radiated from a simply

supportedbeam(Fulleretal.,l990;ClarkandFuller, 1992d;Gu,Clark,Fuller, andZandet,1994;Wang,

1998).

Whilst distributed sensors have many advantages over discrete sensors, there are many practical lim-

itations associated with their implementation. When a sensor is designed to measure only a single mode

of a structure, the response of all other modes should be orthogonal to the sensor shape and hence not be

measured. However this is often not the case. The location too of the sensor must be precise to eliminate

significant contributions from other modes. These issues have been discussed by Clark and Burke (1996)

and shown not to reduce performance greatly. In addition, some care is required in making a distributed

sensor and often there is a difference between theoretical and actual mode shapes. To overcome this

difficulty, Charette et at. (1995) and Charette, Berry, and Guigou (1998) used a decomposition of experi-

mental measurements to derive shaped PVDF strips which were proportional to the volume velocity of a

clamped-clamped rectangular panel. The technique was very successful and could be applied to a panel

with arbitrary boundary conditions once the mode shapes are obtained.

Measurement of radiation has not been restricted to using shaped sensors. Piezoelectric patches and

strips have also been used. In early work piezoelectric patches were carefully placed on a rectangular
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panel, and by multiplying each piezo output by +l or -l a wide range of moclal (structural) information,
depending on the number of patches, can be extracted (Tanaka and Kikushima, 1998; Tanaka and Snyder,
2002). Arrays of piezoelectric patches have also been used to measure:

¡ the volume velocity of a beam and a rectangular panel (Preumont, François, and Dubru, 1999;

François, De Man, and Preumont, 2001); and

o radiation mode amplitudes of both beams (Mao, Xu, Jiang, and Gu, 2003) and rectangular panels
(Berkhoff, 2001; Preumont et a1.,2003).

Preumont et al. (1999) showed that it was the number of piezo patches, not their size or shape which
governed the accuracy of the volume velocity estimate. A method was also given to calibrate the sensor
configuration by using an adaptive linear combiner. A theoretical study by Berkhoff (2001) and exper-
imental implementation by Preumont et at. (2003) used an array of piezo patches to directly measure
error signals, which when driven to zeÍo, provided a reduction in radiated sound power. These studies
show that the use of an array of sensors seems more practical than using continuous, spatially varying
sensors to obtain a measure of radiated power.

2.6.1.2 Actuators

Based on similar techniques used for modal sensors, piezoelectric transducers can also be used as modal
actuators. Modal actuatols have the same benefits as modal sensors in that they exhibit a reduction in
modal spillover and can improve controllability due to un-coupling of the modal response. Brennan,
Elliott, and Pinnington (1997) illustrated that while a point force can supply much more power than the
piezoceramic actuator at low frequencies, at higher frequencies the maximum power supplied by the
piezoceramic actuator can be 3 dB greater than the point source. Unfortunately, due to the brittle nature
of PZT piezoceramic materials, shaping a modal actuator can pose significant difficulties. Subsequently,

more flexible materials have been used such as piezoelectric polymer films (e.g., PVDF). A downside of
PVDF film is that it has insufficient control authority at low frequencies for most practical applications.
In applications of low damping, such as flexible lightweight space structures, successful control using
PVDF has been achieved by Bailey and Hubbard (1935) and Choi (1995). PVDF thin film has been
implemented both as a sensor and a control actuator for structural control, (Burke and Hubbar d Jr., l98l;
Plump, Hubbard, and Bailey, 1987; Miller et a1.,1990) and for acoustic control (Smith, Fuller, and
Burdisso, 1996; Tanaka et al.,l996b; Tanaka, Kikushima, Kuroda, and Snyder, I996a:Tanaka et al.,
1998; Tanaka and Kikushima, 1998). In addition,PZT cerumic patches have been bonded to the surface
of structures, or embedded within the structures to provide the necessary inputs for control of structural
response as well as acoustic radiation (Bailey and Hubbard, 1985; Crawley and de Luis, 1987; Burke and
Hubbard Jr., 1988;Fuller, Hansen, and Snyder, 1989; Clark et al.,l99l; Burke and Hubbard Jr., 1991;
Lee et al., 1991; Kim and Jones, l99lb,a', Burke et al., 1993). Piezoelectric actuators offer a number of
additional practical benefits: they are very easily attached to the structure; they are very lightweight; are

compact and require significantly less space than point forces (or sound sources); and, do not require a

mass or structure to supply a back reaction force (Dimitriadis and Fuller, 1991; Kim and Jones, l99lb).
For the active control of acoustic and vibration quantities, piezoelectric actuators have been used to

control:
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o thin beams (Bailey and Hubbard, 1985; Tzou and Gadre, 1989; Hagood and von Flotow, 1991;

Clarket al.,I99I; Gibbs and Fuller, I992a,b; Pines and von Flotow, 1997a,b; Rizet, Brissaud,

Gonnard, Bera, and Sunyach, 2000);

o cylinders (Fuller, Snyder, Hansen, and Silcox, I992;Malllard and Fuller, 1999); and

o rectangular panels (Fuller et a\.,1989; Fuller, Snyder, and Hansen, 199lb; Kim and Jones, l99la;

Wang, Fuller, and Dimitriadis, 1991c;Burke and Hubbard Jr., 1991; Clark, Flemming, and Fuller,

1993b; Petidean, Legrain, Simon, and Pauzin, 2002)-

Overall the work focusing on piezoelectric actuators has demonstrated that they are a viable option of

applying control forces to radiated structures and due to their low mass and good control authority have

been a popular device in structural-acoustic problems.

2.6.2 Optical fiber sensors

A shortcoming of PVDF film is the difficulty of its application to a complicated structure, because it is

aface type sensor and it needs relatively complicated wiring as well as precautionary treatment against

electrical noise. Semba and Tanak a (1999) then claim that the development of modal filters using flexible

optical fibers is significant as these problems can be overcome. Optical fiber sensors are parlicularly

attractive for structural actuation because they have low mass, are flexible, and are easily embedded in

a variety of materials. For these reasons the optical frber has received considerable theoretical attention

(Fogg, Miller III, Vengsarkar, Claus, Clark, and Fuller, 1992;Gloge,l97l Layton and Bucaro, 1979) and

has been implemented as a vibration control tool (Cox, Thomas, Reichard, Lindner, and Claus, 1989; Cox

and Lindner, l99l; Murphy, Miller, Vengsarker, and Claus, 1990; Sirkis and Haslach Jr, 1990; Masson

et al.,1997; Semba and Tanaka, 1999). However, studies on modal filtering using optical fibers reported

by Vengsakar, Fogg, Miller, Murphy, and Claus (1991) and Reichard (1991) did not show successful

results. The reasons why successful results have not been achieved is because for distributed-effect

sensors, possessing a linear shape (such as optical fibers), it is difficult to implement a spatial weighting

function along the sensor length. Modal filtering design based upon utilising mode orthogonality requires

the designer to vary sensor sensitivity spatially, corresponding to the desired weighting function. The

well known and easily employed method of cutting PVDF film in a pattern that coresponds to a desired

spatial weighting function, contrasts the difficult task of varying the sensor sensitivity of an optical fiber

spatially, due to its thin core and clad diameter. For these reasons literature on optical fibers as error

sensors is sparse in comparison to piezoelectric materials.

2.6.3 A comment on microPhones

The biggest advantage of microphones as effor sensors is that they give an actual measure of acoustic

sound pressure levels rather than an estimate of it. As a result microphones have often been shown to out-

perform structural sensors in achieving acoustic control (Wang et al.,l99lb; Johnson and Fuller, 2000;

Petitjean et a1.,2002). However, in terms of obtaining an error signal for a large active noise control sys-

tem their implementation faces complex problems. Placement of acoustic sensors, both relative to each

other and the distance from the noise source is important as previously discussed. Relative placement of
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acoustic sensors adds complexity to combining the signals as any relative difference in dista-nce between
the noise source and the sensors causes a phase shift; simple real time filtering based solely upon addi-
tion is then invalid (Hill e/ a\.,2002). Coupled with the possibility that each microphone has a different
dynamic response (due to slight manufacturing inconsistencies) using alarge number of acoustic sensors

can be impractical (Qiu er a1.,1998; Qiu and Hansen, 1999;Li,2001). For these reasons curent state
of the art large real time sensing systems for active control has been limited to below 50 microphones.
However a large electrical transformer in the order of 5mx5mx5m will require at least double this num-
ber of microphones to obtain an accurate estimate of a global error (Li, 2001). Recently Hill et al. (2002)
has used 128 microphones sampled in real time at 5 kHz to measure orthogonal acoustic based radiation
patterns. This work suggests that using a large number of acoustic sensors is not only possible, but also
practical.

As with structural sensors and actuators there are a variety of methods of optimising the location
and thus minimising the number of microphones for sensing an error criterion. Methods vary from max-
imising observability to using a genetic algorithm to determine the optimal location based on measured

transfer functions between control sources and a large number of (possible) error locations (eiu et al.,
2002). For an enclosed space dominated by acoustic modes it is straightforward to determine the location
and minimum number of required microphones to measure each acoustic mode. Baumann and Greiner
(1992) determined the minimum number of microphones required to measure l/ propagating modes

within a duct when making the assumption that only modes with transverse components propagate, i.e.
only the (0,0), (1,0), .... (N - 1,0) modes. With these assumptions it was shown that there are ly' - 1

independent locations within the duct at which the error signal may be zero, even if the error signal is
arbitrarily large, thus l/ error microphones are required. For a free field environment, Sergent (1995)
determined a sufficient number (and the location) of microphones within a specified bounded area to
achieved a certain level of control (of the sum of the squared pressure signals). The optimisation was
based upon a monopole disturbance, a number of monopole secondary sources and single frequency ex-
citation. Sergent considered two examples of excitation frequency, 100 Hz and 500 Hz. For l/ secondary
sources, the number of sufficient microphones was shown to be bounded between N + 1 and 2ll + 1,

independent of frequency. However, the optimal locations and the achieved attenuation, for the same
number of sources and microphones, changed with frequency. Theoretical studies by Basseville et al.
(1987); Baek and Elliott (2000) and Martin and Gronier (2001) highlight the importance of eror mi-
crophone locations with respect to robustness to measure small random changes in the disturbance. The
few publications in the area of minimising the number of microphones and optimising their location for
global control of free field radiation problems highlights the difficult in determining one general result
which is applicable beyond the laboratory. Coupled with the need for practical systems to have a satis-
factory level of system redundancy and that past work shows the benefits of incorporating a large number
of sensors (less spillover and a more accurate estimate of the error criterion), pushing minimisation of
the number of error sensors is questionable.

2.7 Literature rev¡ew summary

The work discussed and cited in this chapter illustrates the wide breadth of derivations and methods
that have been used in designing sensing systems to achieve global active control of noise and vibration



2.7. Lileralure review summary 33

from large sources. While the literature suggests that there is no one best criteria to achieve global

control, the theoretical maximum does occur when a global criterion, sound power is minimised. To

date, the design of a sensing system to measure sound power, postulates a two-dimensional structure and

the availability of structural information. The acoustic radiation development is then based purely on

a structural response. In practice, some noise sources are structural, others are not. It then seems that

sensing system strategies should be revisited in an attempt to develop a generalised, three-dimensional,

acoustic based sensing strategy. Opening the possibility of implementation on a large complex structure.

Thus in the work here the acoustic radiation development will shy away from being structural-specific.

The work proposed in this thesis aims at building, specifically, on the design of generalised sensing

strategies for active control of noise from large sources. To date, the literature has shown the benefits of a

modal filtering based sensing system to design simplification and optimisation. Modal-based approaches

are not specifically applicable to large acoustic noise sources, as without a structure there are no modes.

However, the "eigen" analysis approach may be useful, for a non-structural basis function. As discussed

in the literature review the equivalent source technique, which to date has been used to model/predict

pressure radiation, is a technique where the structural dynamics have been uncoupled from the structures

acoustic radiation. The technique is thus independent of any structural characteristics. The work in this

thesis sets to extend these ideas to obtain a set of orthogonal acoustic radiation patterns, based on affays

of acoustic sources. These patterns contribute orthogonally to radiated sound power rather than sound

pressure. To further shy away from a structural approach to sensing system design, microphones as error

sensors will be used for simplicity and applicability to a wide range of acoustic problems.
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3.1 Chapter overv¡ew

As described in the previous chapter, a review of current literature illustrates that current sensing strate-

gies suffer from being structure (vibration) specific and require signiflcant structural knowledge. This

restricts application to simple shapes and hampers successful implementation of active noise control

in practical situations. Referring to Fig 3.1, in this chapter a generalised acoustic-based modal filtering

methodology for free field applications will be developed. The methodology seeks to overcome problems

associated with current sensing strategies around required knowledge of the radiating structure, if indeed

the sound source is a structure. The technique developed here will be applicable to noise problems associ-

ated with two- and three-dimensional sound sources. To facilitate comparison, current sensing strategies,

which are explicitly vibration sensor based, are extended to measurement in the acoustic domain. The

frequency characteristics of all techniques are compared and contrasted.

Significant and novel aspects of the sensing system design methodology contained in this chapter

include:

o applicability to complex structures, where the mode shape functions are unknown and cannot be

calculated with reasonable effort or accuracy;

35
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o applicability to a wide range ofnoise sources, including but not exchlsive to structural noise;

o a straight forward approach to the use of both acoustic and vibration sensors, facilitating the use
of either acoustic or vibration control sources;

o a fundamental shift in how optimal sensing systems are designed for active noise control. This
shift is likely to have a spill-over effect into the area of optimal actuating system design.

The design methodology here achieves these outcomes by transferring the radiation problem from the
vibration (structural) domain to the acoustic (independent of structure) domain. By generalising the
decomposition process of radiated noise to the most fundamental acoustic radiation pattern, that gen-

erated by a monopole, any requirement of structural information can be removed. At the heart of this
idea is to decompose a complicated sound field into a set of orthogonal acoustic multipoles which are

combinations of in- and out-of-phase monopoles placed "in concept" on the radiating structure or noise
source.

3.2 Quadratic performance development

Consider an acoustic sensing system of the form illustrated inFig. 3.2.

32 sensors evenly distributed at
each of 0 = 10o, 20o, 30o and 40o

/,rr..n o, signals
Modal filtering to resolve

multipole amplitudes

/ l-B signals (resolved
multipole amplitudes)

Gonstant rad¡us

Apply weightings
(frequencydependent)

^N
/

Estimate of
acoustic power

lnf¡n¡te beffle

Figure 3.2: General acoustic sensing system.

In the process of developing this type of sensing system where a relatively large number of mea-
surements are condensed into a smaller number of error signals before being input to the controller, it is
desirable to be able to state the global performance measure, ,,I, as a quadratic function,

J(t): qrlr;11ø¡q1r; (3.1)

In Equ. (3.1), q is a vector of quantities to be measured (essentially system states) and A is a

square weighting matrix which is typically frequency dependent. As a simple example, if the global
performance measure is energy in a vibrating structure, the terms in q could be modal displacements and
velocities. The terms in A, would then be modal masses and stiffnesses such that the global performance
measure is the sum of modal kinetic and potential energies.

Y"'

Radiating object
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Stating the global performance measure as a quadratic function offers a number of obvious benefits to

the system designer, regardless of the control approach used. The frequency dependent weighting factors

(in A) can be used to guide problem truncation, as well as being necessary for either frequency weighted

LQG design (Anderson and Moore, 1990; Baumann and Greiner, 1992;Gupta, 1980) or any design using

a'Ìloo enor criterion. If adaptive feedforward control is being used, as is common in active noise control,

then A must be diagonal to be of maximum benefit. The quantities in q can then be measured as effor

signals, and passed through filters with frequency characteristics defined by the diagonal terms in A prior

to being used by the adaptive algorithm (Snyder and Tanaka, 1993a).

In terms of sensing system design, which is the topic of this section, stating the global performance

measure in the form of Equ. (3.1) provides the designer with atargef: measurement of the quantities in

q. This is a modal filtering problem.

The aim of the following theoretical development is the derivation of a quadratic expression for ra-

diated acoustic power in terms of some fundamental, "mode-like" quantity. This expression will provide

the starting point for development of the modal flltering sensing strategy that is the ultimate target of this

work.

As mentioned in the literature review the problem with previous modal filtering approaches, used to

develop sensing strategies for active noise control, is that they assume that the sound source ls a radiating

structure and that the mode shape functions of the structure are known. Certainly a large number of free

space noise problems arise from structural acoustical radiation, but not all. Furthermore it is unrealistic

to assume that knowledge of the mode shape functions of practical structures can always be obtained;

consider the problem of radiation from a electrical transformer (of any size). In the formulation here,

it will be assumed that the sound source is planar and radiating into half space. This assumption could

be removed and the problem reformulated for radiation into some other space (for example, an enclosed

space) without a greatdeal of difficulty. What will be avoided is formulation based upon structural mode

shape functions.

Considering Fig.3.2 where a planar sound source is situated in an infinite baffle subject to harmonic

excitation and radiating in air with a coordinate system defined in Fig. 3.3.

r= (r,0, g

X

Figure 3.3: System geometry

The acoustic power W radiated by this source can be evaluated by integrating the far f,eld acoustic

intensity over a hemisphere enclosing the source and can be written as

z

v

lnfinite baffle
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W (3.2)

In Equ. (3.2) p(r) is the acoustic pressure at some location, r in space, with the location defined by
the spherical coordinates t : (r, 0, þ). The terms p6 and c6 are the density of air and speed of sound in
air respectively.

For the development here, let this acoustic pressure be decomposed in terms of acoustic multipole
radiation patterns, analogous to the decomposition of a structural velocity distribution in terms of irz

vacuo mode shape functions. Pressure is therefore described as

p(r):ioorÞo(r) (3.3)
z:l

where a¿ is the amplitude of the ith multipole, and r/¿(r) is the radiation transfer function for the ¿th

multipole between the origin and the location r (i.e., the value of the radiation pattern generated by
the multipole at location r in space). The multipole radiation patterns used in the decomposition will be
derived from in-phase/out-of-phase combinations of monopoles situated in an array on the baffle surface,
as depicted in Fig. 3.4.

r= (r, 0, S)

lnfinite baffle

Figure 3.4: Monopoles situated on a baffle.

The use of an array of monopoles to generate the multipole patterns, as opposed to more simple and
conventional monopole-dipole-quadrupole arrangements, was selectecl because it provides a straightfor-
ward means of increasing the number of multipoles used in the problem, through an increase in the size
of the monopole anay. The precise extent of the array will be problem-specific, influenced by factors
such as the size of the noise source and frequency range of intcrcst.

The acoustic field radiated by a baffled monopole source is defined by the expression

p(r) : qJlle "-i*'zTr (3.4)

where q is the volume velocity of the source, ø is the frequency of excitation , k : å is the acoustic wave
number and harmonic time dependence is assumed. In the development here, the amplitude a of a given
multipole will be taken as equal to the volume velocity q of a single source, as in the generation of a

given multipole radiation pattern (used to decompose the sound field), all constituent monopole sources
will have equal volume velocities (with possibly differing phases).

lo^ lo"'' 4gf lrl2 sirr o d.e dó'2poco '
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The infinite sum in Equ. (3.3) can be truncated at n acoustic poles, enabling the pressure to be written

as the matrix expression

p(r) : ,þ(r)" (3.s)

where ,r/(r) is a row vector with elements conesponding to the values of the radiation transfer functions

for the n multipoles included in the calculation, given by:

,þ(r) : [úr (") lþz(r) ' ' ' ,þ"(r)) (3.6)

The parameter a is a column vector containing the complex amplitudes of the n multipoles under

consideration,

a : [¿r az. . . an]r (3.7)

To explain how the radiation transfer function vector tþ is calculated, suppose for example, that in

the set of n multipoles under consideration, one set has all sources in-phase (a monopole-like multipole)'

If there ale rn monopoles in the array of sources in Fig. 3.4, then the radiation pattern of that particular

multipole in isolation would be defined by

prnutt¿pote(r) : ørffi"-iterr + øzffie-itcr2 + "'+ q*ffi" ikr^ (3'8)

where q- is the volume velocity of the r¿th monopole constituent of the multipole, and r- is the distance

from the rnth monopole to the point r in space. As all source volume velocities in the multipole are fixed

to be equal, the radiation transfer functionT/(r) from this multipole to a point in space r is equal to

1þrnutt¿porc(r) :ffiuik\ +ffi"-tru+...+ ffie-tt"'^ (3.9)

Equation (3.5) can be used to expand the pressure term in Equ. (3.2) producing

f2n r" 12 aRrþH_(r)rþ(r)a 
lrl2 sin 0 d0 dó (3.10)*=Jo J, 2poco rr

or

w x aH/.oa (3.11)

where H is the matrix Hermitian (conjugate transpose) and Ao is a square weighting matrix, the (z' j)
term of which is defined by

Ã"(i, i) : ['^ ¡"t' '/iL')'p¡tÒ lrl2 sin 0 d"0 dó (3.12)
Jo Jo 27oco

where * denotes the complex conjugate.

The expression in Equ. (3. 1 1 ) has the desired form given in Equ. (3. 1), where the weighting matrix

will indeed be frequency dependent, a common result for sound radiation problems.

V/hile Equ. (3.11) is a statement of radiated acoustic power as a weighted quadratic function of the
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fundamental quantities, if acoustic multipole radiation patterns is the target of this section, it is worth-
while commenting on the form of Ao. Ideally the weighting matrix Ao will be diagonal, meaning that
the multipoles are independent contributors to the performance measure and so a reduction in the ampli-
tude of any (measured) multipole will guarantee a reduction in the performance measure. In practice, this
may not be the case. However, Ao will be symmetric and so can be diagonalised using an orthonormal
transformation.

3.3 Evaluation of two-dimens¡onal multipole ampritudes

Practical evaluation of the expression for acoustic power in Equ. (3.11) requires measurement of the

amplìtude of the acoustic multipoles that comprise the sound field. The usual modal filtering approach

is to express the measured quantity, in this case acoustic pressure at rn measurement points, in the form

p: Va (3.13)

Here p is the vector of complex pressure at the m points under consideration, a is the vector of
amplitudes of the acoustic multipole s, V is the matrix of transfer functions between the n multipoles and

the r¿ measurement points under consideration, and is given by

ú : bþtrþz ... ,þnl:

,h@t) ,þz(rt)
,htz) ,þz(rz)

,þ"(rt)
,þ"(rz)

From Equ. (3.13), it is possible to resolve the amplitudes of the acoustic multipoles using matrix
inversion or pseudo-inversion in case of a non square matrix ü,

.: V-1p (3.15)

The expression in Equ. (3.15) has the form of a standard modal filtering problem (Hansen and

Snyder, 1997 ;Morgan, I99Ia; Meirovitch and Baruh, 1985), where a number of sensor measurements are

decomposed into a number of modal quantities, in this case acoustic multipole amplitudes. In practice,
it is often better to use many more measurement points than resolved acoustic modes.

To generate a given multipole pattern, the amplitudes of the sources are fixed to be equal. For
example, the phasing of the sources from 8 multipoles is governed by the relationship

(3.14)
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Referring to Equ, (3.16), the first multipole pattern is generated by having all sources in phase, the

second by having sources 1-4 in phase and 5-8 out of phase, the third by having sources 1,2,7 ,8 in phase

and3-6outof phase,etc. ThematrixinEqu. (3.16)containsasetof orthogonalfunctionscomposedof

+/-1, referred to as a Hadamard matrix (Harmuth, I972;Pinnington and Pearce, 1990). Harmuth (1912)

provides a description on how to develop these matrices for a range of different sized problems (i.e., for

arange of monopole array sizes to generate different numbers of multipole radiation patterns).

Using the defining matrix in Equ. (3.16) the set of 8 multipole radiation transfer functions to a point

r in space, which constitute the elements in a given row in llr in Equ. (3.I4), are calculated by
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where 11 , 12, etc, are the distances from the individual monopoles to the point of interest, r

3.4 Sensing system develoPment

The overall aim of the work here is to develop a sensing system of the type shown in Fig. 3.2. In this

affangement a relatively large number of sensor signals are decomposed into a much smaller group of

signals, which are subsequently used to evaluate the global performance measure, in this case sound

power, W . The underlying mathematics is derived by substituting Equ. (3.15) into Equ. (3' 1 1):

W = pH {v-t}" Aoü-tp (3.18)

In Equ. (3.18), the vector of pressure measurements are decomposed into multipole components

by multiplication of l[r-1 (modal filtering) and then weighting the result using Ao to provide a global

performance measure. For example, to implement a feedforward control system which aims to attenuate

this performance measure, the pressure measurements would first be decomposed using the modal f,lter

.Ir-1. The relatively small number of resulting signals, the multipole amplitudes, would then be passed

through fllters which have frequency characteristics defined by Ao, weighting the importance of the

signals (Snyder and Tanaka, 1993a; Snyder et a\.,1995). For feedback control, the decomposed multipole

signals provide the controller inputs and the weighting terms can be included in the controller design

process through a variety of means.

It must again be pointed out that the methodology presented here could be applied to other struc-

tural/acoustic radiation problems with the substitution of the appropriate radiation transfer function.

In order to assess the practicality of this approach, there are three questions that must be answered:

1. Are multipoles truly independent contributors to the performance measure? Stated another way, is
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the weighting matrix Ao diagonal?

2. How many poles are required to adequately model the given sound field?

3. Are the terms in ú-1 in Equ. (3.15) frequency independent? This is necessary for practical
implementation of the modal filtering procedure, where sensor signals are multiplied by a real
weighting value and added to produce the measurement quantities of interest.

In many control settings, design and implementation are simplified if Ao is diagonal, decoupling the
measured quantities. The weighting matrix A, is not in general, diagonal. However, it is symmetric, and
so can be diagonalised using an orthonormal transformation:

Aa: Q1\Qr (3.1g)

where the columns of Q are the eigenvectors of Ao and Â is a diagonal matrix of the associated eigen-
values. This development has made use of the orthonormal property of the eigenvector matrix, e,

Qt: Q-t elo)
Substituting Equ. (3.19) into Equ. (3.18) yields:

w = pn {v-t}t e/rerilr-tp (3.2t)

With this decoupling the modal filtering weights are now defined by erü-l.
Another important consideration is the frequency independence of the terms in rI¡-1 in Equ. (3.15).

Frequency independence is necessary for practical implementation of the modal filtering procedure,
where sensor signals are multiplied by a real weighting value and then added to produce the measurement
quantities of interest. If the terms in V-1 are frequency dependent, then direct implementation would
require the single-number multiplication to be replaced with digital filtering, however the computational
requirements for large numbers of sensors render the approach impractical. Containing terms relating
to acoustic radiation, V-1 is typically frequency dependent. However, er.Ir-t in Equ. (3.21) can be
re-expressed as

et.Ir-t : Nú;l G.ZZ)

where N is a diagonal matrix of frequency-dependent terms, and ilr[1 is a normalised version of erqr-l
with the maximum coefficient amplitude equal to 1.

The modal filter weights are defined by i[ã1, and the performance weighting matrix is defined by
NH^N. The frequency characteristics of the modal filter weightr, V;1 will be explored in later sections.
These are the quantities to be used in the practical sensing system implementation of the type shown in
Fig. 3.2. Radiated power can then be written as,

where

W = pH {v;t}t Â¡¿iûãlp (3.23)
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À¡¿: NH^N Q.24)

The resulr in Equ. (3.23) is precisely what was sought after, as proposed in Equ. (3.1). The weighting

term, A¡¡, is diagonal, meaning that the states defined by ![[1p, are independent contributors to power.

3.5 Evaluation of three-dimens¡onal multipole amplitudes

In the previous section a generalised acoustic based modal filtering strategy based on a two-dimensional

array of monopoles was developed. This is a suitable approach to problems involving a "flat" noise

source. However, many practical problems are three-dimensional. In this section, the development is

extended to modelling noise radiating from three-dimensional structures.

Consider again the structure in Fig. 3.2, the power radiating from a three-dimensional structure can

be written in the same way as previous,

12 uHrþH(r)rþ(r)"
lrl2 sin 0 d0 dó

2poco

or in matrix form

W x aH{,oa

where Ao is a square weighting matrix, the (2, j) term of which is defined by

o

* = lo'" lo"
(3.25)

(3.26)

A"(i, j) : ['" ¡"1' 'ttil')'þ¡(') lrl2 sin 0 d0 dó (3.27)
Jo Jo 27oco

with all terms retaining their previous definitions. However in this case the radiation transfer functions,

rþ, are in a slightly different form. In this case the monopole array is a three-dimensional array as

conceptually illustrated in Fig. 3.5.

Three-dimensional
array of monopole
sourceso

Figure 3.5 : Three-dimensional monopole array.

Evaluating Equ. (3.21) numerically for a three-dimensional monopole array is extremely time con-

suming and so undesirable. To overcome this an analytical solution for free field monopole radiation,

which uses the results of past research (Ingard, 1951; Ingard and Lamb Jr.,1957; Levine, 1980a,c,b;

Nelson and Elliott, 1986; Nelson et a|.,1981), will be developed.

To derive an analytical solution, it is necessary to examine power radiation in the near field' Referring

to Equ. (3.26), the terms in Ao define the power output of a given multipole affangement operating in

O@ooooo
lnflnite
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isolation (the diagonal terms) and in the presence of other multipoles (the off-diagonal terms). To derive
these terms, consider first the simple problem of two monopoles radiating in the presence of a baffle, as

shown in Fig. 3.6.

p(r)

fiz Actual source

lnfinite baffle

lmage source

Figure 3.6: Two monopoles radiating in a presence of a baffle

The total acoustic power output of this pair is equal to the sum of the power output from each source.
The power output of monopole source I is given by

w"1: 
)Re {q"'pift¡¡} (3.28)

where q"1 is the volume velocity of the monopole source 1 andp¿(r"1) is the total acoustic pressure at
the location r"1 from monopole source l. Assuming for the moment that the two sources are in-phase
with the same volume velocity, Equ. (3.28) can be re-expressed as

W51: nt#o" { " 
ilert 

"-ikra "-ikr"z " 
ilero

+
T sl Til T s2 ri2 )n.

(3.2e)

w",: ,#l(t + sinc(k,¿t)) (sinc(kr"2) r sinc(k,¿z))] 
[ I ] 

,- (3.30)

where q is the monopole amplitudes, fixed to be equal and both in-phase. It is straightforward to derive
a similar expression for the case where the monopole sources are of the same volume velocity, but out-
of-phase:

wsL: ,#l(r + sinc(k,¿t)) (si,nc(kr"2) t si,nc(k,¿z))] 
[ _t, ] 

,. (3.3r)

Evaluating this

It is straightforward to generalise this approach to a three-dimensional monopole array. To generate

a given multipole pattern, the amplitudes of all sources being fixed and equal, with the phasing of the
sources again deûned by a Hadamard matrix H. For example, if the multipole array were constructed
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from eight monopole sources, the multipoles would be governed by the relationship

IJ.q:

where b is

I I sinc(krn/t)
s'inc (kr ¡ ¡ 2) + sinc (k, ¿, / r)

Aasd,: qHrbHq*

v: #x
sinc (kr 

"2 
¡ 7) + sinc (kr¡" 

/ r)
I * sinc(k ¿z/z)
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(3.32)

(3.33)

sinc (kr 
"n ¡ 

y) + sinc (lr, ¿n l t)
si.nc (kr 

", ¡ 2) + sinc (lt, o. / z)
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the square weighting matrix Ao in Equ. (3.I2) for a three-dimensional monopole can be calculated as

s'inc(kr"1¡n) + sinc(krn/ò sinc(kr"2¡n) + si,nc(kr¿z/") I I sinc(kr¿nl*)
(3.34)

based on Equ. (3.31) where n is the number of monopole sources. In Equ. (3.34), r"o¡6 denotes the

distance from the source at b to the source at a, and r¿o¡6 denotes the distance from the image source at

b to the source at a. Substituting this into Equ. (3.26) gives,

W : aïaqprbHq*r3¿ (3.35)

The term a3¿ in this case is the three-dimensional multipole amplitudes. The amplitudes are evaluated

using a modal filtering process similar to the two-dimensional multipole amplitudes.

To enable acoustic measurement of the three-dimensional multipole amplitudes, the acoustic pressure

field can be written as

p(") : îrrz¿rþ¿sa(r) (3.36)

i:l

where a¿ 3¿ is the amplitude of the ith three-dimensional multipole, and tþ¡3¿(r) is the radiation transfer

function for the zth multipole between the origin and the location r (i.e., the value of the radiation pattern

generated by the multipole at location r in space). Truncating this expression in terms of n monopoles

making up a three-dimensional array with rr¿ measurement points under consideration, the pressure can

be written as

P : Úg¿agd (3.37)
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The three-dimensional multipole amplitudes can then be resolved using a matrix inversion or pseudo-

inversion as follows,

-1
3d p (3.38)

The only difference between the two- and three-dimensional multipole modal filtering techniques is the

modal filtering matrix, tlr3¿. The three-dimensional modal filtering matrix, ú3¿, is defined in a similar
fashion to llr in the previous section, the matrix of transfer functions between the n multipoles and the

?r¿ measurement points under consideration, and is given by

a: Ü

,h s¿(rt)
th s¿(rz)

',þz s¿(rt)
,þz z¿(rz)

,þ-za(rt)
,þ"sa(rz)ú3d: lrþts¿rþzsa ... 1þnza]: (3.3e)

To generate a given multipole pattern, the amplitude of the monopole sources are fixed to be equal. For
example, considering 8 monopole sources, the resulting 8 three-dimensional multipole radiation transfer
functions are governed by the relationship,

l'hsa(r) rþzs¿(r) .. . tþas¿(r)lr :
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iu7o 
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I lupo .-jhriz4îrs2 ' 41f ri2 -

jrroo 

" 
-ikr"a + i-.upo .-ikr¡z41rTsB 47Í'I'íA -

(3,40)

(3.4t)

1 -1
1 -1

a similar result to Equ. (3.17), however in this case there is an additional contribution to pressure from
the monopole image sources.

Since Ao3d (Equ. (3.35)) is also diagonal and symmetric, the same mathematical manipulation
used in the two-dimensional multipole development can be performed. The matrix, ú3¿ can also be
normalised in the similar fashion to ü, the two-dimensional multipole radiation transfer function matrix.
This leaves Equ. (3.26) in the same form as Equ. (3.21)

w = p'{v;år}t Â¡¡ 3¿ü,l¿n

where

Â¡¿ s¿ : Nf¿Â s¿N s¿ (3.42)
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Again Equ. (3.41) is precisely what was sought after, as proposed in Equ. (3.1). The weighting term,

1\N Bd, is diagonal, meaning that the states definea by iÚ,l¿n, are independent contributors to radiated

porwer.

3.6 Power/radiation modes decomposition development

In this section the vibration based sensing strategies of Power modes, (Snyder and Tanaka, 1993a) and

Radiation modes, (Elliott and Johnson ,1993) mentioned in the literature review are adapted to the acous-

tic domain. By enabling measurement of these quantities in the acoustic domain, comparisons with two-

and three-dimensional multipoles can be made. The three different approaches (power modes, radiation

modes, and multipoles) used to quantify acoustic power as a summation of component contributors for

a radiating structure, focused on in this thesis, are illustrated in Fig. 3.7. The methods will be compared

and contrasted, in both simulation (Chapter 5) and experiments (Chapters 6 andT).

Modelled as...

I --l
Array of monopole sources

Snyder and Tanaka (1 993a) Elliott and Johnson (1 993) Snyder et al (2002)

Figure 3.7: Dlflerent modal filter approaches'

Referring to Fig. 3.3, in which a planar structure in an infinite baffle is subject to harmonic excitation

and is radiating into air, the acoustic power W radiatedby this source can be evaluated by integrating the

acoustic intensity over the surface of the structure

w :+/ *" ¡e1*¡-u(x)l dx (3.43)

where u(x) is the complex surface u"to.ity ut a location *: (r,g) on the structure, p(x) is the complex

acoustic pressure at the same location, ,S denotes that the integration is over the surface of the vibrating

structure. In the development by Snyder and Tanaka ( I 993a), the acoustic power is based upon structural

modal velocities and is written as

w:T 
I,l,(Ë__,,u,pu(*)) 

s\n-kr 
(ä,,r,or) ,*'r* (344)

where u¿ is the amplitude of the ith mode, r/¿(x) the mode shape function at position x and r is the

distance between the source location x and the receiver location, x/,

Sum of modal contributions Set of elemental radiators

T x-x'

Radiating
Structure

baffle

a
a

aaa
aaa

(*-"')'+(a-a') (3.45)
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From Equ. (3.44), radiated power can be written in similar form to the global error criteria defined
in Equ. (3.1) based on modal velocities, vp,

W : v[Aevp : vËQpÂpQËrp e.46)

where Ap is the error weighting matrix defined by

Ap: '!!"- [ [ ,þ,(*,)"!!!rÞ¡(*)rdx,dx e.4.')' 4r JsJs'"' ' r tr\

and Qp are the eigenvectors and Âp the eigenvalues of Ap. The measured states ap, which are solely
vibration based, for this formulation are

ap : vËQ.p (3.48)

Elliott and Johnson (1993) used a similar approach, however where Snyder and Tanaka (1993a) based

decomposition upon structural modes they introduced the concept of elemental radiators. The elemental
radiators were approximated as elemental piston radiators, with each element having a radiation transfer
function defined as,

jupS -¡*, (3.4e)2nr
where ,S is the area of each elemental radiator, assumed by Elliott and Johnson (lgg3) to be of equal size,
and r is the distance from the radiator to a position in the far field. The pressure immediately in front of
each elemental source, p, can be given by,

p: Zv (3.50)

where Z is the matrix of acoustic impedances for the elemental radiators and v is the complex velocity
of each elemental source. Thus Equ. (3.43) can be rewritten in terms of elemental radiators as,

w : 
f;n"¡unpl 

: 
f*"¡.rtr.,.l 

:.rHR., (3.51)

For a set of elemental radiators, the symmetric radiation resistance matrix (Elliott and Johnson ,lgg3),
is given by

1
sin frrr o

1"I,2

sin kr1,7
rr.r

R: u2 PS2

4trc

sin I;r', 
'

ft 1
I

(3.s2)

where r¿,, is the distance from elemenr. i ß j . The radiation mode shapes are then simply the eigenvectors
of Equ. (3.52). The equation for radiated power can then be written as

I,7: vHRvË: vHQÆ^nQãta (3.53)

where Q¿ are the eigenvectors and 1\¿ the eigenvalues the R matrix, and v¿ is the vector of elemental

1
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velocities. This development of radiated power takes on the same form as Equs' (3.1) and (3.46). The

measured states a¿, which are solely vibration based, for this formulation are then,

a¿ : våen (3.54)

Both the power and radiation mode methods are restricted to vibration measurement and require

modification for measurement in the acoustic domain. Modification will be achieved by relating pressure

measurements (using the acoustic sensing system) back to the velocity states of a vibrating source which

inherently these methods where designed to measure.

The radiated pressure from a vibrating source can be written as

p(r) : Zv (3.55)

where Z is the vector of radiation transfer functions and v is the corresponding vector of vibration

states. As the velocity states for the power and radiation mode decompositions are different, the radiation

transfer functions, Z,for each method will also be different.

The radiation transfer function between pressure and velocity in terms of structural vibration modes

for a simply supported rectangular panel with the coordinate system in the centre of the panel, as given

by Pan et al. (1992)is,

juPo -¡t", LrLar'P: 2ltre MN¿"t
(-L)Mo"io - t

il
(t)r't; 

"iø - t "(-iî-i?) (3.s6)
t t2

lffi) -1 (,--ø)'- t

where r is the distance from the centre of the panel to the point of interest, p6 is the density of ait, L'
and L, are the dimensions of the panel, M¿ aîd AL are the ith modal indices in the r and y directions,

respectively, and

a:kL*sindcos@
þ: kL,sindsin@

(3.s7)

where 0 and þ defined as in Fig.3.3.

The radiation transfer function between radiated pressure and elemental velocity takes on a matrix

form and can be written as,

jøpos
2rrt,t
jupos
2rrz-t

--.jht t ju\oS
" 2rrt-z

jupoS o-jkr1,¡a
2trrt t¡ -

jrpoS
2trr2-2

jl"rz t
"-ikrr 

z

" 
ikrz ze

ZR: (3.s8)

_jøpoS o- jkrw -t'2rr ¡¡ -1 
"

jøpoS o-jler¡¡-¡a
2rr t¡¡ - tv¡ "

where lü is the number of elemental radiators and M is the number of acoustic measurement loca-

tions. The distance r¿-¡ in this expression is the distance from the ith elemental to the jth microphone

location. The velocity states of the panel for each decomposition can then be rewritten in terms of

pressure: for the power mode development,

vp: pzþt (3.se)
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and for the radiation mode development,

v¡¡: pZ*r

Equations (3.46) and (3.53) can thus be written in terms of pressure rather than velocit¡

w : pH (zÞr)" eplrperpzerp

(3.60)

(3.61)

w : pH (zot)" qorr.¿qlz;1n (3.62)

respectively
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g1 Frequency character¡stics of multipole, power and radiation

modes

In the design of a broadband sensing system based on orthogonal radiating constituents, the frequency

characteristics of the constituents become important. Practical sensor fusion strategies require the coeffi-

cients governing the signal combination to be fixed across the frequency spectrum for the multiplication

and addition process to be practical. Frequency dependence ofthe resulting (combined) signals can be

accommodated by filtering the error signal (feedforward control) or via frequency weighting techniques

for control design (feedback control). Illustrated in Fig. 3.8 is the problem of using acoustic sensors,

where phase delays are caused by different distances from the source to sensors. For this part of the

sensing procedure frequency independence is required, however once the states are resolved, resulting in

just a few signals, frequency dependence can be accommodated. The implementation of current systems

on vibrating rectangular panels is highly frequency dependent, meaning that all signals need to be trans-

ferred to the frequency domain where weighting can be performed. Such an exercise for a large number

of sensors even with fast processors leads to poor robustness and slow convergence speed.

Sensor signals

Part 1: Data fusion to resolve
target states. Frequency indepence
of coefficients in the Process of
weighting and adding sensor signals
is important.

Resolved state
amplitudes
(e.9., multipoles) rtl

Figure 3.8: Frequency considerations for the proposed sensing approach.

3.7.1 State contr¡bution to radiated power

Truncation in control system design on the basis of state contribution to a given error criterion is a

convenient approach to building a practical control system. While this will lead to a reduction in the

accuracy of the error, a reduction in control performance may not result since this is governed by a wide

range of factors, as outlined in Chapter 1. The question then becomes, how many signals are required

to give an accurate measure of power over the desired frequency range? The importance of each state,

a resolved signal (decomposed mode), is described by it's eigenvalue (of the global performance matrix

A) as this value is proportional to the state radiation efflciency.

To compare the four developed decompositions (two-and three-dimensional multipoles, power modes

and radiation modes) consider a rectangular panel of dimensions 0.612m x l.2l2m x 0.004m (r,A, z),

with simply supported boundary conditions, the latter being required knowledge for the power mode

development. The only required knowledge for the multipole developments is the size of the panel so

51

Part 2: lnput to control law calculation to
attenuate error criteria using resolved
states. Frequency dependence of state
contribution to error criteria can be
accommodated.
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that the positioning of the monopoles can be sensibly chosen. For the considered structure the monopoles
were evenly distributed as illustrated in Fig. 3.9 (for the two-dimensional aray) and Fig. 3.10 (for the
three-dimensional array). Even though the three-dimensional alay of monopoles would be well suited
to a three-dimensional radiating problem, here it will be applied to a two-dimensional structure. In the
power mode development, 50 vibration modes will be included in the calculation. In the radiation mode
development the panel is divided up with 20 elements along the r-dimension and 40 elements along the
y-dimension.

Figure 3.9: Two-dimensional monopole arrangement considering eight monopoles

Figure 3.10: Three-dimensional monopole anangement considering eight monopoles.

The eigenvalues of the square weighting matrix for each of the four different approaches (two- and
three-dimensional multipoles, power and radiation modes) are plotted in Figs. 3.11 - 3.14.

Recall that the eigenvalues are essentially the (unnormalised) radiation efficiencies of each of the
independent constituents, and so provide an indication of what are the most efficient and so most im-
portant, multipole/power/radiation modes. Referring to the Figs. 3.11 - 3.14,therelative values of the
eigenvalues at low frequencies suggest that only 1 to 3 signals need to be considered to obtain an accurate
estimate of power, as the residual eigenvalues (following truncation) are small in comparison. Howeveq
convergence of the eigenvalues occurs much earlier for the power and radiation mode approaches. What
is interesting to note is the strong similarities of Fig. 3.13 and Fig. 3.14. The two developments seek

to solve the same underlying equations, though through different approaches. The first resulting eight
eigenvalues are almost exactly the same. Another interesting observation is that while the shapes for the
multipole and radiation/power mode formulations are similar, the amplitude of the multipole eigenvalues
are significantly larger.

Further insight into each decomposition method can be obtained in Fig. 3.15 and Fig. 3.16. Il-
lustrated in these figures is the number of orthogonal constituents required to accou nt for 90Va of the
radiated power from the test panel when all constituents are excited to an equal amplitude. Observe that
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Frequency (Hz)
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Figure 3.11: Eigenvalues of the weighting matrix Ao, forthe two-dimensional multipole formulation,

plotted as a function of frequency.
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Figure3.l2: Eigenvaluesof theweightingmatrix ÃaBd,forthethree-dimensionalmultipoleformulation,
plotted as a function of frequency.
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Figure 3.13: Eigenvalues of the weighting matrix Ao, for the power mode formulation, plotted as a
function of frequency.
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Figure 3.14: Eigenvalues of the weighting matrix R, for the radiation mode formulation, plotted as a
function of frequency.
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the power and radiation mode decompositions require consideration of many more constituents than each

of the multipole decompositions.

An important assumption that is made in the multipole method is that all of the test panel's radiation is

contained in the total number of decomposed multipoles. If just two monopoles were used to decompose

the sound freld then there would only be just two multipoles which would be assumed to contain all

radiated power.

The data displayed in Fig. 3.16 suggests that the power and radiation mode development would be

more difficult to implement on alarge structure and/or at higher frequencies as a larger number of signals

(one signal per constituent) would be required to obtain an accurate estimate of power. It also raises

the question, will just eight signals from the multipole methods give an accurate estimate of radiated

power? Taking this one step further, when minimising a "poor" estimate of power, will "poor" levels of

attenuation be achieved? These questions will be explored later in this thesis'
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Figure 3.15: The number of multipole modes required to account for 907o of the radiated power
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Figure 3.16: The number of power/radiation modes required to account fot 90Vo of the radiated power
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3.7.2 Mode shape frequency dependence

As discussed in the literature review (Section 2.5.1), the shape of radiation modes when plotted on the
surface of the vibrating structure, are highly frequency dependent. The first orthogonal velocity radiation
pattern, in terms of elemental radiators, as been plotted at a high (-5) and a low (-0.5) non-dimensional
frequency value (ka) for a rectangular panel by Gibbs et al. (2000) and Sors and Elliotr (2002). At
very low frequencies the first radiation mode shape is piston like, however at higher frequencies the
radiation mode shape looks like the (1,1) vibration mode shape of a simply supported panel. In this
section orlhogonal sound pressure patterns generated by the two- and three-dimensional multipole and
radiation mode decomposition of radiated power will be plotted. The test structure is a rectangular
panel of dimensions 0.6I2mx I.2I2m x 0.004m in an infinite baffle. The radiation patterns will be
plotted over rectangular surfaces at a distance of 0.5 and 10 metres from each edge of the panel. In
addition, to examine the frequency dependence of the orthogonal patterns based on two- and three-
dimensional multipoles and radiation modes, the patterns will be plotted at two frequencies, 5 and 200
Hz' The orlhogonal patterns based on two- and three-dimensional multipoles will use eight monopoles
as arranged in Fig. 3.9 andFig. 3.10 respectively. It is straightforward to show that the radiation patterns
based on power modes is identical to a decomposition based on radiation modes (the modal filtering
weights for these decompositions are also identical, as will be shown), and hence have been omitted for
conciseness.

Illustrated in Fig. 3.17 are the eight orthogonal (to radiated power) sound pressure patterns based on
the two-dimensional multipole decomposition at 5 Hz, plotted at 0.5 metres from each edge of the panel.
The sound pressure patterns in Fig. 3.18 use the same decomposition technique and are also plotted at a
distance of 0.5 metres from each edge of the panel, however in this figure the decomposition is evaluated
at 200 Hz. Observe that the most efficient mode (the first multipole) is monopole-like, the second and
third multipoles are dipole-like, the fourth is also monopole-like. The remainder of the shapes appear
like quadrupoles or dipole variations. Observe that there is little variation in multipole one, two, three
and five between 5 and 200 Hz.
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(a) Multipole 1 (b) Multipole 2 (c) Multipole 3 (d) Multipole 4

(e) Multipole 5 (f) Multipole 6 (g) Multipole 7 (h) Multipole 8

Figure 3.17: Radiation mode shapes evaluated over a surface 0.5m from each edge of the panel, using a

two-dimensional array of monopoles at a frequency of 5 Hz.

(a) Multipole 1 (b) Multipole 2 (c) Multipole 3 (d) Multipole 4

(e) Mutripole 5 (f) Multipole 6 (g) Multipole 7 (h) Multipole 8

Figure 3.18: Radiation mode shapes evaluated over a surface 0.5m from each edge of the panel, using a

two-dimensional array of monopoles at a frequency of 20O Hz'
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Illustrated in Fig. 3.19 and Fig. 3.20 are the eight orthogonal (to radiated power) sound pressure

patterns based on the three-dimensional multipole decomposition at 5 and 200 Hz respectively. The
three-dimensional multipole radiation patterns appear exactly the same as the two-dimensional multipole
patterns in both shape and frequency variation.

(a) Multipole 1 (b) Multipole 2 (c) Multipole 3 (d) Multipole 4

(e) Muf tipole 5 (f) Muttipole 6 (g) Multipole i (h) Multipote 8

Figure 3.19: Radiation mode shapes evaluated over a surface 0.5m from each edge of the panel, using a
three-dimensional array of monopoles at a frequency of 5 Hz.

(a) Multipole I (b) Multipole 2 (c) Multipole 3 (d) Multipole 4

(e) Multipole 5 (f) Multipole 6 (g) Mutripole 7 (h) Multipole 8

Figure 3.20: Radiation mode shapes evaluated over a surface 0.5m from each edge of the panel, using a
three-dimensional array of monopoles at a frequency of 200 Hz.
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Illustrated in Fig. 3.21 are the eight orthogonal (to radiated power) sound pressure patterns based on

the radiation mode decomposition at 5}irz, plotted at 0.5 metres from each edge of the panel. Observe the

strong similarities between all of these radiation shapes and the two sets of multipole radiation shapes

presented in Figs. 3.17 and 3.19. The sound pressure patterns in Fig. 3.22 are also based upon the

radiation mode decomposition, however in this figure the decomposition is evaluated at 200 Hz. The

resulting radiation patterns, like those calculated af 5 }Jz, contain a monopole-like pattern as the first

most efflcient mode, the second and third radiation modes are dipole like, the fourth is monopole-like

(particularly when calculated at 5 Hz) with the remaining shapes quadrupole-like or dipole variations.

In comparison to the two- and three-dimensional multipole decompositions, the radiation mode

modes shapes when plotted at 5 and 2O0Hz appear to be identical'

(a) Radiation mode I (b) Radiation mode 2 (c) Radiation mode 3 (d) Radiation mode 4

(e) Radiation mode 5 (f) Radiation mode 6 (g) Radiation mode 7 (h) Radiation mode 8

Figure3.21: Radiationmodeshapesevaluatedoverasurface0.5mfromeachedgeof thepanel,using

"radiation modes" of the structure at a frequency of 5 Hz.

(a) Radiation mode I (b) Radiation mode 2 (c) Radiation mode 3 (d) Radiation mode 4

(e) Radiation mode 5 (f) Radiation mode 6 (g) Radiation mode 7 (h) Radiation mode 8

Figure 3.22: Radiation mode shapes evaluated over a surface 0.5m from each edge of the panel, using

"radiation modes" of the structure at a frequency of 200 Hz.

o

3?
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Illustrated in Fig. 3.23 are the eight orthogonal (to radiatecl power) sound pressure patterns based

on the two-dimensional multipole decomposition evaluated at 5 Hz, plotted at l0 metres from each edge

of thepanel. ThesoundpressurepatternsinFig. 3.24are alsoplottedat l0metresandusethesame
decomposition technique, howcvcr these are evaluated at200 Hz. Both sets of lesulLing ratliation patterns

contain a monopole-like pattern as the first most efficient mode, the second and third radiation modes

are dipole like, the fourth is also monopole-like with the remaining shapes quadrupole-like or dipole
variations which appear similar to some lower order modes. Observe the strong similarities between
multipole one and four; two and seven; three and six; and five and eight when the orthogonal patterns are

evaluated at 200 Hz. When plotted at 5 Hz the orthogonal patterns appear to be more unique however,
the small variation in magnitude over the plotted surfaces, particularly the top surface, make accurate

measurement of each unique pattern difficult unless a large number of sensors, spread over a wide area

are used.

(a) Multipole I (b) Multipole 2 (c) Multipole 3 (d) Multipole 4

(e) Multipole 5 (f) Multipole 6 (g) Multipole i (h) Multipole 8

Figure 3.23: Radiation mode shapes evaluated over a surface lOm from each edge of the panel, using a
two-dimensional array of monopoles at a frequency of 5 Hz.
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(a) Multipole I (b) Multipole 2 (c) Multipole 3 (d) Multipole 4

(e) Multipole 5 (f) Multipole 6 (g) Multipole 7 (h) Multipole 8

Figure 3.24: Radiation mode shapes evaluated over a surface 10m from each edge of the panel, using a

two-dimensional anay of monopoles at a frequency of 200 Hz'
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Illustrated in Fig. 3.25 andFig. 3.26 are the eight orthogonal (to radiated porver) sound pressure
patterns based on the three-dimensional multipole decomposition evaluated at 5 and 200 Hz respec-
tivel¡ ploned at 10 metres from each edge of the panel. Observe that the use of a three-dimensional
monopole array in the multipole decomposition process has given results which appear identical to the
two-dimensional multipole radiation pattems. As with the two-dimensional multipole mode shapes,
modes one and four appear identical when evaluated at 200 Hz. Other mode shapes, two and seven, three
and six, five and eight also appear similar when evaluated at 200 Hz and are plotted at l0 metres from
each edge of the panel.

(a) Multipole I (b) Multipole 2 (c) Multipole 3 (d) Multipole 4

(e) Multipole 5 (f) Murtipore 6 (g) Multipore 7 (h) Murtipore 8

Figure 3.25: Radiation mode shapes evaluated over a surface 10m from each edge of the panel, using a
three-dimensional array of monopoles at a frequency of 5 Hz.

(a) Multipole I (b) Multipole 2 (c) Multipole 3 (d) Multipole 4

(e) Multipole 5 (f Mulripole 6 (g) Multipole 7 (h) Multipole 8

Figure 3.26: Radiation mode shapes evaluated over a surface 10m from each edge of the panel, using a
three-dimensional array of monopoles at a frequency of 200H2.
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Illustrated in Fig. 3.27 and Fig. 3.28 are orthogonal radiation patterns based on a radiation mode

decomposition plotted at 10 metres from each edge of the panel, and calculated at 5 and 200 Hz respec-

tively. Observe that at 10 metres the radiation patterns appear similar to those generated by the two- and

three-dimensional multipole techniques in both shape and variation of shape when evaluated at 5 and

200H2.

In summary, when the orthogonal patterns were plotted at 10 metres from each edge of the panel

the resulting radiation patterns consisted of monopole-like, dipole-like, and quadrupole-like radiation

patterns, however several of the patterns appeared to have similar shapes, particularly when evaluated at

200H2. This suggests that at 10 metres from the panel it will be difficult to obtain an estimate of all eight

radiation patterns as the patterns do not seem to form a unique set. Uniqueness of the orthogonal patterns

at large distances from a noise source is an important problem for acoustic based sensing systems. This

problem will be explored further in the next section.

The conclusions of this section can be summarised into a few key points:

o the radiation patterns based on two- and three-dimensional multipoles and radiation modes appear

to be identical;

o eight unique radiation shapes, consisting of monopole-like, dipole-like and quadrupole-like radia-

tion patterns can be evaluated in close proximity to a radiating noise source;

o the shape ofthe flrst three orlhogonal radiation patterns appear to be independent offrequency;

o at large distances from a radiating structure it may be difficult to measure each independent or-

thogonal radiation pattern as some of the shapes begin to converge;

. more unique orthogonal radiation patterns can be obtained when the patterns are evaluated at 5 Hz

rather than2OO}lz.

(a) Radiation mode I (b) Radiation mode 2 (c) Radiation mode 3 (d) Radlation mode 4

(e) Radiation mode 5 (f) Radiation mode 6 (g) Radiation mode 7 (h) Radiation mode 8

Figure 3.27: Radiation mode shapes evaluated over a surface 10m from each edge of the panel, using

"radiation modes" of the structure at a frequency of 5 Hz.
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(a) Radiation mode I (b) Radiation mode 2 (c) Radiation mode 3 (d) Radiation mode 4

(e) Radiation mode 5 (Ð Radiation mode 6 (g) Radiation mode 7 (h) Radiation mode 8

Figure 3'28: Radiation mode shapes evaluated over a surface 10m from each edge of the panel, using
"radiation modes" of the structure at a frequency of 200 Hz.
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3.7.3 lnverse problems

Where acoustic radiation is modelled by a number of acoustic sources, the estimation of source strengths

from acoustic measurements has been studied extensively, particularly in the reconstruction of vibration

fields (Powell and Seering, 1984; Granger and Perotin, 1999; Perotin and Granger, 1999; Yoon and

Nelson,2000; Bobrovnitskii,200l; Gialamas, Tsahalis, Otte, Van der Auwaraer, and Manolas,2001).

The accuracy of the reconstruction is often determined by the conditioning of the matrix to be inverted

in the estimation process, even though useful results can be obtained from a poorly conditioned matrix.

For a overview of inverse problems in acoustics see Nelson (2001).

In the previous section, plots of the orthogonal radiation patterns revealed that as the distance in-

creases from a noise source, the shapes of several patterns begin to converge to the point where they

appeff indistinguishable. It may then be difficult to practically measure all radiation patterns using an

acoustic array placed at some distance from the noise source as the array will not be able to sense the dif-

ference between almost identical radiation patterns. The ability to measure a full set of unique radiation

patterns can be mathematical expressed in terms of the condition number of the matrix at the heart of the

modal filtering process. The condition number, the level of ill-conditioning within a matrix, is governed

by the ratio of the maximum and minimum eigenvalues of the matrix to be inverted. Nelson and Yoon

(2000) showed that the conditioning of the inverse matrix, for a two-dimensional inverse problem where

a set of acoustic measurements seek to determine the source strengths of a number of "model acoustic

sources" (illustrated in Fig. 3.29), was predominantly governed by: the non-dimensional frequency krs,

where rg is the distance between the acoustic sources; the ratio of the distance between sensors and the

distance between sensors, rM lrS; and the ratio ofthe distance from the source plane to the sensor plane

and the distance between the acoustic sources, r lrm.
Acoustic sensors

\\\

ooo o
rj-ooo

Model acoustic sources

Figure 3.29: An array of model sources and acoustic sensors used in a inverse problem

Recall the system states for each of the four decomposition methods:

o two-dimensional multipoles, tú;tp, Equ. (3.23);

o three-dimensional multipoles, V .'rap, Equ. (3.4 1 ) ;

o power modes, Qrrz¡tv, Equ. (3.61) and

o radiation modes, Qr¡¿Z ¡¡t 
p,Equ. (3.62).



66 Chapter 3. Proposed sensing system

The important matrices in terms of practical measurement of orthogonal contributors for each decompo-

sitionare: Ú",,Vnzd,ZpandZp. Itisstraightforwardtoshowthatwhenal2Smicrophonesensing
array, of the form illustrated in Fig. 3.2, is placed at distances greater than one meter from a rectangular
panel (of the size considered in the previous section) the condition number for Zp andZ¡-is poor as each

matrix contains columns that are almost identical. The ill-conditioning of these matrices is due to the

decay in the exponential radiation transfer function (" ik') and the small variation in the distance from
the "model sources" (elemental radiators or the panel itself) to each of the 128 sensors. Thus the columns
of Z rl and Z *1 will be almost the same. The modal filtering weights for each technique will then be

significantly influenced by the eigenvectors of each decomposition rather than Zþt and, Z or themselves.

To overcome ill-conditioning, in the past where researchers have sought vibration magnitudes at specific
points on a structure, the matrix to be inverted usually underwent a form of regularisation. Two common
methods of regularisation are singular value discarding (Nelson and Yoon, 2000; Moorhouse, 2003; Thite
and Thompson, 2003a) and Tikhonov regularisation (Yoon and Nelson, 2000; Nelson and Yoon,2000;
Berkhoff, 2000; Kim and Nelson, 2003; Thite and Thompson, 2003b). In singular value discarding,
the smallest eigenvalues of the ill-conditioned matrix are discarded while in Tikhonov regularisation the

eigenvalues values are weighted according to their size using a predefined regularisation parameter. Both
cases can improve the accuracy of the calculated source strengths, however too much regularisation can

give even more inaccurate results (Yoon and Nelson, 2000; Williams, 2001). Alternatively, radiated pres-

sure could be measured adjacent to each model source, which is the approach used in near field acoustic
holography (Williams and Maynard, 1980; Williams et a\.,L9ï};Veronesi and Maynard, 1989; Borgiotti
et al., 1990:' Mann III et al., 7991; Borgiotti and Rosen, 1992). Berkhoff (2000) has developed a radia-
tion mode formulation based on near field pressure measurements where the elemental radiation transfer
matrix was shown to be well behaved over a wide frequency range. However, the goal of this work is to
implement a generalised sensing system, one that is not restricted to measurement in the acoustic near or
far field.

As regularising techniques have limited capabilities, no regularisation has been applied to the power

and radiation mode decompositions in this thesis. However, as the columns of the final multipole modal
filtering matrices, Ür, and Ú nsd, are independent contributors to radiated power the total acoustic power
can be written in terms of the indivi dual independent mriltipoles,

L

Wtotol: t With rnuttipole (3.63)
i:l

Expanding to the individual terms,

Wtutot : W1"t multipole I W2.a multipole * W3,a multipole + ... + W¡tn ,nu¿¿¿ro¡.

Thc pt-rwer in each multipole can then be written as,

(3.64)

Wiu, rnultipor.: únr(:,i)p (3.65)

where (:, z) represents all rows of the ith column and p is the vector of measured pressure amplitudes.

Since the multipoles are independent this enables the use of a pseudo-inverse on each column of the

modal filter matrix, Ürr-1 and úi'ro, bypassing any inverse problems. This manipulation will be used in



3.7. Frequency characteristics of multipole, power and radiation modes 67

the following sections and experimental chapters of this thesis

3.7.4 Modal filter we¡ght frequency dependence

In practice the theoretical development in Section3.T .l will guide the objective of sensing system design:

to resolve the "important" (efficient) radiating entities. The modal filtering operation to do this involves

weighting (multiplying) and combining the signals from a number of sensors. For this to be practical, the

weights must be frequency independent (i.e. multiplication by a scalar). Frequency dependent weights

for resolving the independently radiating quantities would mean considering all signals in the frequency

domain, requiring a Fourier transform for each channel or the use of a digital fllter. Frequency indepen-

dence means that over a broad frequency range all weights would be constant and consequently can be

implemented with only a gain.

Reviewing the equations for the modal filtering weights for each approach shows that each are depen-

dent upon frequency. In this section the level of dependence is examined. Modal filtering weights (the

scalar numbers used to multiply each sensor signal by) will be resolved using each of the decomposition

techniques for thirty two microphone positions above the test panel as illustrated in Fig. 3.30.

32 microphones evenly
distributedat 0=l0o

5m

Figure 3.30: Arrangement for the 32 microphones.

Using the same affangements (number of monopoles, modes and elements) as in Section 3.7.2, fhe

weights of the first eight modes for each of the modal filter developments are illustrated in Figs. 3.31 -

3.38. These figures plot the values in itr[1 or ü,l, for the multipole modes, Q'*Zot for the radiation

modes and QToZ¡t for the power modes from32 sensors located at 0 : 10", with the sensors distributed

evenly around / from 0 to 2r at a distance of 5m from the panel, as illustrated in Fig. 3.30. In each

of these flgures there are three lines for amplitude and phase evaluated at three frequencies, 50 Hz, 150

Hz and 250 IJrz. Where only one line can be distinguished the amplitude/phase evaluated at the three

frequencies is the same.

In Figs. 3.31 and 3.33 observe that for the first mode (the mode with greatest contribution to power)

in each multipole development there is very little variation in the phase and amplitude of the modal

filtering weights between 5O - 250 Hz. In comparison the modal filtering values to resolve the first

radiation and power mode, Figs. 3.35 and3.37, varies twice as much in amplitude and ten times as much

in phase over the frequency range 50 - 250 Hz.
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Observe that the modal filter weights based on two- and three-dimensional multipoles, plottecl in
Figs. 3.31 - 3.34, appear identical in both amplitude and phase. Similarly the decompositions based on

vibration states, the radiation and power mode modal filtering weights plotted in Figs. 3.35 - 3.38, appear

identical to each other. Furthermore the phasc and amplitude for each set of the four modal filtering
weights, especially when evaluated at 50 Hz, are very similar. This is particularly the case for the first,
second, third, fifth, seventh and eighth mode. However, the amplitude of the weights for the power

and radiation mode development are not constant over the plotted frequencies, especially for the higher

modes. Practically, the problem of frequency dependence of higher radiation and power modes becomes

compounded as at higher frequencies the eigenvalue plots have indicated that more higher modes (which

are more frequency dependent) are required to accurately measure radiated power.

Another important characteristic of the weights plotted in Figs. 3.31 - 3.38 is that their phase (in

most modes) is either 0o or 180o (or close to it). Thus the system is almost purely real and the complex

number requirement can be dropped, overcoming a significant problem that acoustic sensing systems for
active control face.

Since the weights in rlr[1 andú rl"ocan be approximated as frequency independent, implementation

of the modal filtering scheme is straightforward: measure the pressure at the sensing location, multiply
the vector of pressure measurements by the fixed terms in ü,r- 1 and ú ,rro (yielding a greatly reduced

number of outputs), and pass the small number of resulting signals through a set of filters with character-

istics defined by Â¡¿ and À¡¿ 3¿ prior to input to the controller. In the following sections the power and

radiation mode weights will be implemented in the same way, assuming frequency independence. Based

on the analysis presented here this may yield a poorer estimate of radiated power, particularly at higher
frequencies.
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3.8 Theoretical developmentsummary
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The aim of this section was the theoretical development of an acoustic based, non-structural, approach

to modal filtering and the decomposition of radiated power in an attempt to generalise sensing system

design for active noise control. Two acoustic based decomposition techniques were presented where one

was aimed at two-dimensional noise sources and the second at three-dimensional sources. To facilitate a

comparison with current sensing strategies, radiation mode (Elliott and Johnson, 1993) and power mode

(Snyder and Tanaka, I993a) decompositions, which are explicitly vibration sensor based, have been

extended to measurement in the acoustic domain.

The frequency characteristics, including the mode shape variation, contribution to power of each

independent constituent and the final modal filtering weights were examined in Section3.T and are sum-

marised in Table 3.1. The analysis in Section 3.7 uncovered several similarities and differences in the

characteristics of the decomposition techniques. Overall the analysis of the decomposition methods has

shown that the two-dimensional and three-dimensional multipole developments are approximately equiv-

alent while the radiation and power modes developments are also approximately equivalent. Furthermore

some characteristics between the multipole and radiation/power mode decompositions were shown to be

the same. However, while the orthogonal radiation mode shapes of the decomposition techniques appear

to be similar, differences included:

o the eigenvalues and eigenvectors;

o the number of constituents required to estimate 90Vo of the radiated power; and

o the frequency variation of modal filtering weights for the multipole and radiation/power mode

decompositions.

As will be shown in this thesis it is the latter three characteristics that have the greatest influence on the

accuracy of the global performance estimate over a wide frequency band'
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Approach to basis function derivations

Decomposition properties Two-dimensional

multipoles

Three-dimensional

multipoles

Radiation modes Power modes

Eigenvalue ampli-

tudes

(Section 3.7. I )

At low frequencies

onlylto3con-
stituents contribute

to radiated power.

Eigenvalues are

similar but not

identical to the

three-di mensional

multipole de-

velopment and

significantly greater

than radiation/power

mode eigenvalues.

At low frequencies

only I to3con-
stituents contribute

to radiated power.

Eigenvalues are

similar but not

identical to the

two-dimensional

multipole de-

velopment and

significantly greater

than radiation/power

mode eigenvalues.

At low frequencies

onlylto3con-
stituents contribute

to radiated power.

Eigenvalues are

indistinguishable

from the power mode

development.

At low frequencies

onlylto3con-
stituents contribute

to radiated power.

Eigenvalues aÍe

indistinguishable

from the radiation

mode development.

Orthogonal radiat

ing mode shapes

(Section 3.7.2)

Shapes appear

monopole- dipole-

and quadrupole-like.

Shape and varia-

tion in frequency

appear indistin-

guishable from the

t\ /o other plotted

developments.

Shapes appear

monopole- dipole-

and quadrupoleJike.

Shape and varia-

tion in frequency

appear indistin-

guishable from the

two other plotted

developments.

Shapes appear

monopole- dipole-

and quadrupole-like.

Shape and varia-

tion in frequency

appear indistin-

guishable from the

two other plotted

developments.

Not illustrated.

Modal filter

weights

(Section 3.7.4)

AII of the multipole

weights varied little

with frequency. For

the given exam-

ple a few of the

multipole weights

appear to be the

same. Similar 1o the

three-dimensional

multipole modal

filtering weights.

All of the multipole

weights varied little

with frequency. For

the given example a

few of the multipole

weights appear to be

the same. Similar to

the two-dimensional

multipole modal fil-

tering weights.

Several of the radi-

ation mode weights

vary strongly with

frequency. For the

given example a

few sets of radiation

mode weights appear

to be the same.

Identical to the

power mode modal

filtering weights.

Several of the radi-

ation mode weights

vary strongly with

frequency. For the

given example a few

sets of the power

mode weights appear

to be the same. Iden-

tical to the radiation

mode modal filtering

weights.

Table 3.1: Summary of the common characteristics of the decomposition developments.
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Development of the simulation
environment

Development of
the simulation
environment

--> -> > >

New and Novel
* Development of an s-domain transfer function

containing only real coefficients between input
force and radiated sound pressure for a
rectangular panel. This allows for pressure at
any position in the far field to be simulated in
real time.

* lllustration of the relationship between the poles
of the radiation transfer function and the cut-off
frequency of the estimate.

Figure 4.1: Chapter 4 overview

4.1 lntroduction

Typically modal filtering for structural acoustic problems is a sensing and control law design technique

where by structural acceleration or velocity measurements are decomposed into a set of modal am-

plitudes before they are input to a control system (Hansen and Snyder, 1997;Lee and Moon, 1990;

Meirovitch and Baruh, 1985; Morgan, 1991a). In recent years this same technique for sensing system

design has also been extended for use in active noise control (Elliott and Johnson,1993:' Burdisso and

Fuller, 1994a; Clark, 1995; Johnson and Elliott, 1995; Snyder et a1.,1995; Snyder and Tanaka,1995;

Preumont et a\.,20O3). There are, however, implementation differences between a sensing system based

on vibration measurements and acoustic measurements. Implicit to many of the current frequency do-

main approaches to active noise control system design is the assumption that complex (number) vibration

or acoustic pressure measurements can be obtained. However, in the real world complex pressure cannot

be measured as it is a real, time variant quantity. Refening to Fig. 4.2, in order to simulate a practical

sensing system, where decomposition, convergence and signal minimisation are performed in real time,

any simulations should therefore also be restricted to the time domain, without complex numbers.

79
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Sensor
sample

Multiplication of signals by
the modal filtering weights

Accumulation of the
signals into "modes"

"Mode" 1

"Mode" 2

(ntroa"'#, 
""n"o.f

Figure 4.2: Modal filtering arrangement. In the frequency domain, the signal sample is assumed to be a
single (rms) complex value. In practical time domain implementation, it is real ancl time variant.

If the target system is a lightly damped structure, and the measurements are structural, then the

complex number requirements can be relaxed as all points on the structure will be either in or out of
phase (Elliott and Johns on, 1993; Burgan et al., 2002). However, if the measurements are acoustic or
the structure is heavily damped, the complex number requirement is not so easily dismissed. Phase

differences in pressure measurements from different locations in the acoustic space, arising from time
delays between the structure and the sensor, must be taken into account (Snyder and Hansen, 1990; Hill
et aL.,2002).

One approach to accommodate phase differences between error signals from each sensor is to include
conditioning on the signals to compensate for these differences before the signal is sent to the controller.
Phase differences modelled in the system using time delays have been shown to be successful in many

cases when a small number of error sensors are used. In fact, estimates of time delays for control sources

and error sensors, as well as the response of the acoustic or coupled structural/acoustic system, must be

taken into account when implementing a control system/algorithm consisting of multiple actuators and

multiple elror sensors. This, however is not the only approach to accommodating signal phase differences

as will be seen later in this thesis.

A prerequisite to simulations required for this study is a time domain model of structural acoustic

radiation. Most active control work by structural acousticians is based in the frequency domain (Hansen

and Snyder, 1997; Nelson and Elliott, 1992), and while real time predictions for structural velocity
appear many times in literature (Balas, 1978a,b,1982; Meirovitch and Baruh, 1982; Meirovitch et al.,
1983; Baumann et al., l99l), there is no one technique that enables the simulation of real time acoustic
pressure from a two-dimensional vibrating structure to any point in space. Dohner and Shoureshi (1989)
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produced a state space model for acoustic pressure in an enclosure excited by a simple volume velocity

source. Where real time predictions for acoustic pressure radiation from a vibrating structure into free

space do exist, the results are limited to directly above the structure where acoustic pressure is in phase

with the modal response (Clark and Fuller, 1992d; Clark et al., 1993a). This problem is also noted by

Chaigne and Lambourg (2001), where a radiation term is determined experimentally to fit into a time-

domain model, again for a specific case. When implementing a standard feedforward control system,

it is straightforward to accommodate any time delays (Maillard and Fuller, l994a,b), thus removing the

problem of phase shifting. However, neither the frequency domain models nor present work is sufficient

to construct, for example, a Simulink@ model of acoustic radiation that can be used to examine modal

f,ltering with an acoustic sensor array (as opposed to vibration sensors on a lightly damped structure).

Construction of a novel time domain model is, therefore, a prerequisite to any acoustic sensor fusion

study relating to active noise control, where the difference in propagation delays between the sound

source and measurement points in space can cause significant implementation problems.

The broad aims of the work in this thesis are to first, develop a new and novel approach to modal

flltering system design that is relatively independent of structural response characteristics and amenable

to implementation with acoustic sensors. Secondly, to practically implement sensing systems designed

using the technique. The intermediate step in this process is computer simulation. However as described,

for the simulation to reflect practical outcomes, they must be in the time domain. This need is amplified

by the use (here) of acoustic sensors.

4.2 Chapter overv¡ew

Presented in this chapter is an approach to obtaining a time domain model of acoustic radiation into free

space from a flexible vibrating structure that is more general than models presented previously. Results

are compared to the known frequency domain outcomes. Referring to Fig 4.1, the new and novel content

contained in this chapter includes:

o development of an s-domain transfer function containing only real coefficients between radiated

pressure and input force to any point in space in the far teld from a rectangular panel;

o illustration of the relationship between the highest order poles of the radiation transfer function

and the frequency where the accuracy of the estimate quickly degrades.

The significance of the work contained in this chapter is

o that it will lead to a time domain model of acoustic pressure radiated from a panel at any position

in the far field;

o that it will enable real time simulation of the actual sensing system.

Sections of this chapter have been submitted for review to Mechanical Systems and Signal Processing.
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4.3 Simulation of sound pressure

4.3.1 Frequency domain analysis

Simulating the acoustic radiation from a vibrating structure involves two steps: simulation of the struc-

tural vibration in response to some forcing function, followed by simulation of the acoustic radiation into

free space.

Consider a planar, baffled structure, as shown in Fig. 4.3. The structure is subject to a harmonic

z r= (r,0, S)

x

Figure 4.3: System geometry

exciting pressure freld po, of the form ei't. The fluid is assumed to be of relatively low density, so that

fluid loading can be neglected. It is assumed that the structure is a lightly damped, finite structure, a

common target for active noise and vibration control. The low frequency response, velocity u at any

location x on the structure can be expressed as

u(x) : Dr*rþ*(*) (+.rl
n:1

where u,, is the velocity amplitude of the nth mode, ,þ"(-) is the value of the nth mode shape function

at the location of interest x. Truncating the summation to rn modes, the velocity can be expressed as,

'u(x) æ 
"rr¿(*) (4.2)

where v and t/(x) are the m-length vectors containing the modal velocities and the mode shape values,

respectively. Harmonic time dependence is implicit. The modal velocities excited by the pressure f,eld

are def,ned by

(4.3)

where Z¡t is the diagonal matrix containing the modal impedance terms, 21, expressed as

z:(n,n) : *^ {r2* I i2eaun - r'}

v

v : zt7.l

lnfinite baffle

( being the structural damping coefficient and m, is the modal mass of the nth mode,

(4.4)
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p(x)h(x)rþ"(x)dx (4.s)

where p is the density of the structure and h the structural thickness. The term 7 in Equ. (4.3) is a vector

containing the modal generalised force,1n, acting upon the nth structural mode, which is based upon the

blocked pressure only and defined as

(4.6)

83

*-: I,

m : lrnu6)rþ,(*') 
d'x' : 

lrno(*')rÞ,(x') 
dx'

Once the structure is in motion, the radiated acoustic pressure field can be calculated using the

Rayleigh integral,

p(r) : i,oo lr'tffi;y dx: iupo lr",(*l r)u(x) dx (4.i)

whereGf(* lr) isaGreen'sfunction,definedasG¡(x l") : #,t :ulcoistheacousticwave

number and r is the separation distance between the point on the structure at x and the point in the

acoustic space at r, that is r : l* - "1. 
Approximating the structural velocity by an expansion over rn

in-yacuo modes, Equ. (4.7) can be rewritten as

¡rooir. I c r{*l ")ú,(*) clx: zlo¿v (4.8)

n.=l J s

In Equ. (4.8), zro¿ is the vector of modal radiation transfer functions, with terms defined by

zro¿(n,r): jupo [ ,.rl*l r)T/,(x)dx (4.g)
Js

For the discussion here, the simple case of a simply supported rectangular panel of dimensions L* by Lo

will be considered. The mode shape function of this rs

. Mnnr NnTU:gln-sm 
h

,þn (4.10)

where Mn, Nn are the (r,y) indices of mode n. Substituting the mode shape function into Equ. (4.9)

and restricting locations r to be in the far field of the structure, such that r ) L, and r > Lo (with

the origin of the coordinate system in the left hand corner of the panel) an approximate solution can be

found (V/allace, 1972;Fahy,1985; Hansen and Snyder,1997), and is given by,

(*)'-' (#)'-'
(4.11)

where p¡ is the density of air, L" and Lo are the dimensions of the panel, and

a:kL"sindcos/ þ:kLasindsinþ (4.I2)

where cs is the speed of sound in air and 0 and þ defined as in Fig. 4.3. A equation for the pres-

sure/displacement transfer function can be written in the same form using the same definitions,

Z,o¿(n,ù: ï#"-ik'ffi,
(-I)'^" io -L

lt
et)N^e-i? - |
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Zdi",ad(n,r): -4-" i* -!'-!o ^l' ttt"n"e 
¡ li
(L¡tt'r""-¡o -, Çt¡w""-iÞ - 1

(#)'-,
(4.r3)

1
ct

Mnlt

It is worth noting that the radiation transfer function in Equ. (4.1 1) and Equ. (4.13) are complex,

time invariant and purely dependent on system geometry and the excitation frequency. It is the complex

number characteristic that causes problems when implementing a modal filter.

To derive Equ. (4.13) one must first write the far field pressure using the Rayleigh integral. For a

solid rectangular panel of dimensions ,L, x Lo, the Rayleigh integral is given by

, \ p,n2 ¡E ¡? , ,e-ik'np(r) : - 2" J_ - .l_rw(x,y)-dydr Ø.14¡-tu--i 'P

where 'u is the displacement and u the angular frequency and ro is the distance from the element drdy
to the observer location , : (r,0, þ) with elevation 0 and azimuth þ.

Equ. (4.14) can be rewritten in matrix form as

P(t): z(r)rw

where z is the pressure transfer function matrix given by

(4.15)

z(r): -# I :- l-.vç,,y)9!laya* Ø.16)
- 2 "--f

where Ú(*,a) is the mode shape function of the panel evaluated at position o : (r,y) on the panel

surface. The distance r, is given by

rp:vt-; tlil.l\ll, (4ri)

where the angles a and p are described in Equ. (4.12).

Replacing rrinThe denominator of Equ. @.16)by lrl gives negligible error in the result and enables

evaluation ofthis transfer function over the total area ofthe panel as Equ. (4.1 l).

4.3.2 Time domain analys¡s

Analysis of the acoustic radiation in the time domain follows the same general approach taken in the

frequency domain. Referring back to Fig. 4.3, the vibration of a single structural mode is governed by
the state equation

X", : Axr, * Bu Vn: Cx," * Du (4.18)

where u is the input force, x,, the system states and y"'the system output vector and are given by

':Io l l"*f -f l ]- trä, ]' xn:liil' "":l'o:l n:7'2' (41s)
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and matrices A, B, C, and D are made up of the individual modal matrices A,,,B,",, Cn and D' defined

AS;

A'.: 0 1

-u2" -2eun
B.n: C¿,

-sT

0
II/n
'rftrn

rLfL 10 cu 01 D':0, n:1,2,

where n is the modal index and Cr, r, denotes the C matrix for velocity as an output and C¿, r, for

displacement, u,"is the natural frequency of the nth mode, ilr,, is the mode shape function of the nth

mode at the location of the force input and zn' is the nth modal mass which is equal to

_ LrLoLrp"nn:-.T Ø.21)

for a rectangular panel of dimensio ns Lt, tr, , thicknes s of L 
" 

and density p" . The total structure vibration

model is built up from multiple modes in parallel.

A transfer function describing the velocity or displacement of the structure can then be calculated

from the state model,

G(s) : c(sr-A)-lB+D (4.22)

Using this and Equ. (4.20), the transfer function between velocity and generalised force is found to be

(4.20)

(4.23)

(4.24)

This is the same as a single term in Equ. (4.3), as would be expected.

Similarly, the expression for the transfer function for displacement from the generalised force is given

by

";:l' 'l ([; :] l-o,r -,'e,n]) 
'[å 

]

*:l' 'l (l; :] l-o,r -,'e,nl) 
'lå 

]

\v,
mn(s2 *2sCun+r'")

ü",s
mn(s2 +'2s(un + ,'")

A method is now required to model the acoustic pressure radiation by the vibrating structure into

the far field. To describe this, the specific case of a simply supported rectangular panel will again be

considered. For this the relationship between modal velocity and acoustic pressure is given in Equ.

(4.11). This can be written in the Laplace domain using the Euler substitution, s : ju, ãsi

(æ,)' -, (#)'-'
(4.2s)

where T : ã, the acoustic time delay between the structure and the point of interest in the acoustic

space, ?i is the additional delay term due to the expanse of the panel in the r direction, and TB the

additional delay term due to the expanse of the panel in the g direction, denoted by

o / --\ sPgL'LtLrad\frrr): 
2rMnNnns

(-1)M'e-sTo - |

It
(-l)N^"-sru -,

e
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L*sin9 cos $, _-
, (4.26)

(4.21)

c0

A similar expression can be written for the pressure/displacement transfer function

v . . /- -\ - 
PoLrLu 

"_ 
sTLdis rad \fr, t ) : 2, MrJVrn3"

(-7)M*e-sT- - |

il(¿^) (#)'-,
(-7¡N."-"ru - t

-1

where T,To andTp retain the same definition.

The exponential terms in Equ. (4.25) can be approximated as a rational transfer function in two
forms, using a Padé approximation, and the Taylor series. To do this the first step is to approximale e-T'
by a series expansion

e-s :1 - s * t2 /2 -"371! +...

A general rational transfer function is required for the Padé approximation.

b(s) la(s) can be approximated by a series expansion

'j"1?:br *(óe-ø¡b¡)s-
øss -l- I

(4.28)

The general function,

(4.2e)

Equating the terms in Equ. (4.28) andBqu. (4.29) produces the final form of the Padé approximarion,

1
I TsI 1 (Ts)2 +

1+
2
TsI

L2
(:rs)2 +

(4.30)

In this case the order polynomial for the numerator and denominator is the same. Similarly for €-Tos

and e-79",

e-7" : : O(s)

_1-|rBs+#(Tps)2+ :8(")
(4.31)

| + jTBs + +gps)2 +

For the Taylor series e-?" is approximated by the series expansion

e-,t'" :\î i_-|{ - 1 - -. , (Ts)2 ("")3:à 
Il -t-Ts+|-rjl+...-Oroa¿o,(s) (4.32)

similarly for e-To" (truncated as PToo¿or(s)) and ¿-Ta" (tlncated as Qroyn (s)) by replacing the re-

spective time delay 7 with To or Tp;

e-Tos - 1 - Tos * (T*s)2 
- 

(7's)3 *.., - .î + ... - Proau,(s) (4.33)

e-r." - | _ rps.ry- q#. : Qroyn,(s) (4.34)

will be discussed shortly. However,The order and optimising the Padé model for accurate results
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note that the order (2,2) of the approximation has no stability problems, unlike other orders (Philipp,

Mahmood, and Philipp, 2001). Much work has been published on Padé approximations (see Tourigny

and Drazin (2002) for an in-depth study), and comparisons with Bessel, Taylor and rational Chebyshev

approximations for exponential functions can be found in Hyung and Won (1999) andPhilipp et al.

(2001).

Substituting the Padé approximations, Equ. (4.32) to Equ. (4.34) into F;qu. (4.25) yields

z,od(n,ù: ###,*ro(,) (*)'-' ll (#)
(-1)M"P(") - t (-1)N-8(s) - 1

Combining Equ. (4.35) and Equ. (4.23), the acoustic pressure at a point in space is def,ned by the

transfer function

-1
(4.35)

(4.36)p(r) : . _, ,rtp!!*o 
^gç"7.yn 2rrmnMnNnr3 (s2 l2sÇun + ,;,1 (*")'-' It (#)'-'

(-1)e1-P(") - I (-1)1v"8(s) - 1

where the generalised time delay transfer functions (O("), P(s) and Q(s)) have been used so as to avoid

defining the order of the Padé and Taylor series approximations. Once their orders have been deflned, it

is straightforward to express the transfer function in state space format. However, as will be discussed,

defining the order of the Padé approximation is not straightforward. It turns out though that the Padé

approximation yields some terms with intuitive appeal, related to physical quantities of common use and

interest to the active control community: the separation distance between the sensor and sound source,

the width and height of the radiating structure. Therefore, in painting a physical description of various

phenomena, the Padé result is quite advantageous.

4.4 Delay model characteristics

In this section the Taylor approximation and the Padé approximation for a delay will be examined for a

general case and then the Padé model will be implemented for a simply supported rectangular steel panel

of dimensions 0.612m x l.2l2mx 0.004m, (*,y,r) with a damping ratio ( : 0.005'

Shown in Fig. 4.4 is the actual phase resulting from a time delay of 0.01 seconds over the frequency

range 5l1rz - 5kHz. This is compared to both a Padé and a Taylor approximation for varying orders.

Observe that for all but the lowest orders, the Padé approximation gives a more accurate approximation

of the phase than the Taylor approximation. For this reason, the discussion will focus on results obtained

using only the Padé approach.

To further examine the Padé approximation the phase and amplitude of the resulting transfer func-

tions at different distances away from the structures along the centreline (0 : Ö : 0) has been examined'

Illustrated in Figs. 4.5 to 4.7 are the magnitudes and phases of the radiation transfer functions at the first

three resonant frequencies,32.82Hz,52.82Hz and86.17 H:z, corresponding to vibration modes (1,1),

(2,1) and (3,1) of the panel respectively. Each figure contains estimates using a Padé approximation of

the order 1,2 and 5, (order of the numerator is the same as the denominator) plotted as a function of
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Figure 4.4: Comparison between the Padé and Taylor series approximation

distance from the structure (along the centreline). The centreline has been chosen as it removes the time
delay terms related to the length and width of the panel (Tp : To - A), and isolates a single time delay

for analysis, that arising from the distance from the panel to the measurement point. Observe that the

magnitude of the transfer function model developed here (for all Padé orders) matches the magnitude of
the traditional frequency domain model for all locations (the magnitude curves are all superimposed in
Figs. 4.5, 4.6 and 4.7). However, the phase is a much poorer match, falling away from the traditional

model as the distance increases. Increasing the order of the Padé approximation sees the accuracy of
the model maintained for larger separations, but for a finite distance. The mismatch occurs at higher
frequencies for smaller separation distances.
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Figure 4.5: Phase and amplitude comparison, (at mode 1 resonance, 32.82H2)
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To explain where the phase error dramatically inereases above a certa-in frequency consider the sketch

in Fig. 4.8. Shown in the sketch is the highest frequency pole/zero combination of the Padé approxi-

mation transfer function. As the order of the approximation increases, the frequency of this last pair

also increases. Ifowever, as the separation distance between the stlucture and the point of interest in

the acoustic space (and hence the time delay 7) increases, the frequency of the last pair decreases. The

phase of the Padé approximation will not be accurate for frequencies above that of this last pair. From

this observation, it can be expected that:

o larger separation distances will require higher order Padé approximations to be accurate, with the

opposite also true, and

o higher frequencies will require higher order Padé approximations to be aceurate, again with the

opposite also true.

Im

Highest frequency
pole/zero combination

g.--!n-!he Padé aPProximation
Increasing

distance Frequencies where the
phase of the approximation
is accurate

Figure 4.8: Padé approximation, pole and zero plot.

These expectations are borne out in the simulation results displayed in Figures 4.5 to 4.7 . Observe in

Fig.4.7 thattheapproximationcompareswelltofrequencydomaincalculations(Equ. (4.11)),especially

the magnitude where the order of the exponential approximation has little effect. However from this

figure it is shown that a high order Padé approximation must be used for the exponential approximation

to achieve accurate phase results. Results in Figs. 4.5 - 4.7 illustrate that at small distances from the

plate, phase converges and all Padé approximation orders give a relatively accurate estimate of phase.

Horvever, the equations, Equ. (4.11) and Equ. (4.35), are all only valid in the far field, i.e. r K, L, and

r 4. Ly, so Padé approximations of low orders are always inadequate.

Viewing Figures 4.5 to 4.7, the question of what order of Padé approximation should be used to

achieve a certain accuracy over a given frequency range is raised. Referring back to Equ. (4.30) and Equ.

(4.28), for an accurate estimate the aim is to make the last terms in the expansion (coefficient) x (Ts)',
small. This is congruent with the observations above. Illustrated in Fig. 4.9 is the error in the phase

prediction tbr given orders of the Padé approximation over the frequency range 0-5 kHz for a time delay

of 0.01 seconds, or approximately 3 metres separation distance between the structure and sensor. Also
illustrated in this plot is the polelzero combination with the highest frequency (marked with an X).
As expected, once the frequency passes beyond that of the highest polelzero pair, the accuracy of the

approximation diminishes rapidly. Using the previous analysis, a generalised plot, Fig. 4.10 can be

created, where the phase error is plotted against a non-dimensional time delay (time delay x frequency).

lncreasing
approximation

order

Re
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Once the pure time delay and frequency range of interest has been evaluated the designer can use this

figure to determine the required order of the Padé approximation.

0 so. 1000 1500 
'ooor'"orl"IlI t".ltooo 

3500 4000 4500 s000

Figure 4.9: Phase error plotted against frequency for different orders of Padé approximation, (for a time

delay of 0.01 seconds). The "X's" denote the frequency of the highest polelzero pair in the approxima-

tion, going left to right for orders 1,2, 4, 10, 15, 20 and25.
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Figure 4.10: Design graph for selecting the order of the Padé approximation.
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4.5 Alternativeapproach

An alternative approach to obtaining a time domain model, one that avoids the need for a model of
all three time delays, is found by evaluating the complex radiation transfer function and then removing

the complex part by using the Euler substitution, thus also creating a s-domain transfer function with
only real coefficients. In three steps a much smaller order transfer function, than resulting from aPadé
approximation, with precise accuracy over all frequencies can be then evaluated. The steps are as follows:

1. Evaluate the velocity/force or displacemenüforce vibration transfer function, defined by Equ.

(4.23) andEqr. (4.24). This results in a transfer function containing only real coefficients.

2. Evaluate the pressure/velocity or pressure/displacement radiation transfer function (Equ. (4.11)

and Equ. (4.13)). This results in a s-domain transfer function with complex coefficients due to the

three time lags.

3. Make the Euler substitution (s : ju) to the answer in step 2, then multiply by the answer in step

l.

The result is an s-domain transfer function with only real coefficients, a necessary condition for a real

time simulation.

The above approach will be illustrated through an example. Considering only the first vibration
mode (32.82 Hz) of a rectangular panel of dimensions 0.612m x I .272m x 0.004m excited at the position
(0.256m,0.356m) (*,A), from the lower corner of the panel. Throughout this example a discrete time
stepof 0.001 secondsisused. Thepointof interestis: (r,0,ó): (10m,60o,30"),definedaboutthe
centre of the panel. The modal mass of the panel is equal to

L* P steeL :0.1737 kg
4

Thus the displacement/force ({) transfer function, Equ (4.24),for this specific case is,

'tn

The velocity/force (i) transfer function, EEt (4.23), for this specific case is,

, _ 'i" (ir) 'i" (?) " 0.134s

'y ,"G,¡t'Ç;t+W-M
The resulting normalised response is illustrated in Fig. 4.1 1.

For the location under consideration, the directivity factors, a and B in Equ. (4.12) are

a:0.276 É : 0.3155

The pressure/velocity (fl) anO pressure/displacement (fi) transfer functions can be evaluated using

Equ (4.1l) and Equ (4.13),
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ZueI rad
206.22x1".2i ;206.22

e-J 34o
2rxI0

0.3223 - L.597 j

¡,0.612x7.272 _1"o.276i _ y

t (ry) 1

p

v:
u

zdis rad
7.2 :2o6.22 tn0.672x7.212

^-lÃLw-

2trxL}" 7T2

: -239.14 - 66.458j
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Making the Euler substitution s : iu, i : i to zu.¿ ,o¿ ãîd z¿¿" ,o¿ gives,

? :0.3223 - I.5g7-: - 
:0.3223- 0'007su 206.22

? : -Z3g.t4 - 66.458-: - 
: -239.14 - 0.3223sd, - - 206.22

The pressure/generalised force transfer function can then be determined using the velocity as the

state variable,

pu p -0.001s2-0.0432s
ur: -y 

: 
,, -12.2156s + 49086.7953

or displacement as the state variable,

pd -0.0432s - 32.0474

s2 + z.2L56s * 49086.7953di-i-
The time response of these two pressurelforce transfer functions to a harmonic force input at the first

resonance frequency is illustrated in Fig. 4.12. Observe that the results are indistinguishable from each

other.

This example shows that the two possible paths to obtaining a pressure/force transfer function (ve-

locity or displacement as the state variable) give slightly different results. The difference is an additional

zero for the transfer function evaluated using displacement as the state variable. However in terms of the

simulated real time sound pressure amplitude, the results are indistinguishable.

To validate the approach presented in this section and the Padé approach presented in section 4.3.2,

the pressure estimates from both approaches will be compared to frequency domain results in the next

sectron.
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Figure 4.1 1: Simulated real time vibration data.
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4.6 Model validation

This section seeks to validate the two developed transfer function models, the first using a Padé approxi-

mation and the second the Euler transformation once the radiation transfer function has been evaluated.

Consider a simply supported rectangular panel with dimensions 0.6I2m x l.2l2m x 0.004m excited at

the posirion (0.2S6m,0.356m), (*,a).Analysis using a flfth order Padé approximation has shown that

for more than 7 modes the resulting system transfer function becomes hard to evaluate due to the signif-

icant number of poles and zeros. Consequently only the first seven modes of the panel, as listed in Table

4.1 will be considered. The frequency range of interest will be 0 to 170 Hz.

Mode Resonance

Frequency (Hz)

1 1 32.8

1,2 52.8

1,3 86.2

2,1 111.3

)') 131.3

1,4 t32.8

,)? 164.6

Table 4.1: Structural resonances below I70}{z for the test panel.

Consider the radiated sound pressure at the natural frequency of the first mode. Shown inTable 4.2

is the estimate of the sound pressure at the point of interest for all the developed methods, compared

to the frequency domain result. In this table there are three points under consideration, (r,0,Ó) :
(10m, 60", 30'), (15m, 60', 30") and (20m, 60", 30o). The coordinate system is deflned in Fig. 4.3, with

the origin at the bottom left hand corner of the panel.

Distance
from panel

Frequency
domain

Time domain
(Displacement)

Section 4.5

Time domain
(Velocity) Sec-

tion 4.5

Time domain
5th order Padé approx-
imations using veloc-

ity as the state

10m 71.8644 dB 7r.7788 dB 71.7786 dB 71.8168 dB

15m 68.3426 dB 68.2608 dB 68.2605 dB 68.2945 dB

20m 6s.8438 dB 65.7613 dB 65.7610 dB 65.7947 dB

'lable 4.2: Simulated (peak) sound pressure levels

Observe that the time domain results, using both velocity and displacement as the state variables, are

the same to three decimal places and that there is an error of 0.1 dB compared to the frequency domain

result, for each distance. This table also illustrates that the fifth order Padé approximation is accurate at

all three locations. While the results in Table 4.2 (for a single frequency) suggest that the time domain

models are correct, however, further broadband analysis is required.
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Consider again the point in space, (r,0,ó) : (10m,60",30o). Using a flfth order Padé approxi-
mation to model 

"-Ts 
, "-Tos 

and e-Tp" in Equ. (4.25), the pressure at all frequencies between 5 and

170 Hz was simulated in the time domain. The pressure was also simulated in the time domain using

a transfer function designcd using the approach outlined in Section 4.5. An FFT of both of [hese time
domain signals was taken, the results are plotted against the frequency domain prediction in Fig. 4.13.

Comparisons of predicted sound pressure level

70

10

20 40 60 80 100
Frequency (Hz)

120 140 160

Figure 4.13: Pressure from the two time domain signals compared to the frequency domain result,
(r,0,Ó) : (10m,60",30o). The blue line is pressure using a fifth order Padé approximation, the black
dashed line is from the Euler transformation (section 4.5) and the red line is the frequency domain esti-
mate.

Observe that over this frequency range the approach using the Euler transformation (Section 4.5) is
exactly the same as the frequency domain prediction. Over the frequency range in Fig. 4.13, the accuracy

of sound pressure resulting from a transfer function using the Padé approximation (blue line) is shown

to gradually reduce. This is due to the frequency limitations of the approximation as outlined in Section

4.4.

Illustrated in Fig. 4.14 and Fig. 4.15 is similar data, however in these cases the location under

consideration is (r,0,ó) : (20m,85",13') and (10m,0o,0o), respectively. Observe that again using

the Euler transformation has yielded exact results as compared to the frequency domain results for both

locations. The estimation of sound pressure at (20m,85", 13o) using a fifth order Padé approximation
compares well at lower frequencies, however the performance degrades as frequency increases. At the

position directly above the panel (10m,0o,0"), the fifth order Padé approximation has performed well
over the entire frequency range (Fig. 4.15). At this location the number of modal frequencies that are

measured is decreased in comparison to the previous two positions. Thus the accumulation of phase effor
for each mode included in the system model has decreased.
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Comparisons of predicted sound pressure level
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Figure 4.14: Pressure from the two time domain signals compared to the frequency domain result,

(r,0, ó) : (20m, 85', 13'). The blue line is pressure using a fifth order Padé approximation, the black

dashed line is from the Euler transformation (section 4.5) and the red line is the frequency domain esti-

mate.

Comparisons of predicted sound pressure level
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Figure 4.15: Pressure from the two time domain signals compared to the frequency domain result,

(r,0,ó) : (10m,0",0o). The blue line is pressure using a fifth order Padé approximation, the black

dashed line is from the Euler transformation (section 4.5) and the red line is the frequency domain esti-

mate.
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4.7 Conclusion

In this chapter two methods which enable sound pressure to be simulated at any position in the far
field of a rectangular panel have been developed. These methods have provided an environment so that

simulation of the practically implemented sensing system can be achieved. As the accuracy of the the

Euler substitution method (Section 4.5) has been shown not to degrade as frequency increases (unlike

the Padé approximation), this method will be used to simulate pressure for the simulations presented in
the following chapter.



Chapter 5

Sensing system simulation

Sensing system
simulation

> >

New and Novel
* Time domain simulation of the proposed

sensing system. The time domain results
are compared with a frequency domain
analysis.

* Comparisons of decomposed sound power
in real time using power and radiation mode
developments to the multipole approach on
a simply supported rectangular panel.

* Comparisons of decomposed power for a
rectangular panel with modified dynamic
characteristics.

Figure 5.1: Chapter 5 overview

5.1 Chapter overv¡ew

In Chapter 3 the proposed sensing approach has been theoretically developed, in Chapter 4 a time do-

main environment capable of simulating practical implementation was been developed. Refening to

Fig. 5.1, in this chapter simulation of the proposed sensing system will be performed. The simula-

tions in this chapter aim to compare the estimate of radiated power from decompositions based on two-

and three-dimensional multipoles, power and radiation modes. The simulations presented here use time

dependent sound pressure signals (as derived in the previous chapter using the Euler substitution) at

each microphone to decompose in real time the constituents of each decomposition method using (only)

multiplication and addition. The resulting signals are compared to the frequency domain estimation of

radiated power over the frequency range 5 to 800 Hz.

The overall aims of this chapter are:

1. To check that the approach of constraining modal filter weights to real integers, works for the

acoustic sensor case.

99
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2. To form some qualitative views around the effectiveness of the sensing system design approaches

(two- and three-dimensional multipoles), so as to aid experimental studies later in the exercise.

The aim at this stage is to simply obtain an estimate of sound po\üer. The control of the power estimate

will be explored later. If a practical approach to acoustic power measurement can be developed, then a

number of control approaches can take advantage of it.

The significance and outcomes of the work contained in this chapter are:

o the simulations have shown that a small number of resolved multipole signals can provide a good

estimate of sound power;

o only 3 multipoles are required for an accurate estimate of power over a broad frequency range

(5-800H2);

o the addition and multiplication of the time varying sound pressure signals can provide an accurate

estimate of sound power. The last point illustrates the phase and frequency independence of the

multipole modal filtering weights.

Sections of this chapter have been published in the IEEE Sensors Journal; (Hilt et at.,2002)

5.2 Simulationarrangement

The target sensing system for the simulation study is illustrated in Fig. 5.2. Referring to the figure,

the system contains 128 microphones evenly spread over the range 0 < þ < 2tr,with 32 microphones

evenly distributed at each of 0 : 10",20o,30" and 40". The sensing grid location was chosen to be in
the far field with the sensors on a constant radius, of 10m, from the center of the structure. The structure

used to generate the acoustic disturbance in the simulation is a simply supported rectangular steel panel

with dimensions 0.612m x l.2l2m x 0.004m (r,A,z). The panel is lightly damped, with a damping

coefficient, ( : 0.005. The frequency of interest is up to 800 Hz. Below this frequency there are 40

modal resonances, as listed in Table 5.1.

32 sensors evenly distributed at
each of 0 = 1 0o, 20o, 30o and 40o

/ ,rr..nto,signals
Modal filtering to resolve

multipole amplitudes Constant radius

1-8 signals (resolved
multipole amplitudes)/

Apply weightings
(frequency-dependent)

^N
/

Estimate of
acoustic power

lnfinite baffle

Y*'

Radíating object

Figure 5.2: General acoustic sensing system.
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Mode Resonance

Frequency (Hz)
Resonance

Frequency (Hz)
Resonance

Frequency (Hz)
Mode Mode

1,1 32.8 J,J 295.4 3,7 s62.r

1,2 s2.8 3,4 342.t 1,9 s66.3

1 J 86.2 2,6 344.7 4,5 585. I

2,1 111.3 1,7 352.9 2,9 644.7

)) 131.3 3,5 402.1 4,6 658.5

1,4 132.8 5,1 660.54,1 425.1

1? 164.6 a1
L,l 43t.3 3,8 662.1

1,5 t92.9 4,2 445.t 5,2 680.5

2,4 211.3 1,8 452.9 1,10 693.0

3,r 242.0 3,6 475.4 5? 713.8

3,2 262.0 4,3 478.4 4,7 745.2

1,6 266.2 4,4 525.1 5,4 760.5

2,5 27r.3 2,8 53r.4 2 ,lo 771.4

3,9 775.5

Table 5.1: Structural resonances below 800 Hz for the test panel
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5.3 Simulating rad¡ated sound power

The aims of this chapter are to first, check that the approach taken to constrain the modal filter weights to

be real integers works for the acoustic sensor case. Secondly, to form some qualitative views around how

effective the system design approaches (two- and three-dimensional) will be, so as to aid experimental

studies later in the exercise. In keeping with these aims, simulations take the following sequence:

1. Single-multipole estimate of power radiated from a simply supported panel.

2. Two-dimensional multipole estimate of power radiated from a simply supported panel.

3. Three-dimensional multipole estimate of power radiated from a simply supported panel.

4. Power and radiation mode estimates of power radiated from a simply supported panel.

5. Steps 2-4 are then repeated for a panel with more complex boundary conditions.

The procedure for estimating the radiated sound power using both the multipole decompositions in real

time and an estimate using the frequency domain is briefly outlined in Fig. 5.3. This figure gives a brief
overview of the multipole, power and radiation modes, however for more detailed discussion refer to

Chapter 3. The frequency domain estimate is based upon the modal amplitudes of the panel and their

lnput force

, = z-ty

50 modal
amplitudes

Structural
Vibration

Structural
Vibration

State space
model

100 States

Modal power
transfer matr¡x

Estimate of
acoustic power

Modified radiation
transfer function

128 acoustic

Modal filter with
real weights

real s-domain transfer
function, Zr"o for velocity

or displacement

Time domain model

z; o;

Ap

o;zY;

Frequency domain model
UptoS

modes

Estimate of
acoustic power

Figure 5.3: Procedure for the real time modal filtering process

contribution to power. Using this approach radiated sound power is written as

lup to a
lmultipoles

Y

Estimate of
acoustic power

UptoS
radiation modes

Modal fìlter with
real weights

Modal filter with
real weights

Estimate of
acoustic power

FFTFigs. 5.5 - 5.15

W : vHAv (s.1)
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where v is the vector of structural modal amplitudes and A is power transfer matrix. The amplitudes of

the structural modes can be calculated from Equ (4.3). The power transfer matrix is equal to

o: 
Io'" Io"

12 rr(ù.rTt)
2poco

lrl2 sin 0 d0 dó (s.2)

and was solved using numerical integration.

Throughout these simulations a point force located at (0.256 m, 0.356m) (measured from the lower

left hand corner of the panel), is used as a disturbance.

5.3.1 Simply supported panel

The first decomposition case that will be simulated uses weights based on a two-dimensional array of

monopoles evenly spread over the simply supported rectangular panel, as illustrated in Fig. 5.4. The

Figure 5.4: Two-dimensional monopole arrangement.

modal filtering weights for this anangement have been multiplied by the time domain signals at each

sensor and a FFT taken on the resulting eight multipoles, as outlined in Fig. 5.3. Considering only the

first acoustic multipole, the estimated radiated power from the panel is plotted in Fig. 5.5 against the

theoretical radiated power using calculations based on frequency domain calculations. Observe that the

resulting signal gives an accurate estimate at a few spectral peaks, mainly at lower frequencies.

Illustrated in Fig. 5.6 is a plot of the time averaged radiated sound power considering all eight two-

dimensional multipoles. For reference, the actual acoustic power (frequency domain calculation) radiated

from the panel is also shown. The plots compare well, especially at the spectral peaks, which would be of

most concern in the control exercise. Also shown is a estimate of the radiated power when considering the

three multipoles which contribute most to power, based on the magnitude of radiation efficiencies. This

estimate also compares well to the actual radiated power, especially at low frequencies, while at higher

frequencies the estimate is less accurate. The analysis in Chapter 3 reflects the conclusion that more

multipoles are required to give an accurate estimate at higher frequencies. The results in Fig. 5.6 also

illustrate a reduction in performance in the multipole prediction technique at higher frequencies. This

would be expected considering the small number of monopoles used in the decomposition. However, for

only eight signals the estimate is considerably close over a wide frequency range.

Illustrated in Fig. 5.7 is the estimate of radiated based on a decomposition using a three-dimensional

array of eight monopoles, as arranged in Fig 5.8. The estimate is accurate over a wide frequency range,

a similar result to the decomposition using two-dimensional multipoles. Figure 5.7 also shows that the

power estimate when considering the first three three-dimensional multipoles will yield an accurate result

'tbb
'.bbb

Aray of monopole sources

1.212m

0.24

m
2
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Radiated power
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Frequency (Hz)

Figure 5.5: Comparison of the first multipole to the actual radiated power.
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Figure 5.6: Modal filter estimate of radiated sound power using two-dimensional multipoles
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up to 300 Hz. Beyond this frequency the estimate still contains the spectral peaks, however exhibit some

error in amplitude.

Radiated power

30

0 100 200 300 400 500 600 700 800
Frequency (Hz)

Figure 5.7: Modal filter estimate of radiated sound power using three-dimensional multipoles

Figure 5. 8 : Three-dimensional monopole arrangement.

It is worth reiterating a few points concerning these simulated results.

o The modal filter weights used to estimate radiated power are a fixed set of real numbers, evaluated

at a single frequency. The weights are applied to the 128 pressure signals across the entire fre-

quency band (5-800 Hz). The results are summed to produce the output corresponding to a given

multipole.

o The relatively few outputs from the modal flltering process provide an almost perfect measurement

of acoustic power. This was the aim of the exercise; to have a small number of outputs that provide

a high-fidelity measurement of a global error criterion over a wide frequency range.

o The modal filter weights have been derived with only the most passing reference to the structural

system, that reference being the general size (order of magnitude) of the structure.
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¡ The resulting eight resolved quantities represent a number of signals tha-t many controllers could

easily work with.

Illustrated in Fig 5.9 are the estimates of radiated power obtained by decomposing the panel's radiated

sound pressure field into eight power and eight radiation modes. Observe that these methods also provide

Radiated power

80

30

0 100 200 300 400 500 600 700 800
Frequency (Hz)

Figure 5.9: Estimates of radiated power using power and radiation modes.

a good estimate of power, however the performance drop off across the frequency band occurs much

sooner than the multipole approaches. The power estimated by power and radiation modes is shown in

this figure to be very similar, though differences can be observed at some troughs and peaks at higher

frequencies. Below 300 Hz these estimates appear to be exactly same. The similarities of these two

methods are fufther illustrated in Fig. 5.10, where the first three and first eight constituents of each

(power and radiation) decomposition method is shown. The result is indistinguishable as the lines are

superimposed. In both of these figures the power mode decomposition is based on 50 vibration modes

while the radiation mode decomposition is based on 20x40 (z, gr) elements, a total of 800 elemental

radiators.

Illustrated in Fig 5.11 are power estimates using variations of the radiation mode decomposition.

Shown are two variations of the radiation mode decomposition of radiated power compared to the fre-

quency domain estimatc. Thc two cstimatcs are based around variations in the number of elements used

to model the panel. These are: 20x40 and 2x4 elemental radiators. The results illustrated that at low

frequencies there is a negligible difference between each approach. At higher frequencies there is a

small variation in the level of radiated power, however neither estimate matches actual levels of radiated

power. This suggests that when considering radiation measurement in the acoustic domain (as opposed

to vibration measurement) few elements may be required to model a radiating object.
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Radiated power
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Figure 5.10: Estimates of radiated power using the first three and first eight power and radiation modes
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Figure 5.1 1: Estimates of radiated power using variations of the radiation mode technique
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5.3.2 Simply supported/clamped panel

In this section the boundary conditions of the rectangular panel are changed, thus modifying the panel's

dynamic characteristics and thus the radiated sound field. The purpose of this simulation is to test the

robustness of each modal filtering approach. The panel has been modelled with a mixture of simply

supported (along the r edges) and clamped (along gr the edges) boundary conditions, as illustrated in Fig.

5.12. For this arrangement the natural frequency of the nth vibration mode is defined by

Simply
supported

Glamped edge

x supported edge

y Clamped edge

Figure 5.12: Panel's modified boundary conditions.

(s.3)

where Mn and 1V' are the modal indinces of the nth mode, D is the panel bending stiffness, given by

D: EI : ,^r?,t u, (5.4)
72(7 - u'27

where I is the moment of inertia of the panel, ps is the structural material density, h the panel thickness,

E the modulus of elasticity and v is Poisson's ratio. Considering frequencies up to 800 Hz there are 38

modal resonances, as listed in Table 5.2.

The mode shape functions for a simply supported/clamped panel are

,ú,: ("o"uNnr + ll l"i" !U".r\
\ ¿, + t/ (sin -r; ) (s's)

as defined in Leissa (1993).

FollowingthesameprocedureasshowninFig.5.3,theradiatedpowerestimatedinthefrequencydo-

main is compared to the time averaged result of a two- and three-dimensional multipole decomposition,

as illustrated in Fig. 5.13 and Fig. 5.14.

Observe that again the multipole decompositions have provided an accurate estimate of radiated

power using just a few signals, further decreasing the number of multipoles to just three only reduces the

accuracy of the estimate above 400 Hz
Illustrated in Fig. 5.15 is the estimated radiated po\'/er when decomposing the sound field into power

and radiation modes. The results are similar to Fig 5.9 in that the power and radiation mode estimates

are the same at low frequencies, while at higher frequencies there are some differences, especially at

spectral peaks. The important result here is that the power mode weights, which have been evaluated for
a panel with simply supported boundary conditions can also provide a satisfactory estimation of radiated

power, especially at low frequencies. This suggests that the power mode shapes are more global than the

method of their calculation suggests and/or that the panel is still radiating in the same manner essentially

because the shape is the same for both sets of boundary conditions. Figure 5.15 again displays the

strong connection between radiation and power modes, especially at lower frequencies as the estimates

ll r M,r (1v, + o.b)zrl
'*:lp"hlk* ", )

Rectangular panel
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Mode Resonance

Frequency (Hz)
Resonance

Frequency (Hz)
Resonance

Frequency (Hz)
Mode Mode

1 1 4r.t3 ?? 316.85 3,7 610.06

1,2 67.78 3,4 370.16 4,5 619.75

1,3 t07.77 1,9 627.5s2,6 386.09

2,1 119.54 1,7 400.98 5 668.38

)) t46.19 4,1 433.t6 5,2 695.O4

r,4 161.08 3,5 436.8 4,6 699.72

1? 186.17 4,2 459.82 2,9 70s.95

1,5 227.72 2,7 419.39 3,8 716.68

2,4 239.49 4,3 499.8 5,3 735.02

3,1 250.21 1,8 507.6 1,10 760.83

3,2 276.87 3,6 5t6.77 5,4 788.33

)5 306.13 4,4 553.1 1 4,7 793.0t

r,6 307.69 2,8 586

Table 5.2: Structural resonances below 800 Hz for the simply supported/clamped test panel.

Radiated power
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Figure 5.13: Modal filter estimate of radiated sound power for simply supported/clamped boundary

conditions using two-dimensional multipoles.
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Radiated power
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Figure 5.14: Modal filter estimate of radiated sound power for simply supported/clamped boundary
conditions using three-dimensional multipoles.
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Figure 5. l5: Estimates of radiated power for simply supported/clamped boundary conditions using power
and radiation modes.
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of radiated power appear identical

5.4 Conclusions

The global performance estimate using the proposed sensing approach (multipole decomposition) has

been simulated in the time domain and compared to curent vibration measurement techniques (power

and radiation modes). The latter two have been extended to measurement in the acoustic domain. The

simulations illustrate that the multipole estimates compare well to the actual power radiated by a panel.

The simulations show that only a minimum number of signals (resolved multipoles) are required to

provide a good approximation of radiated power over the frequency range 5 - 800 Hz. The simulations

performed using modal flltering weights designed upon power and radiation modes have also been shown

to give a good estimate of radiated power at lower frequencies. At higher frequencies more radiation

and power modes are required for an accurate estimate. suggesting that less power is contained in each

independent mode compared to the multipole approach. The simulated results indicate that there is no

difference between the first few power and radiation modes, however there is a slight difference in the

estimated power contained in the higher modes. Due to the similarities of these two methods, only the

radiation mode decomposition will be considered in the following experimental implementations.

The relative performance of each decomposition method has been shown to be the same for both sets

of boundary conditions. When boundary conditions of a panel are changed its vibration mode shapes will

only under go slight variations. In terms of structural dynamics, the changes will be modal frequency,

mode order and mode shape. As the power modes are based on these approximately constant quantities,

the power modes will also, approximately remain constant. Constant orthogonal radiation patterns, for

any boundary conditions, is the inherent assumption of the multipole and radiation mode approaches.

These approaches completely ignore structural dynamics and consider only structural shape and size.

In conclusion is it worth reiterating the similarities of the multipole mode shapes and the power and

radiation mode shapes. For each set of orthogonal functions, the most important radiating shape is that

of a piston like mode, regardless of the boundary conditions.

In the next chapter experimental implementation of the proposed sensing strategy and control using

the (small set oÐ multipole and radiation mode signals as effor signals is performed.
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New and Novel
* Estimation of radiated power from a

two-dimensional structure with two sets of
boundary conditions using the multipole
decomposition technique based on a two-
and three-dimensional array ol monopoles.

* Comparisons of power estimates from
radiation mode decompositions using
acoustic sensors for a panel under different
sets of boundary conditions.

* Minimisation of the resulting multipoles using
vibration control sources, comparing the
results to a minimisation of radiation modes
and the maximum theoretically possible.

Figure 6.1: Chapter 6 overview

6.1 Chapter overv¡ew

Simulations in the previous chapter have illustrated that the multipole decomposition techniques can

theoretically provide an accurate estimate of a global error with just a few signals over a wide frequency

range. Simulations also showed that the power and radiation mode decompositions can also provide an

accurate estimate of power, independent of a panels boundary conditions. The simulated multipole and

radiation mode results are investigated experimentally in this chapter.

Referring to Fig 6.1, in this chapter the proposed acoustic sensing system is implemented experi-

mentally to provide estimates of the acoustic power radiated by a two-dimensional structure. The broad

questions to be addressed here in both a qualitative and quantitative sense are:

¡ Can the theoretical approach developed in earlier sections of this thesis be implemented practically

and affordably?

113



114 Chapter 6. lmplementation on a two-dimensional structure

o What is the frequency range of applicability for the technique, specifically for a two-dimensional

radiating structure?

o How will this compare to previous approaches used to sense global error criteria?

These questions require analysis of the proposed sensing system output (the resulting modal filtered

signals) for various decomposition techniques. Specifically, comparing the sensing system output to the

actual measured global performance measure, radiated acoustic power and to assess how erors may

affect sound power attenuation. The following specific questions are examined:

1. Can a significantly large number of emor sensor signals (128) be filtered (affordably) in real time

to provide a reduced number of orthogonal inputs directly related to the global error criterion of
interest?

2. Can the filtered signals (resulting for multiplication and addition) give an accurate measurement

of radiated power from a two-dimensional structure over a broad frequency range?

3. How many fundamental quantities (e.g. multipole amplitudes) are required to adequately model

the given sound field?

4. What is the effect of calculating the modal filter weights at various frequencies?

5. Can the three-dimensional multipoles be used for a two-dimensional structure?

6. Can the sensing system give an accurate estimate of power when placed towards the acoustic near

field?

7. How sensitive is the estimate of radiated power to failure of a small number of microphones?

8. What is the maximum amount of attenuation that can be achieved by minimising the multipole

amplitudes?

9. What is the maximum amount of attenuation that can be achieved by minimising radiation modes

and how does it compare to a minimisation of multipole amplitudes?

It is worth reiterating that this work is aimed at the practical implementation of the proposed sensing

technique for a large complex structure where a large number of sensors are required. One of the aims of
this section is to implement a generalised sensing system and show that at least 128 microphones can be

filtered in real time, providing a significant benchmark which can be decreased should the case warrant

it. Currently there are no acoustic sensing systems that have this capability.

Part of the work presented in this chapter has been published in the IEEE sensors journal, (Hill et al.,

2002) and Control Engineering Practice, (Snyde¡ Hill, Burgan, Tanaka, andCazzalato,2004).

6.2 Novel exper¡mental apparatus

The implementation of the proposed sensing strategy requires two novel pieces of equipment: A mi-

crophone array consisting of 128 sensors, a number which far exceeds current "lalge" acoustic sensing

systems; and electronic equipment capable of sampling and combining (modal filtering) all of the signals.

This section provides a brief overview of each piece of equipment.
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6.2.1 The microphone array

In an attempt to overcome the requirement of complex number acoustic pressure measurements all acous-

tic sensors were placed on the same radius from the noise source, conceptually illustrated in Fig. 6.2.It

is then assumed that the pressure signals at all sensing locations are either in or out of phase (i.e., force

the phase to be either "positive" or "negative"), ignoring smaller variations between individual sensors.

V/orking through the problem, this assumption is not exactly correct. For example, the acoustic pressure

signal between two "positive" sensors might differ by a few degrees. The phase difference however, is

reasonably close to zero. If the modal filter weight phases are all0o or 1B0o different, then the system

is purely real and the complex number requirement can be dropped. While this was the underlying idea

for the shape of the sensing array the actual multipole weights have been shown to be approximately

frequency independent in Section 3.7. These two factors enable the elimination of the complex number

requirement.

32 sensors evenly distributed at
of0 = 10,20,30,40 degrees

1 28 sensor signals

Modal filtering to resolve
multipole amplitudes Constant radius

1-8 error s¡gnals
(multipole

Minimise the
weighted signals

Figure 6.2: Sensing system concept.

The design brief for the array was:

o the system must consist of a minimum of 128 microphones, evenly spread over the arrays opened

surface;

o that the array be capable of being open at different angles, changing its focal point with the micro-

phones remaining evenly spread over the open area;

o that the microphones terminate with D-type clips for direct attachment to the modal filtering sys-

tem.

The resulting acoustic sensing system, shown in Fig, 6.3 is an 8-armed parabolic frame, with a span

of 1.5m (fully open). The 128 electret microphones are divided up and distributed evenly over 4 rings,

which are made up of springs spanning between the array's arms. The outer and largest ring contains 48

microphones with the remaining rings containing 40,24 and 16 microphones. The distance between the

rings is 200mm with the smallest ring located 400mm from the centre of the array.

The electret microphones used in the array are shown in Fig. 6.4. Manufacture's data sheets state

that their frequency response is flat from 30Hz to 15 kHz and the phase is invariant from 50 Hz to 5 kHz

(Lectret). Further information about the anay and its construction can be found in Appendix B.

,/

Planar structure

lnf¡nite bafile

Y;'
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Figure 6.3: The 128 microphone anay, modal filtering box (bottom left) and laptop used to interrogate
the modal filtering software.
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qr
*

t.,

Figure 6.4: Electret microphones used in the array
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6.2.2 Modal filtering system

The 128 microphone aray is interfaced with a custom-built input/output modal filtering system. The

software interface for the modal filtering hardware, graphic user interface shown in Fig. 6.5, enabled

the downloading of weights used to calculate each output and a data plot to view any input or output in

real time. The modal filtering system was built using Analog Devices AD1845JST 16 bit stereo codecs,

interfacing to a32-bit floating point Analog Devices ADSP2106l EZKIT. The system is shown in Fig

6.6. Once designed, the component cost of constructing the modal filtering system is a few thousand

Australian dollars, a price tag that can be justif,ed for large active noise control problems. The system

is also capable of 128 outputs, although the eigenvalue plots in Figs 3.lI - 3.14 suggest that only 3-5

outputs, equating to the amplitudes of 3-5 multipoles of the acoustic field decomposition, will actually
ho ran"ira.l Qinna tha ñ^.1ôl Glt-.i-^ .',^i-Lt- ^-^ G-^l ',^1"^- ^^ ,'I^^^-:L^l :- +L^ ^-^.,:^..^ ^^^+l^^^ ¡L^ur¡¡çv (¡r! ¡rrvu4r rrrrLrrrró YvLrór¡rr q¡L rr^vu v4¡uuJ, dù uwùvlluuu ltl tltu PlçvtuuJ òf;Ltt\rilù, Lllç

single low-cost DSP can perform the required calculations at a sample rate of 5.5 kHz.

tÈ

Figure 6.5: The modal filtering graphic user interface

@r
"EIU¡
@¡
'E@r
,E@r
,Ê@l¡
,E@r
'@r
"E@.E@r
,EfEr
,E@r
E@r

"E@r'E@r
,E@l¡

E@¡,E@r
,,8@¡
'@lr,E@r
'E@r,E@r
e@r,,8@r
,@r
@¡,E@r
Ë@r,,Ê@¡

',ElE¡
'@¡

@r,E@¡
,E@!r
E@¡

"E@r, Ê@¡
',8@r
',8@r
'E@¡
'E@lr
E@r
'Ê@r,,8@r

,,,8@r
',,,8@r
L'!@r

''@r
@r
E@r,@r
E@¡

''E@r'E@r
,,Ê@¡
' ,Ênilr r
EElr,E@r

'Ê@r,,@r
,.8@r
" Ê@r,'EEl¡

E@r
'Ë@¡
Eriln r,E@r
@¡

'ê@¡,E@r
E@¡
EEilr
@r
Ë@r
@¡
Eriln r

'E@¡
,E@r
rulr

E@r
E@r
,E@¡
S@r

,'EEtr r
,ê@r
'E@r
,EEEr
E@r,Ê@r
E@r
'E@r

',8@¡

',8@r
,E@r

lnF,il wcrrhr,n{' r,, l)u'v" !i'qn.il EEEE

Etr
ry."
[@r"'r 'r,
EE u'',.
EE' I'
@', ',

¡lrtN4u

ffflr,a"r,,, -

E@r,r!@r
E@r
@r
@¡

,'Ë@r

,,r[@r
'E@r
@
,E@
@

,'E@
'E@r
,'Ê@r
',8@r
'e@r
',[@r,E@r
, Ë@¡,@r
'g@r
,EEdr

E@r
E@r
Êriln ¡

E@¡
æilr
@r

,,ËÍrär r
, Ê@¡,EEtr
'@¡
'@r



6.2. Novel experimental apparatus 119

(a) Front, signal inputs via 8 D-type plugs.
¡a

\\

' 
-l'

r>

t

I
.*fr*e_-EE:

;i /, ---4+

r\\'1'\t, ,

(b) Back, (from left to right) power switch and input, eight BNC outputs and a RS232 connection.

Figure 6.6: The 128 input modal filtering box.
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6.2.3 Array calibration

To calibrate the microphone array it was placed in an anechoic chamber at a distance of 2.5 metres from
a loudspeaker. The amplitude of each microphone was calibrated at200 Hz. This frequency was chosen

as it was the centre frequency of the bandwidth (5 - 400 Hz) that the sensing procedure was originally
planned to operate over. Calibration was achieved by analysing the output of each microphone on a volt-
meter and a HP 356654 signal analyser. The modal filtering box was required to transfer each individual

microphone signal, which terminates on a 36 pin D-type clip (16 microphones were used per clip) to a
BNC connection (modal filtering box output).

Once the amplitude of each microphone in the array was calibrated, a random noise signal was

measured by the anay. Illustrated in Fig. 6.7 is the average amplitude variation of acoustic pressure

over the microphone array in the frequency range 5 - 400 Hz. Here the frequency range is smaller than

that previously considered in simulations (5 - 800 Hz), as at the time of calibration it was thought that

the approach may only provide an accurate estimate of radiated power up to 400 Hz. Illustrated in Fig.

6.8 is the average variation of the phase between the speaker and each microphone in the array over the

frequency range 5 - 400 Hz. As there is little variation in the amplitude and phase over this frequency

range, the dynamic response of all microphones can be considered approximately the same. Recall that

the microphones were calibrated at2O0 Hz, hence the average variation in amplitude at this frequency is

zero inFig. 6.7.

The proposed sensing system has also taken some care in achieving frequency independence and

removing the need for considering phase to reduce the data fusion to si le multiplication and addition.

As there is little variation in the dynamic response of the microphones, frequency independence can be

assumed for the practical system.

128 microphone array variation in amplitude
12

10

50 100 150 200 250 300 350
Frequency (Hz)

Figure 6.7: Average amplitude variation of the 128 microphones
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5

1

128 microphone array variation in phase

50 100 150 200 250 300 350
Frequency (Hz)

Figure 6.8: Average phase variation of the 128 microphones
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6.3 Experimentaloverv¡ew

As outlined previously, the aim of the work presented here is the experimental implementation of a

modal filtering alrangement based upon the theoretical development and simulations described in pre-

vious chapters. Initial implementation is on a simple two-dimensional structure, a simply supported

rectangular panel.

In addition to implementing the multipole sensing strategy developed in this thesis, the sensing sys-

tem will also decompose the sound field into radiation modes, as discussed in Chapter 3. The panel

structural dynamics will then be modified by changing its boundary conditions. Current vibration sensing

techniques would require a redesign for such a modification of structural dynamics, ultimately requiring

new sensing system weights. The multipole approach is designed to overcome this problem. While the

radiation mode decomposition is baseci on known vibration dynamics ancl was designed to be imple-

mented with vibration sensors, in the following sections it is implemented using the acoustic sensing

system, a novel extension in itself. How the accuracy of this decomposition is affected by modifying
the panel's structural dynamics, while still using weights based on a simply supported panel, will be

examined.

Referring to Fig. 6.9, the experiments were carried out on a rectangular steel panel with dimensions

of 0.612mx1.212mx0.004m. Anelectro-dynamicshakerwasattachedtothepanelat(0.356m,0.256m)
(r,g), ftom the bottom left hand corner of the panel as illustrated in Fig. 6.9. The location of the force

input was not optimised other than to avoid obvious nodal lines in the response. The purpose was simply
to compare an estimate of the actual radiated power, using intensity measurements, to that from the

modal decomposition. The decomposition estimates will be compared for the rectangular panel with two

sets of boundary conditions. In Section 6.4the panel has simply supported edges and in Section 6.5 the

panel has a mixture of simply supported edges and clamped edges. The target frequency range for the

experiments is up to 800 Hz.

Sensing array conta¡n¡ng
128

I 50 intensity measurements
Disturbance to measure radiated

Lowpass filter
at 800 Hz

Panel

Modal filtering to resolve
multipole amplitudes

Estimate of
acoustic power l-8 multipole

signals 128 microphone signals

Figure 6.9: Sketch of the two-dimensional sensing experimental setup

To provide a comparison to the output from the modal filtering system the actual sound power radi-

ated by the panel was estimated by measuring the sound intensity on a l00mm x 100mm grid of points,

or 15 points in the gr-direction by 9 points in the z-direction, on a plane 200mm above the surface of
the panel. The sound intensity measurements were made as a spectrum in 0.25 Hz increments. The

measurement process was automated using a computer controlled traverse integrated with a Bruel &

v

notse
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Kjaer PULSE system. Note that this method only approximately measures the sound power radiated by

the panel. Some of the sound radiation would have not have been radiated perpendicular to the panel

surface, a portion of the radiated power has leaked over the edges of the panel beyond the measurement

plane.

The centre of the sensing system was placed two metres from the panel, the maximum possible due

to physical constraints. As discussed by Bies and Hansen (1997) the sound field radiated by a source

in a free field may be divided up into three regions: the hydrodynamic near field, the geometric near

field and the far field. In the hydrodynamic near freld, considered to be immediately adjacent to the

vibrating surface, fluid motion is not directly related to sound propagation. In the geometric near field,

interference between contributing waves from different parts of the source leads to interference effects

and sound pressure levels, which do not necessarily decrease monotonically at the rate of 6 dB for each

doubling of distance from the source. In the far field sound pressure levels do decrease monotonically

at the rate of 6 dB for each doubling of distance from the source. As discussed in the literature review

(Chapter 2) traditional acoustic based sensing strategies are restricted to the far field to ensure that only

quantities associated with far field pressure are measured and thus attenuated.

Shown in Fig. 6.10 is the criteria determining the boundaries between the three acoustic fields (Fig.

6.1 in Bies and Hansen (lgg7)). The two axes are defined by 1 : I and o: +, where r is the distance

from the measurement point to the source, I is the characteristic source dimension and À the acoustic

wavelength. An aim of this thesis is to show that the decomposition of radiated power will work in the
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Figure 6.10: The radiation field of a source (from Bies and Hansen (1997) - Fig 6.1)

near field, thus the characteristic source length will be defined as the minimum of the length an breadth of

the noise source. This will create a higher 7 value skewing the result towards placement in the far field.

Based on this assumption "y : # : 6.6, which is illustrated in Fig. 6.10 by a red line. Below 20Hzbhe

microphone aray is placed in the hydrodynamic near field (rc - 0.11). Between 20 andl3 Hz the aray

is in transition between the hydrodynamic near field and the far field (0.11 < n < 0.45). Between 13 and

382H2 the microphone array is in the far field (0.45 < n < 2.1). Above 382H2 the aray is in transition

TRANSITION
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between the far field and the geometric near field (for the remainder of the considered frequency range).

A further issue is that while the theoretical calculations at the heart of the sensing system develop-

ment are for an anechoic environment, the room in which the experiments were conducted is not. The

contributions of the direct and reverberant sound lcvcls to the overall pressure measured at each miclo-
phone in the array then needs to be quantified. The sound pressure level at any point in space can be

written as the sum of the direct an reverberant sound fields (Bies and Hansen, 1997),

Lp: L-* lorog,o l*. +l (6.r)

where tro is the pressure at the measuring point, at a distance of r from a noise source with a sound power

of Lr,,. The direct sound field is governed by the ffi t"r and the reverberant sound field governed by

the f; term. In Equ. (6.1), D6 is the directivity of the source (taken as2forthe experimental arrangement

(Bies and Hansen, 1997)) and ,R is the room constant, being equal to

R.: S*
1.-s (6.2)

where ,S is the surface area of the room and a is the mean acoustic absorption coefficient, which is equal

to

" :':?:' (6 3)
ScT6¡

where l/ is the volume, c is the speed of sound sound in air and ?66 is the time (in seconds) required
for an octave band of noise to decay by 60 dB. The measurement space for the experiments conducted

in this chapter has dimensions of l6m x l2mx 6m and a ?66 of l350ms for the 63 Hz octave band. The

value of a is thus 19.387o. Thus Equ. (6.2) becomes,

R: 174.04 (6.4)

For the microphone array placed at two metres from the panel,

Ds

4tr12
: 0.0398

4

E 
: o'oz3 (6.s)

This result indicates that the direct field is more dominate than the reverberant field. A further value, the

Schroeder frequency, /", which approximately denotes the boundary between the reverberant and diffuse
flelds is equal to (Bies and Hansen, 1997),

(6.6)

It can then be concluded from the acoustical properties of the experimental room and the Schroeder

frequency of the room (64.76 Hz), that the room response is not dominated by a modal response but
is statistical in nature. This is beneficial as it means that the diffuse field measured by the microphone
elements are poorly conelated, whereas the directly radiated component of the sound field measured by

the microphones is strongly correlated.

A photo of the panel and microphone affay is shown in Fig. 6.I 1.

t: + :64.76H2
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Figure 6.11: Two-dimensional sensing experimental equipment, the 128 microphone array and rectan-

gular panel.
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6.4 Simply supported Banel

In this section the radiated pressure field from a simply supported panel will be decomposed using three

methods: two-dimensional multipoles, three-dimensional multipoles and radiation modes. The aim is to
test the experimental apparatus and to experimentally verify the theoretical results obtained in Chapter 5.

Refening to Fig. 6.12, the modal filtering procedure is as follows:

1. sample each sensor;

2. multiply the sensor signal by the sensors weight (for each independent quantity);

3. combine the results into the independent quantities.

Sensor
sample

Multiplication of signals by
the modal filtering weights

Accumulation of the
signals into "modes"

"Mode" 1

"Mode" 2

(î'.o¿"'*, 
""n"o. 

* I

Figure 6.12: The process of modal filtering: sample, multiply and combine the results.

A table of the weights used to resolve the two- and three-dimensional multipoles and radiation modes

can be found in Appendix A.

6.4.1 Two-dimens¡onal mult¡pole decomposition

In this section a two-dimensional array of monopoles will be used to decompose the radiated sound field.
The two-dimensional multipole results are based upon an amangement consisting of eight monopoles

evenly spread over the panel's surface, as shown in Fig. 6.13. To evaluate this decomposition method

the following parameters will be varied:
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1. the discrete frequency at which the multipole weights are calculated at;
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2. the number of resolved signals (multipoles) used to estimate the global eror criterion, namely

sound power.

Figure 6.1 3: Two-dimensional monopole arrangement.

The number of monopoles used to generate the multipole radiation patterns is kept constant at eight in this

section to allow for comparison with the radiation mode decomposition and the simulations performed

in Chapter 5. Expansion of the number of monopoles will be considered later in this chapter.

Illustrated in Figs. 6.14,6.15 and 6.16 is the estimation of acoustic power radiated from the panel

based upon sensor signals decomposed into one, three and eight multipoles respectively. Within these

figures, figure (a) uses modal filtering weights evaluated at 5OI{z, while figure (b) uses weights evaluated

at 2OO Hz. For comparison, the intensity measurement estimate of sound power is also plotted. The

intensity measure of power has been termed "actual power" in plotted figures throughout this chapter.

Observe that when considering only the first multipole, Fig. 6.14, an accurate estimate of radiated power

can be obtained at spectral tones below 200 Hz using both sets of modal filtering weights. In terms

of a control exercise it is the spectral peaks which contain most acoustic power, therefore the error in

amplitude for the troughs are not signif,cant. The results in Fig. 6.15 show that when considering the

first three multipoles, which contribute most to the radiated power estimate, the estimate of radiated

power contains all of the spectral peaks over the considered frequency range. Observe that when all

eight multipoles (Fig. 6.16) of the decomposition are considered, the estimate of radiated power is a

very close match to actual radiated power over the frequency range 2O - 800 Hz. Observe the accuracy

of the global estimate is only slightly improved when eight, rather than three multipoles are considered

and that the improvement in predominantly at higher frequencies. The minor difference in the radiated

power estimate between considering three and eight multipoles is a common result for both sets of modal

filtering weights evaluated at 50 and 200 Hz. The results in this section agree with the simulated results

shown in Chapter 5.

0.612
m

bbb

1.212 m

,bbb
Array of monopole sources
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Panel radiation modelled by I monopoles
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Figure 6.14: Two-dimensional multipole estimate of radiated power considering the first radiation pat-
tern.
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Figure 6.15: Two-dimensional multipole estimate of radiated power considering the first three radiation

patterns.
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Panel radiation modelled by I monopoles
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6.4.2 Three-dimens¡onal mult¡pole decomposition

131

In this section a three-dimensional array of monopoles will be used to decompose the radiated sound field.

The three-dimensional multipole results are based upon an affangement consisting of eight monopoles

evenly spread above the panel's surface, as shown in Fig. 6.17 . To evaluate this decomposition method

the following parameters will be varied:

1. the discrete frequency at which the multipole weights are calculated at;

2. the number of resolved signals (multipoles) used to estimate the global error criterion, namely

sound power.

Figure 6. 17: Three-dimensional monopole arrangement.

Illustrated in Figs. 6.18(a), 6.19(a) and 6.20(a) is the estimation of radiated power from one, three and

eight three-dimensional multipoles when using modal filtering weights calculated at50Hz. This is com-

pared to the intensity measurement estimate of sound power. Illustrated in Figs. 6.18(b), 6.19(b) and

6.20(b) is a similar result however, here the modal filtering weights are calculated at 200 Hz. Figure

6.20 shows that the three-dimensional decomposition of radiated power closely matches the actual mea-

surement of radiated power over the frequency range 20 - 800 Hz when considering all 8 multipoles.

The results in this section agree with the simulated results shown in Chapter 5. The estimate of radiated

power based on only the flrst three-dimensional multipole (Fig. 6.18), the multipole which contributes

the most to radiated power, is accurate at lower frequencies, 2O to 200 Hz. At higher frequencies the

estimate contains most of the spectral peaks, however exhibits a significant error in amplitude. This is a

similar result for both sets of modal filtering weights. The results show that when considering the first

three multipoles, which contribute most to the radiated power estimate, the estimate of radiated power

contains all ofthe spectral peaks over the considered frequency range. Further increasing the number of

considered multipoles to eight will increase the accuracy of the estimate, but only at higher frequencies.

The minor difference in the radiated power estimate between considering three and eight multipoles is a

common result for both sets of modal filtering weights evaluated at 50 and 200H2.

In comparison to the decomposition of radiated power based upon a two-dimensional array of

monopoles, presented in the previous section, the accuracy of the global error is comparable when all

eight multipoles are considered.
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Figure 6.18: Three-dimensional multipole estimate of radiated power considering the first radiation pat-
tern.
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Figure 6.19: Three-dimensional multipole estimate of radiated power considering the first three radiation

patterns.
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Figure 6.20: Three-dimensional multipole estimate of radiated power considering all eight radiation
patterns.
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6.4.3 Radiation mode decomposition

135

In this section the radiated pressure field from the simply supported panel is decomposed into radiation

modes. Referring to Fig. 6.21, the panel is divided up into a set of elemental radiators. To evaluate this

decomposition method the following parameters will be varied:

1. the discrete frequency at which the radiation mode weights are evaluated at;

2. the number of resolved signals (radiation modes) used to estimate the global error criterion, namely

sound power.

Figure 6.21: Elemental radiators used in the radiation mode approach.

The maximum number of radiation modes has been restricted to eight, so that the number of resolved

signals is the same as the previous two sections. The decomposition of radiation modes is based on 50

structural modes and the panel divided up into 20x40 (r,y) elements, giving a total of 800 elemental

radiators. Illustrated in Figs. 6.22, 6.23 and 6.24 is the estimation of acoustic power radiated from

the panel based upon sensor signals decomposed into one, three and eight radiation modes respectively.

Within these figures, figure (a) uses modal filtering weights evaluated at 50 Hz, while f,gure (b) uses

weights evaluated at200 Hz. For comparison, the intensity measurement estimate of sound power is also

plotted. Observe that when considering only the first radiation mode, Fig. 6.22, an accurate estimate

of radiated power can only be obtained at the first few spectral tones. The results in Fig. 6.23 show

that when considering the first three radiation modes a broadband estimate of radiated power is still

unobtainable. Observe in Fig. 6.24 that eight radiation modes only give an accurate estimate (at a

majority of spectral peaks) of sound power up to a frequency of 315 Hz, a much smaller bandwidth than

the two multipole methods for the same number of signals. Recalling the conclusions of Chapter 3, this

result is to be expected as the eigenvalue plots show that at higher frequencies many radiation modes

need to be considered to obtain an accurate estimate of radiated power. These conclusions also give

reason as to why one and three radiation modes only give an accurate estimate of radiated power over a

very small frequency range, and only at low frequencies. While the radiation mode decomposition is not

as accurate as the multipole decompositions, it does still contain spectral peaks at the higher frequencies.

What affect this will have on the attenuation achieved by a control system will be analysed later in this

chapter.
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Figure 6.22: Radiation mode estimate of radiated power considering the first radiation pattern.
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Figure 6.23: Radiation mode estimate of radiated power considering the first three radiation patterns.
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Figure 6.24: Radiation mode estimate of radiated power considering the eight radiation patterns.
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6.4.4 Summary of sensing rad¡ated power for a simply supported panel

From the experimental studies of the various approaches used to estimate radiated power from a simply

supported panel described in this section, the following conclusions can be drawn:

1 . Up to 128 error signals can be filtered in real time, using just multiplication and addition to give an

accurate measurement of radiated power from a two-dimensional structure over a broad frequency

range.

2. The decomposed signals resulting from the modal frltering weights based on two- and three-

dimensional monopole arays have strong similarities in terms of frequency dependence and mea-

surement accuracy of the global performance estimate.

3. The accuracy of a multipole decomposition on a per signal basis is much more accurate than the

radiation mode decomposition.
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6.5 Simplysupported/clamped panel

Described in this section are results for the case were the boundary conditions of the panel are modified

to a mixture of simply supported and clamped conditions. Referring to Fig. 6.25, opposites edges of the

panel were given different boundary conditions.

Simply
supported

Glamped

x Clamped
edge

v Simply supported edge

Figure 6.25: Panel's modified boundary conditions.

Using the same excitation position (the one used in the previous section) the procedure to estimate

radiated power using the three decompositions was repeated. The aim of the work here is to determine

how general the multipole decomposition approach is. Theoretically this method can sense radiated

acoustic power from a panel with any boundary conditions using the same modal filtering weights. In

addition, the radiation mode decomposition of radiated power will be compared. In this experiment the

same modal filtering weights, as used in the previous section, will be used again.

6.5.1 Two-dimens¡onal mult¡pole decomposition

Using the same two-dimensional monopole arrangement and thus the same modal filtering weights as

Section 6.4.I,the radiated sound pressure field of the structure is decomposed into independent radiating

multipoles. Illustrated in Figs. 6.26, 6.27 and 6.28 is the estimation of acoustic power radiated from the

panel based upon sensor signals decomposed into one, three and eight multipoles respectively. Within

each figure, figure (a) uses modal filtering weights evaluated at 5O Hz, while figure (b) uses weights

evaluated at200 Hz. For comparison, the intensity measurement estimate of sound power is also plotted.

The characteristics of the results here are very similar to the multipole decomposition of the simply

supported panel. Again the results show that when considering just the first multipole, Fig. 6.26, the

estimate still contains all of the spectral peaks. However, at higher frequencies the first multipole gives a

poor estimate of radiated power. This result is common for both sets of modal filtering weights evaluated

at 50 Hz or 200 Hz. The results presented in Fig. 6.21 show that by considering the first three multipoles

an accurate estimate of power over a majority of the considered frequency range is achieved. However,

the accuracy of the estimate is further improved, but only at high frequencies, when all eight multipole

signals, Fig. 6.28, are considered.

Rectangular panel
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Figure 6.26: Two-dimensional multipole estimate of radiated power considering the first radiation pat-

tern.
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Figure 6.27: Two-dimensional multipole estimate of radiated power considering the first three radiation
patterns.
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Figure 6.28: Two-dimensional multipole estimate of radiated power considering all eight radiation pat-

terns.
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6.5.2 Three-dimens¡onal multipole decomposition

Using the same three-dimensional monopole arrangement and thus the same multipole modal filtering

weights as Section 6.4.2, the radiated sound pressure field of the structure is decomposed into inde-

pendent radiating multipoles. Illustrated in Figs. 6.29, 630 and 6.31 is the estimate of radiated power

considering one, three and eight multipoles respectively. For comparison, the intensity measurement

estimate of sound power is also plotted. Within each figure, figure (a) use modal filtering weights cal-

culated at 50 Hz, while figure (b) uses modal filtering weights calculated at 2O0 Hz. V/hen considering

only the most important multipole (a single signal), as illustrated in Fig. 6.29, the estimate of radiated

power contains the majority of the spectral peaks. Howeve¡ the performance of the estimate degrades

after 400 Hz in both Fig. 6.29 (a) and (b). Referring to Fig. 6.30, when considering the first three

multipoles as defined by the magnitude of radiation efficiencies (the three which contribute to power the

most), the estimate is relatively accurate up to 400 Hz, animprovement over the first multipole estimate.

Refening to Fig. 6.31, when considering all eight resolved signals (the eight multipoles), the estimate

of radiated acoustic power is a close match to the intensity estimate of radiated power over a majority of
the frequency range 20 - 800 Hz.

In comparison to the decomposition of radiated power based upon a two-dimensional array of
monopoles, presented in Section 6.5.1, the accuracy of the global error is comparable when all eight

multipoles are considered.
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Figure 6.30: Three-dimensional multipole estimate of radiated power considering the flrst three radiation
patterns.
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Figure 6.31: Three-dimensional multipole estimate of radiated power considering all eight radiation
patterns.
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6.5.3 Radiation mode deeomposition

Using the same modal filtering weights as Section 6.4.3, the radiated pressure field from the simply

supported/clamped panel was decomposed into radiation modes. Illustrated in Fig. 6.32 is the estimate

of radiated power considering the first radiation mode. The modal filtering weights used to obtain this

estimate were based on a simply supported panel with 50 structural modes and2Ox40 elemental radiators.

For comparison, the estimate of radiated power from a grid of intensity measurements is also plotted. The

result in Fig. 6.32(a) uses weights evaluated at 5O Hz, while Fig. 6.32(b) uses weights evaluated at 200

Hz. Shown in Fig. 6.33 is the estimate of radiated power considering the first three radiation modes.

Observe only a slight improvement of the estimate which considered just the first radiation mode, shown

in Fig. 6.32. Plotted in Fig. 6.34 is the estimate of radiated power based upon the first eight radiation

modes. Observe that when considering eight radiation modes (the maximum considered in this study) the

global estimate provides an accurate estimate of power to approximately 400 Hz. Above this frequency,

the accuracy of the estimate drops off quickly. However, the majority of the spectral peaks beyond this

frequency are still present. It is worth reiterating that the modal filtering weights used in these results

are based on the panel having simply supported boundary conditions. This suggests that the panel is

radiating in a similar manner for both boundary conditions and that the radiation mode modal filtering

weights are more general than the method of their calculation suggests. However, in comparison to the

two multipole methods, the radiation mode decomposition is accurate over a much smaller bandwidth.

Analysis in Chapter 3 suggests that many more radiation modes need to be considered to give the same

accuracy as a multipole decomposition up to 800 Hz.
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Figure 6.32: Radiation mode estimate of radiated power considering the first radiation pattern.
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Figure 6.33: Radiation mode estimate of radiated power considering the first three radiation patterns.
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Figure 6.34: Radiation mode estimate of radiated power considering all eight radiation patterns.
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6.5.4 summary of power sens¡ng from a s¡mply supported/clamped paner

In this section, the boundary conditions of the panel were modified, yet the modal filtering weights used

for each decomposition method were kept constant. From the results presented the following conclusions

can be drawn:

1. The two- and three-dimensional multipole decompositions are applicable to a two-dimensional

structure with any boundary conditions.

2. A decomposition based on radiation modes will yield an accurate estimate of sound power at low

frequencies for any boundary conditions.

3. The decomposed signals resulting from the modal filtering weights based on two- and three-

dimensional monopole affays have strong similarities in terms of frequency dependence and mea-

surement accuracy of the global performance estimate.

4. The accuracy of a multipole decomposition of radiated power on a per signal basis, is much more

accurate than the radiation mode decomposition.
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6.6 Sensing summary

At this point it is worth summarising the experimental results presented so far and recalling the aims

of this chapter. Refening to Section 6.1, the first and most imporlant aim which related to being able

to simply filter 128 signals in real time, has been achieved. Experimental results have indicated that

128 error signals can be filtered in real time, using just multiplication and addition to give an accurate

measurement of radiated power from a two-dimensional structure over a broad frequency range. The

unique pieces of equipment used in the experimental process have extended the boundaries of signal

processing for sensing system design of active noise control systems. These advances are required for

practical implementation of a sensing system for active noise control of a large structure.

The experimental results have indicated that only eight multipole signals (using either the two- or

three-dimensional approaches) are required to adequately model the given sound field. This result is

structural specific and consequently more signals may be required for a larger structure, however fewer

signals may be required for a smaller structure. The frequency at which the modal filtering weights (for

all decompositions) are calculated was shown to have a secondary effect on the estimate of power in

comparison to the number of constituents considered. Furthermore, experimental results have shown

that a three-dimensional array of monopoles can be used to model a two-dimensional structure.

In terms of multipole and radiation mode decomposition characteristics the results can be summarised

into a few points:

o Both multipole decompositions and the radiation mode method can provide an accurate estimation

of sound power for the two sets of boundary conditions examined here.

o Both the two- and three-dimensional multipole decomposition methods provide a better estimation

of sound power on a per signal basis than the radiation mode decomposition.

o Both multipole decompositions provide an accurate estimate of sound power up to 800 Hz for the

given structure.

o The accuracy of the radiation mode decomposition of sound power falls off around 400}l2 for the

glven structure.

While the frequency range of interest was only chosen up to 800 Hz, the trends in the multipole esti-

mations show that an accurate result could be obtained at even higher frequencies, should the maximum

number of resolved constituents be considered. The results in this section compare well to all of the sim-

ulated results shown in Chapter 5. At this point the experimental study has focused on sensing a global

error criterion. While the accuracy of each method varies, it is the aim in Section 6.8 of this chapter to

examine what affect this has on control performance for a given control setup.
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6.7 Further investigation of the multipole decomposition

In the previous sections both two- and three-dimensional multipole approaches were shown to out per-

form the radiation mode estimate of radiated power, for both sets of boundary conditions. In this section

further analysis of the multipole technique will be completed in an attempt to quantify its limitations.

Initially the number of monopoles used in the decomposition technique will be varied, considering a

minimum number of 2 monopoles up to a maximum of 32 monopoles. Subsequently, the system re-

dundancy and sensing system sensitivity to raw data quality will be investigated by eliminating random

microphones from the decomposition process. Finally the microphone aray will be placed as close as

physically possible (1.5 metres) to the rectangular panel in an attempt to determine how the radiated

power estimated will be affected.

6.7.1 Using more/less monopoles to model a sound field

Results presented previously for the 0.6l2mx l.2l2mx 0.004m panel showed that using eight monopoles

in the decomposition process provided an accurate estimate of sound power in the frequency range 20

- 800 Hz (when all of the resulting constituents were considered). In this section 2, 4, 16, and 32

monopoles arranged in a two-dimensional array, will be used in the decomposition process. In addition

8, 16 and 32 monopoles in a three-dimensional array will be analysed. In the following analysis, the

monopoles will be placed evenly over the structure, ignoring the traditional approach of placing sensors

at separation distances smaller than À14 for the maximum frequency of interest. Illustrated in Figs. 6.35

- 6.38 are the arrangements for the considered two-dimensional monopole arrangements and Figs. 6.39

- 6.41 shows the considered three-dimensional monopole arrangements.

Figure 6.35: The two monopole arrangement for the coresponding multipole decomposition.
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Figure 6.36: The four monopole arrangement for the corresponding multipole decomposition.
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Figure 6.37:'fhe 16 monopole affangement for the corresponding multipole decomposition.

Figure 6.38: The 32 monopole arrangement for the corresponding multipole decomposition.
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Figure 6.39: The three-dimensional arrangement used for eight monopoles. This is a variation of the

previously presented eight monopole three-dimensional arrangement, in this case the monopoles are

evenly distributed over two planes of four monopoles.
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Figure 6.41 : Two three-dimensional arrangements for 32 monopoles.
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Shown in Fig. 6.42is the estimate of sound power based on two monopoles arranged as shown in Fig.

6.35. The modal filtering weights used in all of decompositions in this section were evaluated at200Hz.

The estimate (of the power in the two resulting multipoles) compares well to the calculation of radiated

power using 150 intensity measurements, considering it is produced from only two signals and a course

monopole affangement. Illustrated in Fig. 6.43 andFig. 6.44 is the result when considering one and four

multipoles respectively, based on a decomposition using only four monopoles, arranged as shown in Fig.

6.36. The result using four multipoles (Fig. 6.44) compares well to the intensity estimate of radiated

power over a majority of the frequency band. However, when just one of the resulting multipoles is

considered (Fig. 6.43), the estimate of power is still fairly accurate, but only at lower frequencies.

The next set of results illustrated in Figs. 6.45,6.46 and6.47 are based on a multipole decomposition

using 16 monopoles as arranged in Fig. 6.37. The plotted data considers the ûrst (Fig. 6.45), the first

three (Fig. 6.46) and all of the 16 resulting multipoles (Fig. 6.a7). When considering just the first

resulting multipole (Fig. 6.45), the estimate of sound po,wer provides an accurate estimate up to 250 Hz.

When considering the first three resulting multipoles (Fig. 6.46),the estimate of sound power is accurate

over a majority of the measured frequency range. When considering all 16 multipoles (Fig. 6.47), the

estimate of radiated power is almost perfect over the entire plotted frequency range.

The next set of results illustrated in Figs. 6.48,6.49 and 6.50 are based on a two-dimensional mul-

tipole decomposition using 32 monopoles as arranged in Fig. 6.38. The plotted data considered the first

(Fig. 6.48), the first three (Fig. 6.49) and, all of the 32 resulting multipoles (Fig. 6.50). Observe that as

the number of included multipoles is increased, the accuracy of radiated power increases, particularly at

higher frequencies. When all of the 32 resulting multipoles are combined, the result is an almost perfect

estimate of radiated power over the entire frequency range, as illustrated in Fig. 6.50.

Of the four decompositions considered (based on2, 4,16 and 32 monopoles), the estimate of radiated

power from the first few resulting multipoles is very similar at lower frequencies. However, at higher

frequencies a decomposition which considered more monopoles returns a slightly more accurate estimate

of radiated power. This result suggests there exists an optimal method for designing a sensing system

based on the multipole approach which can be defined as follows: model the noise surface area with a

large number of monopoles, yet consider only the first few resulting multipoles to resolve power over

a wide frequency range. The result will be better than considering a small number of monopoles in the

decomposition, yet uses the same number of resulting signals (multipoles).



158 Chapter 6. lmplementation on a two-dimensional structure

Panel radiated power modelled by 2 monopoles
100
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Frequency (Hz)

Figure 6.42: Estimate of radiated power considering both multipole radiation patterns decomposed using
the monopole arrangement illustrated in Fig. 6.35.
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Figure 6.43: Estimate of radiated power considering the first multipole radiation pattern decomposed
using the monopole affangement illustrated in Fig. 6.36.
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Panel radiated power modelled by 4 monopoles
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Figure 6.44: Estimate of radiated power considering all four multipole radiation patterns decomposed

using the monopole arangement illustrated in Fig. 6.36.
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Figure 6.45: Estimate of radiated poÌver considering the first multipole radiation pattern decomposed

using the monopole arrangement illustrated in Fig. 6.37.
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Panel radiation modelled by 16 monopoles
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Figure 6.46: Estimate of radiated power considering the first three multipole radiation patterns decom-
posed using the monopole arrangement illustrated in Fig. 6.37.
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Figure 6.47: Estimate of radiated power considering all 16 multipole radiation patterns decomposed
using the monopole arrangement illustrated in Fig. 6.37.
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Panel radiated power modelled by 32 monopoles
100
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Figure 6.48: Estimate of radiated power considering the first multipole radiation pattern decomposed

using the monopole arrangement illustrated in Fig. 6.38.
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Figure 6.49: Estimate of radiated power considering the first three multipole radiation patterns decom-
posed using the monopole arrangement illustrated in Fig. 6.38.
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Panel radiated power modelled by 32 monopoles
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Figure 6.50: Estimate of radiated power considering all 32 multipole radiation patterns decomposed
using the monopole affangement illustrated in Fig. 6.38.
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Illustrated in Fig. 6.51 is the estimate of radiated power from the flrst resulting multipole based upon

eight monopoles arranged in a three-dimensional affay as shown in Fig. 6.39. For comparison, the in-

tensity measurement estimate of sound power is also plotted. Shown in Fig. 6.52 and Fig. 6.53 is the

estimate of radiated power when considering the first three and all eight resulting multipoles respectively.

Observe the improvement in accuracy of the radiated power estimate by increasing the number of con-

sidered constituents from one to three. However, when further increasing the number from three to eight,

a smaller improvement is accuracy is gained. In comparison to the three-dimensional decomposition in

Section 6.4.2, which used a single plane of monopoles situated above the panel, the estimate of radiated

power when all eight multipoles are considered appears to be indistinguishable.

The next set of results are based upon a decomposition of radiated power using 16 monopoles ar-

ranged in a three-dimensional array, as shown in Fig. 6.40. Illustrated in Figs. 6.54, 6.55 and 6.56 is

the estimate of radiated power considering the first, the first three and all 16 of the resulting multipoles

respectively. For comparison, the estimate of radiated power from intensity measurements is also plotted.

Observe that the first multipole gives an accurate estimate up to approximately 150 Hz. Increasing the

number of considered multipoles to three, further extends the accuracy of radiated power towards 400

Hz. When all of the resulting multipoles are considered, the estimate of radiated power is accurate over

a majority of the plotted frequency range, however around 700 Hz the estimate degrades.

Previous analysis has shown that a decomposition of radiated porwer based on 32 monopoles, will

provide a more accurate estimate of radiated power than a decomposition based on a smaller number of

monopoles, for the same number of considered multipoles. An aim of this section is to then determine if
there is an optimal placement method for such a large number of monopoles in a three-dimensional array

when all resulting multipoles are considered. Illustrated in Fig. 6.57 is the estimate of radiated power

from32 multipoles based upon 32 monopoles arranged as illustrated in Fig. 6.41(a), two planes of 16

monopoles. For comparison, the estimate of radiated power from intensity measurements is also plotted.

Observe that the two power estimates in this figure, are almost exactly the same over the entire frequency

raîge. Illustrated in Fig. 6.58 is another estimate of radiated power where 32 multipoles have been

considered. However, in this case the monopole affangement used to decompose the sound field consisted

of four planes of eight monopoles, as shown in Fig. 6.41(b). Observe that this decomposition too,

has provided an almost perfect estimate of radiated power over the entire frequency range. Comparing

Fig. 6.57 and 6.58 it is difficult to determine which monopole affangement has provided a "better"

decomposition of radiated power. The estimates of radiated power resulting from32 monopoles arranged

in Fig. 6.41(a) and (b), illustrated in Fig. 6.57 and Fig. 6.58 appear indistinguishable. This is due to the

following two reasons:

o a large number of monopoles will give an accurate estimate of sound power for any sensible ar-

rangement;

o the arrangement of monopoles in a three-dimensional aray has little affect on the result.

Overall, the three-dimensional monopole arrangements have produced similar results to the two-

dimensional array of monopoles, when considering the same number of resolved multipoles. These

results confirm that three-dimensional affays of monopoles can adequately model two-dimensional struc-

tures and that there is little difference in the two-dimensional and three-dimensional multipole methods.
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Panel radiated power modelled by 8 monopoles
100
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Frequency (Hz)

Figure 6.51: The first multipole estimate of radiated power based on eight monopoles aranged as illus-
trated in Fig. 6.39.
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Figure 6.52: The first three multipole estimate of radiated power based on eight monopoles arranged as

illustrated in Fig. 6.39.
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Panel radiated power modelled by 8 monopoles
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Figure 6.53: The eight multipole estimate of radiated power based on eight monopoles arranged as

illustrated in Fig. 6.39.
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Figure 6.54: The first multipole estimate of radiated power based on 16 monopoles arranged as illustrated
in Fig. 6.40.
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Panel radiated power modelled by 16 monopoles
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Figure 6.55: The first three multipole estimate of radiated power based on 16 monopoles arranged as

illustrated in Fig. 6^40.
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Figure 6.56: The 16 multipole estimate of radiated power based on 16 monopoles arranged as illustrated
in Fig. 6.40.
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Panel radiated power modelled by 32 multipoles
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Figure 6.57: 32 multipole estimate of radiated power based on 32 monopoles arranged as illustrated in
Fig.6.41 (a).
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Figure 6.58: 32 multipole estimate of radiated power based on 32 monopoles arranged as illustrated in
Fig.6.41 (b).
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6.7"2 Mierophone redundancy and the affect on the multipole est¡mates

To simulate a practical system where over time individual microphones may become damaged and/or

have their direct line of sight to the noise source blocked, two experiments have been conducted. In the

first experiment, to simulate microphone failure, the contribution of 20 randomly chosen microphones to

the estimate of sound power was eliminated. In the second experiment, to simulate an arm of the array

being blocked, the contribution of all microphones on a single arm of the sensing ¿ìrray was eliminated.

This resulted in l6 microphones being eliminated.

Under these two conditions the radiated power from a simply supported panel was estimated follow-

ing the same procedure as illustrated in Fig. 6.9. The modal filter weights were based on eight monopoles

arranged as shown in Fig. 6.13 and calculated at200 Hz. The results are illustrated in Fig. 6.59 and Fig.

6.60, where one eight resolved multipoles are considered for each test.

Observe that in both cases the estimate of radiated po\À/er seems to be unaffected. This is an important

result since it indicates that some redundancy and insensitivity to raw data quality exists within the

sensing procedure, a requirement for a practical system.

The result also indicates that for this speciflc rectangular panel, fewer than 128 microphones may be

required for the multipole decomposition technique to yield an accurate estimate of sound power.
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Panel radiation estimate with 20 random microphones turned off
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(a) Power within the first multipole.
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Figure 6.59: Estimate of radiated power with the contribution of 20 random microphones eliminated.
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Panel radiation estimate with one sensing arm eliminated
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(a) Power within the lirst multipole.
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Figure 6.60: Estimate of radiated power when eliminating the contribution of 16 microphones.
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6.7.3 Near field sensing

As discussed in the literature review (Chapter 2), traditional acoustic sensing systems are required to

be placed in the far field of the noise source, which in many cases can be impractical due to space

restrictions. For this reason much research in vibration error signals relating to far field pressure was

pursued (Clark and Fuller, 1991; Maillard and Fuller, 1994a).It is then the aim of the control system to

minimise a vibration error signal which may minimise far field sound pressure. V/hilst this overcame the

issue of sensor(s) placement, most of the resulting techniques required structural knowledge, limiting the

technique to simple structures.

In this section, the radiated power decomposition will be calculated with the microphone affay placed

at 1.5m from the panel. This was as close as physically possible. For this distance from the panel and

the frequency range under consideration, the microphone array is never in the far field. The value of 7

for this position and the panel under consideration is 7 : %-ulÞ 
: 5. Illustrated in Fig. 6.61 are the two

points where the acoustic f,eld moves from the hydrodynamic near field to transition (n - 0.2) and from

transition to the geometric near field (rc - 5). Based these values of rc, the array is in the hydrodynamic

near field below 36 Hz, above this frequency the array is in transition of the hydrodynamic near field to

the far fleld (up to 909 Hz).
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Figure 6,61: The radiation field of a source (from Bies and Hansen (1997) - Fig 6.1)
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For the experiments the panel had simply supported boundary conditions. Shown in Figs. 6.62,

6.63 and 6.64 is the estimate of radiated power based on one, three and eight multipoles using a eight

monopole decomposition using the arrangement illustrated in Fig. 6.13. Shown in Fig. 6.65 and Fig.

6.66 is the sound powcr contained in four and two multipoles based on the monopole arrangerrrenLs

illustrated in Fig. 6.36 and Fig. 6.35 respectively.

The results show no degradation in system performance despite the array being placed in the near

field of the panel. This is an important result for acoustic sensing systems and is a signiflcant advantage

over current acoustic sensing methods. As there is no reduction in sensing performance the sound power

attenuation achieved by minimising the multipole signals with the microphone array at 1.5 metres will
be the same as when it is placed at 2 metres.
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Panel radiated power modelled by 8 monopoles
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Figure 6.62: Estimate of sound power with the array located 1.5m from the panel considering the first

multipole radiation pattern.
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Panel radiated power modelled by 8 monopoles
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Figure 6.63: Estimate of sound power with the anay located l.5m from the panel considering the first
three multipole radiation patterns.
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Panel radiated power modelled by 8 monopoles
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Figure 6.64: Estimate of sound power with the array located 1.5m from the panel considering all eight

multipole radiation patterns.
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Panel radiated power modelled by 4 monopoles
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Figure 6.65: Estimate of sound power with the array located 1.5m from the panel considering all four
multipole radiation patterns based on an array of four monopoles.
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Figure 6.66: Estimate of sound power with the array located 1.5m from the panel considering all two
multipole radiation patterns based on an affay of two monopoles.
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6.8 Control of noise from a two-dimens¡onal structure

At this point in the experimental study the multipole decomposition has been shown to provide an accu-

rate estimation of sound power over the frequency range20 - 800 Hz. The arrangement of the monopoles

used in the decomposition has been shown to have a secondary effect on the accuracy of the estimation in

comparison to the number of multipoles considered (providing the maximum number of multipoles are

considered in the estimate). The radiation mode decomposition, for the same number of decomposed sig-

nals, provides an less accurate estimate ofradiated po\Mer, especially at high frequencies. It is the aim of
this set of experiments to minimise the resolved signals (two-dimensional multipoles, three-dimensional

multipoles and radiation modes) using a single vibration control source driven by a feedforward con-

troller. In particula¡ it is the aim of this experiment to answer:

o Will a reduction in performance of the modal filtering sensing system reduce the level of achieved

power attenuation, especially at higher frequencies?

Two electro-dynamic shakers were attached to the panel, one used as the disturbance and the other as the

control input. With the smallest dimension of the panel (0.612m) taken as the r-dimension and the longer

dimension (l.2I2m) as the gr-dimension, the disturbance shaker was located at (0.356m, 0.256m) and the

control shaker at (0.256m,0.956m). The force locations are shown in a sketch of the experimental

setup as illustrated in Fig. 6.61. The location of the force inputs were not optimised other than to

avoid obvious nodal lines in the response. The purpose being simply to compare the achieved power

attenuation, when minimising two-dimensional multipoles, three-dimensional multipoles and radiation

modes to the maximum theoretically possible. The microphone sensing affay was placed at a distance of
2 metres from the panel for this experiment.
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at 800 Hz

150 intens¡ty measuÍements
D¡sturbance input to estimate radiated power I
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Pane
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pYNl

Adaptive
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Controller

For the experiments here, where the focus is on sensing system design, adaptive feedforward control

was implemented to mimic the open loop control law, using a Causal Systems EZ-ANC II. The control

filters were FIR with 150 taps (for more information on adaptive feedforward control, see Hansen and

Snyder (1997)). The outputs from the modal filtering hardware were input as effor signals to the adaptive

controller. The sound power radiated by the panel was estimated by measuring the sound intensity on a

100mm x l00mm grid of points, or 15 points in the gr direction by 9 points in the r direction, on a plane

1-5 multipole Modal
signals filtering

Figure 6.67: Control experiment setup.
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200mm above the surface of the panel. The sound intensity measurements were made as a spectrum

in 0.25 Hz increments. The measurement process was automated using a computer controlled traverse

integrated with a Bruel & Kjaer PULSE system. Note that this method only approximately measures

the sound power radiated by the panel since some of the sound radiation by the panel would have not

have been radiated perpendicular to the panel surface and leaked over the edges of the panel beyond the

measurement plane. The experimental procedure was as follows:

1. Band-limited random noise was fed to the primary force input operating in isolation. The acoustic

intensity was measured at all points above the panel. The intensity measurements \üere integrated

to give the radiated acoustic power from the panel.

2. The adaptive control system was switched on, using the modal filtering system to provide error

inputs. The acoustic intensity at all points above the panel was re-measured and the radiated

power re-calculated.

3. The attenuation achieved was calculated by subtracting result (2) from result (1). The results were

compared to the (theoretical) maximum attenuation of acoustic power possible for the given source

arrangement.

The aim of the experiments was to compare the levels of sound power attenuation obtained in practice

with the theoretical maximum (open loop) levels for the given disturbance and control input locations.

The adaptive control system worked with only a small number of input signals, the multipole or radiation

mode amplitudes, resolved using a modal filtering approach on 128 microphones in the acoustic array.

However, as these inputs relate directly to the global performance measure, radiated acoustic power,

their attenuation should be reflected in the maximum possible levels of attenuation of the performance

measure. As such, the two system design ideals (a global error criterion measured in just a few signals)

described in Chapters 1 and 3, will be satisfied. Furthermore, the sensing system has been designed with

only reference to orders of magnitude of the size of the structure, and so could be applied to any structure

of comparable size without change.

Illustrated in Fig. 6.68 is the experimental control result when minimising different numbers of

multipoles based on a two-dimensional array of eight monopoles, arranged as shown in Fig. 6.13. Illus-

trated in Fig. 6.69 is the result when the decomposition is based on a three-dimensional array of eight

monopoles, arranged as shown in Fig. 6.17. Illustrated in Fig. 6.70 is the result when different numbers

of radiation modes are minimised. The decomposed radiation mode amplitudes were based on the panel

modelled as 20x40 elemental radiators.

Observe that for each of the sensing scenarios the actual attenuation achieved compares well to the

maximum possible attenuation that can be theoretically achieved. However at some frequencies the result

is better. This is due to inaccurate modelling of the panel's damping. An additional reason for obtaining a

better result than theory suggests is that the theory models an ideal stinger/panel connection, however in

reality this connection and it's location on the panel can affect attenuation. The frequencies of maximum

theoretical attenuation correspond to the panels natural frequencies and so the shift between the theoreti-

cal maximums and the experimental data can be explained by a variation in the natural frequencies of the

panels modes. An important observation for all results is that when the first multipole or radiation mode

(the signal which contributes most to the radiated power) is minimised the attenuation of sound power
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Sound power attenuation, minimising 2D multipoles
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Figure 6.68: Minimising two-dimensional multipoles.

Sound Power Attenuation, minimising 3D multipoles

100 200 300 400 500 600 700
Frequency (Hz)

Figure 6.69: Minimising three-dimensional multipoles.
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6.8. Control of noise from a two-dimensional structure

Sound Power Attenuation, minimising radiation modes
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Figure 6.70: Minimising radiation modes.
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is very close to the theoretical maximum over all frequencies. Horvever when increasing the number of
controlled multipoles/radiation modes to three gives better attenuation at higher frequencies. Although

when controlling eight signals only minimal improvement is achieved. Comparing the results when min-
imising two- and tluee-dimensional rnulLipoles antl ratliation modes, it can be seen that all methods have

resulted in approximately the same result, except around 600 Hz where the multipole decompositions

have out performed the radiation mode decomposition.

The important result here is that while the radiation mode decomposition of sound po,ù/er was shown

to be less accurate over a wide frequency range (when considering the same number of signals), its

control performance at high frequencies (above 600 Hz) and at low frequencies (below 400H2) is similar
to the attenuation achieved when eight multipoles (two- or three-dimensional) were minimised. This
results illustrates the following points:

o At lower frequencies where each decomposition provided similar estimates of radiated power, the

achieved global attenuation when minimising the resolved constituents was also similar.

o In the middle frequency range (400 - 600 Hz) where the multipole decomposition provided a more

accurate estimate of radiated power, greater levels of attenuation were achieved when the multipole

amplitudes were minimised.

o At higher frequencies (above 600 Hz) where the multipole decomposition provided a more ac-

curate estimate of radiated power, the same level of global attenuation was a,ehieved when the

multipole and radiation mode amplitudes were minimised.

While these end results may not be achieved for all experimental arrangements, the general outcomes

will be the same for the majority of systems using a single control source. This is because it is difficult
to achieve attenuation at higher frequencies using a single control source. The accuracy of the global

error criterion at higher frequencies then becomes secondary as a limited control setup produces limited
controlled results at these frequencies. Referring back to Fig. 1.1 this result can be expected as at high
frequencies a good eror signal will not simply translate to good attenuation because to achieve high
levels of attenuation at high frequencies the type and most importantly the number of the control sources

is the factor controlling the maximum possible attenuation.
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6.9 Conclusions

In this chapter the proposed acoustic based sensing strategy was implemented on a two-dimensional

structure. The acoustic radiation from a rectangular panel was decomposed into orthogonal contributors

using two-dimensional multipoles, three-dimensional multipoles and radiation modes. Shown in Table

6.1 is a summary of the conclusions for this chapter.

It is worth highlighting the similarities and differences in the decompositions based on radiation

mode and multipole radiation patterns. The common result was that all decompositions proved capable

of providing an accurate estimate of radiated power (at least at low frequencies), even if the rectangular

panel's boundary conditions were modified. The most signif,cant difference is the frequency range over

which the estimate of radiated power is accurate, of the decomposition methods the radiation mode es-

timate provides the smaller range. However, the difference in control performance for the given setup,

measured in Section 6.8, was negligible over the majority of the frequency range 20 - 800 Hz.ln addition

the author could not subjectively distinguish between each of the obtained global attenuations when min-

imising each of the different resolved constituents. This results reinforces the concept illustrated in Fig.

1.1, which shows the general factors that affect the maximum possible attenuation for all feedforward

active noise control systems: reference signal, controller, effor sensors and control sources, in ascending

order. Even with a more accurate estimate of power, the minimisation of the multipole decompositions

did not result in a significantly better level of attenuation. Instead the level of power attenuation at higher

frequencies was limited by physical parameters, namely the number and location of control sources, not

the quality of the error signal.

Considering the similarities of the decomposition techniques investigated in this thesis, their mode

shapes (Chapter 3), the simulated results (Chapter 5) and the experimental results of this chapter, an

intuitive question becomes apparent:

o does it make any difference what decomposition method is used to estimate radiated sound power?

This question will be examined in the following chapter where the acoustic sensing strategy is applied

to a complex, non-structural three-dimensional sound source, a source which is beyond current sensing

strategies.



184 Chapter 6. lmplementation on a two-dimensional structure

Aim Result Section

To determine if the filtered signals, which result solely

fi'om multiplication and addition, give an accurate utea-

surement of radiated power from a simply supported

rectangular panel source over a broad frequency range.

Al1 of the decomposition methods used gave an accurate esti-

rnate ofradiated puwe¡ at least over a small frequency range.

6.4.1,

6.4.2,

6.4.3

To determine if the three-dimensional multipole decom-

position can obtain an accurate estimate of radiated

power from a two-dimensional source.

All three-dimensional monopole arrays used to decompose the

sound field provided an accurate estimate of radiated power.

6.4.2,

6.s.2

To determine if the multipole and radiation mode de-

compositions provide an accurate estimate of radiated

power for a rectangular panel with any boundary condi-

trons,

Based on the experiments for both a simply supported and a

mixture of clamped/simply supported boundary conditions it
appears that the decomposition techniques can resolve (accu-

rateiy) radiated power independent of structural boundary con-

ditions.

6.4,6.5

To compare radiated power estimates from decomposi-

tions based on multipole modes and radiation modes.

The decompositions compare well up to approximately 250 Hz,
beyond this frequency the multipole decompositon outperforms

the radiation mode decomposition.

6.4,6.s

To determine how many fundamental quantities (e.g.

multipole/radiation mode amplitudes) are required to

adequately model the given sound field.

For the invistigated noise source, 1 to 5 two- or three-

dimensional multipoles provided an acceptable estimate up to

800 Hz. More radiation modes than multipole modes are re-

quired for the same level of accuracy over the entire frequency

range.

6.4,

6.5,

6.7.1

To determine what affect evaluating the r-nodal fiiter

weights at different frequencies has on the estimate of
radiated power.

From ihe sei of presented results it is difficult to distinguish be-

tween a decompostion based on modal filter weights evaluated

at 50 or 200 Hz. As a result it is dificult to determine an optimal

frequency at which to evaluate the modal filtering weights.

6.4,

6.5,

6.7.1

To determine how many monopoles are required for the

multipole decomposition technique and how their ar-

rangement influences the result.

Multipole decompositions considered 2, 4, 8, 16 and 32

monopoles. It was difficult to distinguish between the estimates

of radiated power (for 8 or more monopoles), although more

monopoles gave a slightly better result. The spatial ¡esolution

of the monopoles used in the decomposition has a secondary

effect on accuracy, it is the number of considered constituents

which is more important (as long as the monopoles are spaced

evenly).

6.7.1

To determine how sensitive the decomposition tech-

nique is to microphone failure or a section of the array

being obscured flom the noise source.

The sensing strategy was shown to be insensitive to the failut'e

of 20 microphones, showing that the technique has some system

redundancy and insensitivity to raw data quality.

6.7.2

To determine if the sensing procedure is capable of
measuring sound power when the microphone array is

placed in the acoustic near fleld.

The accuracy ofthe decompositions was not affected when the

array was placed towards the acoustic near field.

6.7.2

To determine how the attenuation of sound power com-

pares when multipole and radiation modes are min-

imised, and if the maximum theoretically possible for'

the given setup is achieved.

At low frequencies the level of sound po\iler attenuation is in-

distinguishable when minimising the different measures of ra-

diated power. At higher frequencies slightly more attenuation

was achieved by minimisation of two- and three-dimensional

multipoles. However, the difference in global attenuation could

not be subjectively noted by the author.

6.8

Table 6.1: Chapter 6 conclusions
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Implementation on a rìofì-structu ral,
th ree-d¡ mensional sou rce

lmplementation
on a 3D source> ) > .'>

New and Novel
* Estimation of radiated power from a

three-dimensional noise source based on
the multipole decomposition (using acoustic
sensors) using two- and three-dimensional
array of monopoles.

* The decomposition of a sound field radiated
from a complex three-dimensional source
based on the two-dimensional radiation
modes.

Figure 7.1: Chapter 7 overview,

7.1 Introduction

Previous approaches aimed at sensing radiated acoustic power through modal flltering (Borgiotti, 1990;

Snyder and Tanaka, I993a; Elliott and Johnson, 1993; Cunefare and Currey, 1994) have, as a start-

ing point, assumed the noise source to be a two-dimensional vibrating structure. While the techniques

could be extended to three-dimensional structures, the fundamental pretence is still structural. There

are, however many free space noise sources of practical interest that are not completely, or sometimes

even partially, structural. It is not a straightforward process to apply previous methodologies for modal

filtering in these cases. However, the technique employed in this thesis, based upon acoustic multipoles,

is more general, and so can be applied more widely. What will be demonstrated in this chapter is this

applicability to a noise problem that is not purely structural: estimation of radiated po\üer from an air

compressor.

In the previous chapter, experimental implementation of the proposed sensing approach on a two-

dimensional source illustrated that the multipole decomposition methods (two- and three-dimensional)

185
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can facilitate an accurate estimation of radiated power over a wide frequency range using a small number

of resolved signals (multipoles). One of the broad aims of this thesis is to design a sensing system

that could be implemented for any noise source. Up to this point only two-dimensional structures have

been considered in simulation and experimentation. In this chapter implemeutation oI the proposetl

sensing approach will be extended to a complex three-dimensional, non-structural noise source. The

aims of these experiments are similar to the previous experiments, in that radiated power is measured in

terms of independent radiating quantities, multipoles and radiation modes. In keeping with these aims,

experiments presented here focus on measuring radiated power from a complex three-dimension source,

using two- and three-dimensional multipoles and radiation mode decompositions. These estimates are

then compared with actual radiated power.

Specific questions to be addressed include:

1. Can the filtered signals resulting from only multiplication and addition give an accurate measure-

ment of radiated porù/er from a three-dimensional source over a broad frequency range?

2. How many fundamental quantities (e.g. multipole amplitudes) are required to adequately model

the given sound field?

3. What is the affect of evaluating the modal filter weights at different frequencies?

4. How will the estimate of radiated power be affected should some of the microphones in the array

fail?

5. Can the two-dimensional multipole decomposition be used for the three-dimensional source?

6. Can radiation modes (two-dimensional quantities requiring structural information) be used to de-

composed the sound fleld from a complex three-dimensional source even though no such informa-

tion is available?

7.2 Novel exper¡mental apparatus

This section details the novel pieces of experimental equipment required for implementation of the pro-

posed sensing strategy on a three-dimensional noise source.

7.2.1 The microphone arrays

Since the noise source being studied here is three-dimensional, multiple microphone arrays are required

for the experiment so that radiated noise can be measured in several directions. Five arrays each consist-

ing of 16 microphones in a single fixed open position were constructed. Shown in Fig 7.2 is a photo of
one affay. Observe the two black plastic casings on each of the umbrella arms. Each of these house a

microphone. The same type of microphones (Lectret) used in the previously described 128 microphone

array have been used here.

Further information of the construction of these ûve microphone arrays can be found in Appendix B.
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Figure 7 .2: A 16 microphone affay
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7.2.2 Array calibration

Each 16 microphone affay was calibrated in a manner consistent with the 128 microphone array. Indi-

vidually each microphone array was placed in an anechoic chamber at a distance of 2.5 metres from a

loudspeaker. The amplitude of each microphone was calibrated at 200 Hz.

Once the amplitude of each microphone in the array was calibrated, a random noise signal was

measured by the array. Illustrated in Fig. 7 .3 is the average amplitude variation of acoustic pressure over

the microphone affay in the frequency range 5 - 400 Hz. Illustrated in Fig. 7 .4 is the average normalised

variation of the phase between the speaker and each microphone in the array over the frequency range 5

- 400 Hz. As there is little variation in the amplitude and phase over this frequency range, the dynamic

response of all microphones can be considered approximately the same. The results in Fig. 7.3 and Fig.

7 .4 arc very similar to the amplitude and phase characteristics of the 128 microphone array.

In developing the proposed sensing system, some care has been taken so as to achieve frequency

independence and remove the need for consideration of phase in order to reduce the data fusion process

to simple multiplication and addition. Since there is little variation in the dynamic response of the

microphones, frequency independence can be assumed for the practical system.

80 microphone array variation in amplitude

50 100 150 200 250
Frequency (Hz)

300 350 400

Figure 7.3: Average amplitude variation of acoustic pressure over the 80 microphones
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16 microphone array variation in phase

50 100 150 200 250 300 350
Frequency (Hz)

Figure 7.4: Average phase variation over the 80 microphones.
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7.3 Experimental overv¡ew

In Chapter 6 the multipole and radiation mode decompositions were shown to give accurate estimates of
radiated sound power when considering (only) a small number of signals (resolved constituents), over

a wide bandwidth for multipole modes, but a smaller bandwidth for radiation modes. However, the

achieved sound power attenuation when minimising the resolved signals for each decomposition was

comparable, and when control was implemented each technique achieved approximately the maximum

theoretically possible disturbance attenuation for the given experimental setup.

In this section, the previous experiments are extended to a complex non-structural, three-dimensional

noise source, namely a 2.5 horse power air compressor situated in an anechoic chamber on a hard surface.

Referring to Fig. 7.5, the compressor has a width of 0.35m, length of 0.85m and a height of 0.6m. The

aim of the experiments was simply to measure radiated power using the modal filtering technique and

compare the estimates to the actual radiated power. As described previously, if radiated power can be

accurately observed using a limited set of inputs, then a range of control techniques may be applied to
provide disturbance attenuation; sensing is the key.

To determine the actual radiated power of the compressor, pressure over the frequency range 5 -
800 Hz was measured at O.25 Hz increments at 45 locations over a hemisphere with radius of 1.2 metres

from the compressor. From these pressure measurements sound power was determined (Bies and Hansen,

1997). In keeping with the aims of this chapter, experiments examining estimates of radiated power take

the following sequence:

1. Decompose the radiated sound field in to radiation patterns based on a three-dimensional array of
monopoles.

2. Decompose the radiated sound field in to radiation patterns based on a two-dimensional array of
monopoles.

3. Decompose the radiated sound field in to radiation patterns based on radiation modes.

To decompose the radiated sound field from the compressor into radiation modes, it has been assumed

that the compressor radiates noise as a rectangular panel, the size of which was based on the geometric

shadow (length x width) of the compressor.

Referring again to Fig. 7.5, the f,ve 16 element microphone affays were placed at a distance of 1.2

metres from all four sides and above the compressor. This was the maximum possible distance from
the compressor due to the size of the wooden boards and the dimensions of the anechoic chamber. The

anechoic chamber at the University of Adelaide has dimensions 4.75m x 3.9m x 3.94m. Based on a
characteristic source length of 0.4m, the acoustic field criteria (as discussed in the previous chapter)

'y : 6, When plotting this value in Fig. 7.6 it can be determined that the microphone arrays are placed

in the hydrodynamic near field up to 46 Hz (6 - 0.17) and then in transition from the hydrodynamic

near field to the far field for the remained of the measured frequency range. A sketch of the experimental

setup and the procedure to calculate the constituents of each decomposition approach is illustrated in Fig.

7.7.
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Figure 7.5: The air compressor and five microphone affays in the anechoic chamber
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7.4. Sensing radiated power from an air compressor

7.4 Sensing radiated power from an air compressor

7.4.1 Three-dimensional multipole decomposition

193

Illustrated in Fig. 7.8 is the generalised conceptual aÌrangement of the monopoles used in the decom-

position process. In the three-dimensional decomposition the air compressor has been modelled as a

three-dimensional array of monopoles. The three-dimensional arrangement used in this section consists

of eight monopoles. The monopoles are evenly spaced over the geometric shadow of the compressor at

a height of 0.3m above the hard surface which the compressor is sitting on, as illustrated in Fig. 7 .9.

Figure 7.8: Compressor modelled as a three-dimensional array of monopole sources

0.17

shedow of the
compressor

Figure 7 .9: Anangement for the three-dimensional array of monopole sources.

To examine this decomposition method and its implementation the following factors have been var-

o the discrete frequency at which the multipole modal filtering weights are calculated;

o the number of resolved signals (three-dimensional multipoles) used to examine sound power (the

global error criterion).
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The number of monopoles usecl to generate the multipole radiation patterns has been kept constant at

eight in this section. The modal filtering weights used in this decomposition can be found in Appendix

A.

Illustrated in Fig. 7. I 0 is the estimation of power frorn the fìrsl multipole base<l on modal filtering

weights calculated at 50 Hz, Fig. 7.10(a); and 200 Hz, Fig. 7.10(b). For comparison the actual radiated

power, as calculated from 45 pressure measurements is also plotted. The spectral peaks in radiated power

are the compressor motor run speed and harmonics. Observe that these two estimates give an accurate

estimate of radiated power over lower frequencies, while at higher frequencies the estimate contains the

spectral peaks but exhibits some eror in amplitude. Illustrated in Fig 7.ll is the estimation of power

when considering three multipoles using modal flltering weights calculated at 50 and 200 Hz. Observe

the improvement in the estimate of power at higher frequencies. The results in this figure show that just

three signals are required to give an accurate estimate of radiated power over the frequency range 5 - 800

Hz.

Illustrated in Fig. 7 .12 is the estimate of radiated power considering all eight multipoles decomposed

using modal filtering weights calculated at 50 and 200 Hz. This estimate is almost exact over the entire

frequency range. Observe that there is only slight improvement over the results illustrated in Fig. 7.1 1,

where only the first three multipole radiation patterns are considered.
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Compressor radiation modelled by I monopoles
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Compressor radiation modelled by 8 monopoles
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Compressor radiation modelled by 8 monopoles
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7.4.2 Two-dimens¡ona! multipole decomposition

Illustrated in Fig. 7.13 is the conceptual amangement of the monopoles used in the decomposition process

studied in this section, that of the air compressor being modelled as a two-dimensional array of eight

monopoles. The monopoles are evenly distributed over the geometric shadow of the compressor (placed

on the hard floor), as illustrated inFig.7.l4.

Figure 7.13: Compressor modelled as a two-dimensional array of monopole sources (sources situated on
the hard surface beneath the compressor).

shadow of the
compressor

Figure 7 .14: Arrangement for the two-dimensional array of monopole sources.

In the investigation of this decomposition method only the number of resolved signals (two-

dimensional multipoles) used to estimate sound power (the global error criterion) has been varied.

The number of monopoles used to generate the multipole radìation patterns is kept constant at eight

in this section. The modal filtering weights used in this decomposition are listed in Appendix A.

Illustrated in Fig. 7.15 is the estimation of power from the first multipole based on modal filtering
weights calculated at 50 Hz. For comparison the actual radiated power, as calculated from 45 pressure

measurements is also plotted. Observe that these two estimates give an accurate estimate of power over

lower frequencies, while at higher frequencies the estimate contains the spectral peaks yet there is some

error in amplitude. Illustrated in Fig 7.16 is the estimation of power when considering three multipoles
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using modal filtering weights calculated at 50 Hz. Observe the improvement in the estimate of radiated

power at higher frequencies. The results in this figure show that just three signals are required to give an

accurate estimate of radiated power over the frequency range 5 - 800 Hz.

Illustrated in Fig. 7 .I7 is the estimate of radiated power considering all eight multipoles decomposed

using modal filtering weights calculated at 50Hz This estimate is almost exact over the entire frequency

range. Observe that there is only slight improvement over the results illustrated in Fig. 7.16, where only

the first three multipole radiation patterns are considered.

In comparison to the decomposition of radiated power based upon a three-dimensional array of

monopoles, presented in the previous section, the estimates of radiated power in this section appear

to be almost the same. This results shows that a two-dimensional array of monopoles is capable of de-

composing a sound field of a three-dimensional structure. It also further illustrates the strong similarities

of the two- and three-dimensional multipole decomposition methods.

Compressor radiation modelled by I monopoles
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Figure 7.15: Estimate of radiated power from the f,rst two-dimensional multipole.
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Compressor radiation modelled by I monopoles
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Figure 7.16: Estimate of radiated power from the first three two-dimensional multipoles.

Compressor radiation modelled by 8 monopoles
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Figure 7.17: Estimate of radiated power from eight two-dimensional multipoles
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7.4.3 Radiation mode decomposition

In this section acoustic radiation of the air compressor is modelled as a rectangular panel, which was

divided up into elemental radiators, conceptually shown in Fig. 7.18. The size of the panel is based

on the length and width of the compressor (it's geometric shadow). Structurally the link between a

rectangular panel and an air compressor is weak. However, the purpose of these experiments is to test if
a two-dimensional radiation mode decomposition of radiated power can be used for a three-dimensional

non-structural noise source. To calculate the radiation mode weights for this approach the conceptual

panel is divided up into 2x8 elements as shown in Fig. 7 .19. The modal filtering weights used in this

decomposition can be found in Appendix A.

Figure 7.18: Compressor modelled as an array of elemental radiators (placed on the hard surface beneath

the compressor)

Elemental radiators

0.35 m

0.8 m

Figure 7.19: Conceptual panel arrangement for the radiation mode decomposition.

In the investigation of this decomposition method only the number of resolved signals (radiation

modes) used to estimate sound power (the global error criterion) has been varied.

The maximum number of radiation modes was restricted to eight so that the number of resolved sig-

nals would be the same as in the previous two sections (Sections 7.4.1 and7.4.2).Illustrated inFig.7.20

is the estimation of power from only the first radiation mode based on modal filtering weights calculated
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at 50 Hz. For co arison the actual radiated power, as calculated from 45 pressure measurements is also

plotted. Observe that the radiation mode decomposition gives an accurate estimate of power over lower
frequencies, while at higher frequencies the estimate contains the spectral peaks but exhibits an error in
the amplitude. Illustrated in Fig 7.21 is the estimate of power when considering three multipoles using

weights calculated at 50 Hz. Observe the improvement in the estimate of power at higher frequencies.

While there is some improvement over the result in Fig.7.20, the estimate of power is only accurate over

a small bandwidth in comparison to the two multipole decompositions.

Illustrated in Fig. 7 .22 is the estimate of radiated power considering all eight multipoles decomposed

using modal filtering weights evaluated at 50 Hz. The accuracy of the decomposition is still poor, es-

pecially at high frequencies. Observe that there is only a slight improvement over the results illustrated
in Fig. 7.21. This result is to be expected as the theoretical analysis in Chapter 3 showed that more

than eight radiation modes are required to give an accurate estimate of radiated power over the frequency

range5-800H2.

The one result in common with all the radiated power decompositions is that the accuracy of the

estimate is not greatly improved by increasing the number of resolved constituents from three to eight.

Compressor radiation modelled by radiation modes
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Figure 7.20: Estimate of radiated power from the first radiation mode
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Compressor radiation modelled by radiation modes
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Figure 7 .21: Estimate of radiated power from three radiation modes.
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Figure 7 .22: Esfimate of radiated power from eight radiation modes.
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7.4.4 Sensing without a decompos¡t¡on

Estimates of radiated power presented so far have been based on a mathematical decomposition back to
"known" quantities (multipole and radiation mode amplitudes), directly related to sound power. In this

section, the eighty pressure signals are simply added together equally to obtain an estimate of radiated

power. This intuitive approach is based upon the fact that the first multipole and radiation mode modal

filtering weights are approximately equal to the source volume velocity, and thus also approximately

equal to the combination of all the microphone signals. Before the result is presented, it must be noted

that this approach will produce only a single signal that can be minimised by a control system.

Illustrated in Fig. 7.23 is the time averaged FFT of the resulting signal compared to radiated power

estimated using 45 pressure measurements around the compressor. Observe that the estimates compare

well especially at low frequencies. However, this result compares beiter io thre actual radiated power than

the radiation mode decomposition illustrated previously. This result further shows that radiation from
structures or noise sources can be greatly simplified into just a few representative signals.

Extending this approach, additional resolved signals could be obtained by alternative phasing ofeach

microphone signal. Thus more controllable signals could be obtained. The problem with this approach,

compared to decomposition of a sound field into multipoles or radiation modes, is that these quantities

will not necessarily contribute orthoganally to radiated power. The added advantage of a decomposition

based on multipoles or radiation modes is that an eigenvalue analysis can be used to indicate which modes

are important and how many modes are required to accurately model the system. Such a truncation is not

possible for a sensing system that is based on simply adding or subtracting signals together. However,

while an accurate estimate of radiated power can be obtained by simply adding all the signals togethe¡
practical implementation would require further investigation.
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Compressor radiation
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Figure 7.23: Comparison of the estimate of radiated power from combining all microphone signals

equally and the estimate achieved using a spatial integral.
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7.4"5 Three-dimens¡onal no¡se source sens¡ng summary

At this point it is worthwhile briefly summarising the results presented thus far in this chapter in the con-

text of the aims of this thesis. In terms of sensing radiated acoustic power, the previous sections (1.4.1-

7.4.4)have presented novel experimental results. Recalling the aims of this chapter, the first and most

important aim was to illustrate that the filtered signals give an accurate measurement of radiated power

from a three-dimensional source over a broad frequency range. This has been successfully achieved.

Successful measurement of radiated acoustic power from a complex non-structural noise source repre-

sents a step towards practical sensing strategies for large complex structures, as it has extended current

sensing systems, which have been restricted to two-dimensional noise sources. The results in this chap-

ter are also a important step from the two-dimensional experiments presented in Chapter 6 of this thesis.

Results presented in this chapter thus far, can be summarised into a few points:

1. The multipole approximation to sound field decomposition has been shown to give accurate power

estimates over a wide frequency range.

2. A multipole decomposition based on a two- or three-dimensional array of monopoles is successful.

3. A decomposition based on radiation modes (strictly two-dimensional quantities) is successful over

a limited frequency range.

Implementation of the proposed sensing strategy (multipole decomposition) on a complex three-

dimensional noise source has taken the approach to its logical conclusion and achievement of the most

important aim in this thesis:

o providing a general sensing system design methodology which can be applied to any two- or three-

dimensional source.
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7.5 Further investigation of the multipole method for a three-

dimensional source

In the previous section, decomposition of the radiated acoustic field based on both three- and two-

dimensional monopole anays were shown to out perform the radiation mode estimate of radiated power.

In this section a more detailed analysis of the multipole technique will be completed in an attempt to

find any parameters which can improve or degrade performance of the resulting estimate of power. In

Section 7.5.1 the radiated field of the air compressor is decomposed into multipoles based on different

arrangements of 16 monopoles. However, as the previous section showed eight resolved signals can

provide an accurate estimate of radiated power, and consequently only the first eight multipoles of this

decomposition will be considered. In Section 7 .5.2, the sensitivity of the sensing technique to raw data

quality will be investigated by randomly eliminating microphones from the decomposition process.

7.5.1 The number of monopoles used to model a sound f¡eld

The results presented previously for sensing radiated power from the air compressor showed that using

eight monopoles in the decomposition process provides an accurate estimate of sound power in the

frequency range 5 - 800 Hz. In this section 16 monopoles arranged in three different three-dimensional

arrays and a two-dimensional array will be used in the decomposition process. Illustrated inFigs. 7.24

- 7.26 are the three, three-dimensional monopole anangements and in Fig. 7.2J, the two-dimensional

arrangement. Of interest here is the affect of the monopole arrangement within the array on the accuracy

of the estimate of radiated power.

0.17 m

shadow of the
compressor

Figure 7.24: Three-dimensional arrangement for l6 monopoles; single plane (lx16).
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0.35 m



208 Chapter 7. lmplementation on a non-structural, three-dimensional source

0.17 m

Figure 7.25: Three-dimensional arrangement for 16 monopoles; two planes (2x8).
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Figure 7.26: Three-dimensional anangement for 16 monopoles; four planes (4x4).
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Figure 7.21: Two-dimensional arrangement for 16 monopoles
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Plotted in Fig. 7 .28(a) is the estimate of sound power considering only the first multipole based on

16 monopoles arranged as shown in Fig. 7 .24. The estimate in Fig. 7 .28(a) uses modal filtering weights

calculated at" 50Hz while Fig. 7.28(b), also for only the first multipole, uses modal filtering weights cal-

culated at200Hz. Each estimate compares remarkably well to the actual radiated power. Illustrated in

Fig. 7 .29 is the estimate of sound power considering only the eight multipoles using the same monopole

affangement. Observe that the estimate of radiated power considering eight multipoles has improved

when compared to using only the first multipole and is accurate over the entire frequency range 5 - 800

Hz. Similar observations can be made for Fig. 7.30 and Fig. 7.31 where the decomposition is based on

two planes of eight monopoles, as illustrated in Fig. 7.25. When considering a decomposition based on

16 monopoles arranged in four planes of four monopoles (illustrated in Fig. 7.26),the radiated power

estimate considering just the first multipole, shown in Fig. 7 .32, compares well to actual power, particu-

larly at low frequencies. When considering the first eight multipoles from this monopole anangement the

estimate of radiated power, plotted in Fig. 7.33, compares well to actual radiated power over a majority

of the frequency range 5 - 800 Hz.

Illustrated inFig7 .34 is the estimate of sound poÌver considering only the first multipole based on l6

monopoles arranged as shown in Fig. 7.27. This decomposition uses modal filtering weights calculated

at 50 Hz. The two-dimensional decomposition used here has resulted in an accurate estimation of power

over a majority of the frequency range 5 - 800 Hz. The estimate is improved and is almost exact in

comparison to actual radiated power when eight multipoles are considered, as plotted in Fig. 7.35.

Of all the three-dimensional monopole arrangements considered in this section, when considering

only the first resulting multipole, the least accurate estimate of radiated power resulted from the decom-

position based on four planes of four monopoles. In this arrangement the monopole distribution over the

height of the compressor is dense in comparison to the distribution over the length of the compressor.

This suggests that monopoles placed in a three-dimensional array to decompose a radiated sound fleld

should be distributed as evenly as possible over the length and width of the noise source. However,

when eight multipole signals were considered the estimates of power between the three-dimensional

affangements are indistinguishable.

The results in Figs. 7.28-7.33 suggests an optimal method for designing a sensing system based on

the multipole approach: model the noise surface area with a large number of monopoles, consider only

the first few multipoles to resolve power over a wide frequency range. The result will be better than

when considering a small number of monopoles in the decomposition and resolving all of the resulting

multipoles, yet uses the same number of resulting signals (multipoles).
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Compressor radiation modelled by 16 monopoles
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Figure 7.28: Estimated radiated power (of the first multipole) decomposed using the monopole arrange-
ment illustrated in Fig. 7 .24.
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Compressor radiation modelled by 16 monopoles
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Figure 7.29: Estimated radiated power (of the first eight multipoles) decomposed using the monopole

arrangement illustrated in Fig. 7 .24.
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Compressor radiation modelled by 16 monopoles
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Figure 7.30: Estimated radiated power (of the first multipole) decomposed using the monopole arrange-
ment illustrated in Fig. 7 .25.
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Compressor radiation modelled by 16 monopoles
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Figure 7.31: Estimated radiated power (of the first eight multipoles) decomposed using the monopole

arrangement illustrated in Fig. 7 .25.
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Compressor radiation modelled by 16 monopoles
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Figure 7 .32: Esfimated radiated power (of the first multipole) decomposed using the monopole arrange-
ment illustrated in Fig. 7 .26.
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Compressor radiation modelled by 16 monopoles
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Figure 7.33: Estimated radiated power (of the first eight multipoles) decomposed using the monopole

arrangement illustrated in Fig. 7 .26.
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Compressor radiation modelled by 16 monopoles

80

30

100 200 300 400 s00 600 700 800
Frequency (Hz)

Figure 7 .34: Estimated radiated power (of the first multipole) decomposed using the monopole arrange-
ment illustratedinFig. 7.27 .
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Figure 7.35: Estimated radiated power (of the first eight multipoles) decomposed using the monopole
arrangement illustrated inFig. 7.27 .
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7.5.2 Microphone redundancy and the affect on the mult¡pole est¡mates

217

Decomposing a radiated sound field using multipoles (both two-dimensional and three-dimensional mul-

tipoles) has been shown to facilitate an accurate estimate of sound power with limited signal numbers

over a wide frequency range. In this section, the sensitivity of the sensing technique to raw data quality

will be studied. This is achieved by randomly grounding 15 of the 80 microphone signals input to the de-

composition process. This simulates practical implementation where over time individual microphones

may become damaged and no longer provide a signal, the sole aim being to determine the sensitivity of

the sensing system.

\Mith 15 microphone signals removed, the sound fleld from the air compressor was decomposed into

three-dimensional multipoles, based on eight monopoles arranged as shown in Fig. 7.9. The modal

filter weights were calculated at 50 Hz. The estimate of radiated power when considering only the first

multipole is illustrated in Fig. 7.36. This estimate is still accurate over a majority of the frequency range

5 - 800 Hz. Illustrated in Fig. 7 .37 and Fig. 7.38 are estimates of radiated power when considering three

and eight resolved signals (multipoles) respectively. Observe that there is very little difference between

these two estimates and the actual measurement of radiated power. The results plotted in Figs. 7.36

to 7.38 show no noticeable drop in performance of the global power estimate over the entire frequency

range.

This result is important as it indicates that some redundancy exists in the sensing procedure, a re-

quirement for a practical system.
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Compressor radiation modelled by I monopoles
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Figure 7.36: Estimate of radiated power (the first multipole) with 15 random microphones turned off,
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Figure 7.37: Estimate of radiated power (the first three multipoles) with 15 random microphones turned
off
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Compressor radiation modelled by I monopoles
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Figure 7.38: Estimate of radiated power (all eight multipoles) with 15 random microphones turned off
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7.5.3 Sensing of a three-dimensional noise source summary

At this point it is worthwhile briefly summarising the results presented in this section, which have sought

to determine the affect of the monopole arrangement on the estimate of radiated power and the level of
sensing system insensitivity to raw data quality. The results can be summarised into the following few

points:

1. Monopoles in a three-dimensional array, used to decompose a radiated sound field, should be

distributed as evenly as possible over the length and width of a noise source and should not con-

centrated over the height of the source.

2. An optimal multipole decomposition would use a large number of monopoles, evenly distributed

over the source, to model the noise surface. However, only the first few resulting multipoles need

to be considered to obtain an accurate estimate of radiated power over a wide frequency range.

3. The sensing strategy is reasonably insensitive to raw data quality and is robust to sensor failure.



7.6. Conclusions 221

7.6 Conclusions

In this chapter the proposed sensing system which has been theoretically developed (Chapter 3), sim-

ulated (Chapter 5) and implemented on a two-dimensional structure (Chapter 6), has now been imple-

mented to estimate radiated power from a complex three-dimensional noise source. This has taken the

work presented in this thesis to its logical conclusion. Shown in Table 7.1 is a summary of the conclu-

sions for this chapter.

Table 7 .l: Chapter 7 conclusions

Overall results in this chapter show that the novel acoustic based sensing approach can accurately

measure sound power radiated from a complex three-dimensional source over a wide frequency range.

The results confirm that the multipole decomposition technique is a generalised sensing strategy applica-

ble to any noise source. At the very heart of this technique is the ability to neglect the structural dynamics

Aim Result Section

To determine if the filtered signals, resulting from mul-

tiplication and addition, give an accurate measurement

of radiated power from a three-dimensional source over

a broad frequency range.

All of the decomposition methods used gave an accurate esti-

mate ofradiated power, at least over a small frequency range.

7.4.r,

7.4.2,

't.4.3,

7.4.4

To determine if the two-dimensional multipole decom-

position could be used for the three-dimensional noise

soufce.

All two-dimensional monopole arrays used to decompose the

sound fìeld of the three-dimensional source provided an accu-

rate estimate of radiated power.

'7.4.2

To determine if the decomposition based on two-

dimensional radiation modes could be used for a com-

plex three-dimensional, non-structural noise source.

A decomposition based on radiation modes gave an accurate

result up To25OHz for a complex three-dimensional source.

7.4.3

To determine how many fundamental quantities (e.g.

multipole/radiation mode amplitudes) are required to

adequately model the given sound field.

For the noise source under investigation, 1 to 5 two- or three-

dimensional multipoles provided an accuÍate estimate up to 800

Hz. More radiation modes than multipole modes are required

for the same level of accuracy over the entire frequency range

(5 - 800 Hz).

7 .4.1,

7.4.2,

7.4.3

To determine what affect evaluating the modal filter

weights at different frequencies has on the estimate of

radiated power.

From the set of presented results it is difflcult to distinguish be-

tween a decompostion evaluated at 50 or 200 Hz As a result it

is dificult to determine an optimal frequency at which to evalu-

ate the modal filtering weights.

7.4.r,

7.4.2,

7.4.3

To determine how many monopoles are required for the

multipole decomposition technique and how their ar-

rangement influences the result.

Multipole decompositions considered 8 and 16 monopoles. It

was difficult to distinguish between the estimates of radiated

power (for 8 or more monopoles), although more monopoles

gave a slightly better result. The spatial resolution of the

monopoles used in the decomposition has a secondary effect

on accuÍacy, it is the number of considered constituents which

is more important (as long as the monopoles are evenly spaced).

7.5.1

To determine how sensitive the decomposition tech-

nique is to microphone failure.

The sensing strategy was shown to be insensitive to the failure

of 15 microphones, a result which illustrates that the technique

has some system redundancy and insensitivity to raw data qual-

rty.

7.5.2
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of the radiating structure or noise source. Any method which takes into account dynamic characteristics

will be restricted to a particular source and unable to adapt if the source is modified.

Throughout this thesis strong similarities between each of the decomposition methods have been

illustrated; including their mode shapes and modal filtering weights. In light of these similarities and the

experimental results obtained for a two-dimensional structure, Chapter 6 ended with the question: would

it make any difference what decomposition method is used to estimate radiated sound power in a practical

situation? Based on the experimental results in this chapter and Chapter 6 it will make no difference

which decomposition method is used to obtain an estimate of radiated power over low frequencies (5

- 250 Hz) (for similarly sized noise sources). Howeve¡ if a wider frequency range is considered, a

decomposition of radiate power based on the multipole approach (two- or three-dimensional) will provide

a more accurate estimate of sound power.



Chapter I

Conclusions and future work

8.1 Conclusions

In the literature review the existence of few practical global sensing strategies for large complex struc-

tures or non-structural noise sources in free space was noted. Current approaches have limitations with

frequency dependence, are restricted to small and simple structures and typically require acoustic error

sensors to be located in the far field. The overall goal of this work was to develop and implement acoustic

basis functions for the decomposition of radiated acoustic power from any free space noise source. The

purpose being to obtain a small number of high quality error signals representative of the global error

criterion.

In this thesis an acoustic sensing system, incorporatin g a large number of microphones, was used to

measure and compare the multipole and radiation mode patterns from two- and three-dimensional noise

sources. Results showed that it was straightforward to obtain an accurate estimate of radiated sound

power from the sensing system. Furthermore, when the outputs of the sensing system were controlled,

the maximum possible disturbance attenuation in a global sense was achieved.

8.1.1 Acoustic sens¡ng development for multipole/radiat¡on mode basis func-
tions

One of the goals outlined in Chapter 3 was to theoretically develop a non-structural approach to the

decomposition of radiated sound power. In this chapter the multipole development, which previously

facilitated the calculation of radiation patterns for two-dimensional noise sources, was extended to radi-

ation patterns for three-dimensional sources. Outlined in Chapter 3 are the similarities and differences

between the power mode, radiation mode and multipole mode decompositions of radiated power. While

the orthogonal radiation mode shapes of each decomposition appeared to be similar, differences included:

the eigenvalues and eigenvectors; the number of constituents required to estimate 90Va of the radiated

power; and the frequency variation of modal filtering weights. In addition the analysis in Chapter 3

illustrated the difficulties in the acoustic measurement of the orthogonal radiation patterns. Difficulties

arose due to the poor conditioning of the radiation transfer matrices to far field positions, thus making it

difficult to obtain an inverse of the matrix. Whilst this problem was effectively ignored in the radiation

and power mode approach, for the multipole development the independent constituents were decoupled

into individual pseudo-inverses. The outcomes of this thesis show that the mathematical limitations of

223
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the ill-posed acoustic sensing systern had negligible effect on the accuracy of the measurement of the

global performance criterion. This has been illustrated in both simulation (Chapter 5) and experiments

(Chapter 6 andT).

8.1.2 Novel sens¡ng implementation on a two-dimensional structure

Experiments on a two-dimensional structure (detailed in Chapter 6) showed that the two decomposition

methods, based on a two- or three-dimensional array of monopoles, will provide a similar and accurate

estimate of radiated power. A decomposition of radiated power based on radiation modes was also

shown to provide an accurate estimate of power, however this decomposition is only accurate over a

smaller frequency range. A decomposition based on radiation modes will also require a far greater

number of resolved constituents to provide the same level of accuracy as the multipole decompositiorr.

For the panel which was considered, the experiments illustrated that the sensing system contained some

redundancy and insensitivity to the raw data quality. A summary of experimental results from the study

on a two-dimensional structure is contained in Table 8.1.

One of the most important features of the work in this thesis was that a significant number of error

signals (128) were filtered in real time lusing only multiplication and addition, effectively ignoring the

frequency content of the inputs. While the experimental apparatus extended state of the art, the outputs

from the apparatus (multipole amplitudes), facilitated an accurate estimate of radiated sound power over

a broad frequency range (20 - 800 Hz).

8.1.3 Control of multipole and rad¡at¡on modes

Experimental results had established that the 128 microphone sensing system provided an accurate es-

timate of radiated power. Building on this, the aim of the control experiments (in Section 6.8) on a

two-dimensional structure was to show that high-quality control performance, a reduction in the global

error criterion, was possible when attenuating the multipole signals. The experiments illustrated that

when attenuating multipole signals (based on a two- or three-dimensional array of monopoles), the max-

imum theoretical levels of global disturbance attenuation can be achieved over the frequency range 20 -

800 Hz. The same result over the frequency range 20 - 250 Hz was achieved when minimising radiation

modes. However, above these frequencies, slightly more attenuation was achieved when eight multipole

modes (two- and three-dimensional) were minimised rather than eight (structural based) radiation modes.

This result reflects the differences in the estimate of radiated power; decomposition based upon multipole

radiation patterns gave an accurate estimate up to 800 Hz, while decomposition based on radiation modes

only gave an accurate estimate up to 250 Hz. While there was a numerical difference in achieved global

attenuation, subjectively the author could not distinguish the difference between minimising multipoles

or radiation modes. This was because the slight differences in achieved attenuation at higher frequencies

could not be noticed over the large attenuation (which all methods provided) at low frequencies.

8.1.4 Novel sens¡ng implementation on a three-dimensional no¡se source

In Chapter 7 a sensing system containing 80 microphones was implemented on a complex, non-structural

three-dimensional noise source. This is seen as the final step of practical implementation of the acoustic

sensing strategy developed in this thesis and a significant step towards a practical sensing strategy for
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Aim Result Section

To determine if the filtered signals, which result solely

from multiplication and addition, give an accurate mea-

surement of radiated power from a simply supported

rectangular panel source over a broad frequency range.

All of the decomposition methods used gave an accurate esti-

mate ofradiated power, at least over a small frequency range.

6.4.1,

6.4.2,

6.4.3

To determine if the three-dimensional multipole decom-

position can obtain an accurate estimate of radiated

power from a two-dimensional source.

All three-dimensional monopole arrays used to decompose the

sound field provided an accurate estimate ofradiated power.

6.4.2,

6.5.2

To determine if the multipole and radiation mode de-

compositions provide an accurate estimate of radiated

power for a rectangular panel with any boundary condi-

tions.

Based on the experiments for both a simply supported and a

mixture of clamped/simply supported boundary conditions it

appears that the decomposition techniques can resolve (accu-

rately) radiated power independent of structural boundary con-

ditions.

6.4,6.5

To compare radiated power estimates from decompost-

tions based on multipole modes and radiation modes.

The decompositions compare well up to approximately 250H2,

beyond this frequency the multipole decompositon outperforms

the radiation mode decomposition.

6.4,6.s

To determine how many fundamental quantities (e.g.

multipole/radiation mode amplitudes) are required to

adequately model the given sound field.

For the invistigated noise source, I to 5 two- or three-

dimensional multipoles provided an acceptable estimate up to

800 Hz. More radiation modes than multipole modes a¡e re-

quired for the same level of accuracy over the entire frequency

range.

6.4,

6.5,

6.7.1

To determine what affect evaluating the modal filter

weights at different frequencies has on the estimate of

radiated power.

From the set of presented results it is difficult to distinguish be-

tween a decompostion based on modal filter weights evaluated

at 50 or 2O0Hz. As a result it is dificult to determine an optimal

frequency at which to evaluate the modal filtering weights.

6.4,

6.5,

6.7.1

To determine how many monopoles are required for the

multipole decomposition technique and how their ar-

rangement influences the result.

Multipole decompositions considered 2, 4, 8, 16 and 32

monopoles. It was difficult to distinguish between the estimates

of radiated power (for 8 or more monopoles), although more

monopoles gave a slightly better result. The spatial resolution

of the monopoles used in the decomposition has a secondary

effect on accuracy, it is the number of considered constituents

which is more important (as long as the monopoles are spaced

evenly).

6.7.1

To determine how sensitive the decomposition tech-

nique is to microphone failure or a section of the array

being obscured f¡om the noise source.

The sensing strategy was shown to be insensitive to the failure

of 20 microphones, showing that the technique has some system

redundancy and insensitivity to ra\il data quality.

6;t.2

To determine if the sensing procedure is capable of

measuring sound power when the microphone array is

placed in the acoustic near field.

The accuracy of the decompositions was not affected when the

array was placed towards the acoustic near field.

6.7.2

To determine how the attenuation of sound power com-

pares when multipole and radiation modes are min-

imised, and if the maximum theoretically possible for

the given setup is achieved.

At low frequencies the level of sound power attenuation is in-

distinguishable when minimising the different measures of ra-

diated power. At higher frequencies slightly more attenuation

was achieved by minimisation of two- and three-dimensional

multipoles. However, the difference in global attenuation could

not be subjectively noted by the author.

6.8

Table 8.1: Chapter 6 conclusions; sensing implementation on a two-dimensional structure.
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a large active noise control system. Experimental results showed that resolving the radiated acoustic

field into multipoles based on a three-dimensional array of monopoles yields an estimate of power which

closely agrees with the actual radiated power over the frequency range 5 - 800 Hz. The same is true when

the radiated field is decotttposetl into two-dimensional multipoles and, perhaps more surprisingly, radia-

tion modes (by assuming the compressor acoustically radiates as a panel with the dimensions of the com-

pressor). However, the latter approach has a smaller bandwidth of accuracy when considering the same

number of resolved constituents. A similar observation to the decomposition of the two-dimensional

structure in Chapter 6. When decomposing the sound field from the complex source under investigation,

between I to 3 multipole signals were required to give a good estimate of radiated power over a wide

frequency range 5 - 800 Hz.

From the experimental analysis, in terms of decomposing the radiated sound power into quantities

amenable to being input to an active control system, the results illustrated that the acoustic field of any

source can be decomposed into orlhogonal radiation patterns in the shape of a monopole (the piston

radiator), dipoles etc. This conclusion can be made as these radiating shapes (monopoles, dipoles etc)

were generated by all four decomposition techniques, inespective of what the calculations were based

on: a rectangular panel (for the power and radiation modes) or an array of two- or three-dimensional

monopoles (for the two- and three-dimensional multipoles). A summary of experimental results from
the study of a three-dimensional noise source is contained in Table 8.2.

8.1.5 Outcomes

The primary outcome of this work has been the development of an optimal technique for the design of
sensing systems for active noise control which can be applied to a wide variety of large complex noise

sources, both structural and non-structural. The outcomes from this theoretical and experimental study

of an acoustic based modal filtering sensing strategy are:

1. The development and implementation of a generalised (non-structural) design methodology for
optimal sensing systems for active noise control systems targeting acoustic radiation from large

structures.

2. A straightforward method for measuring sound power has been implemented and shown to give

accurate results despite the many assumptions and approximations that were required in its math-

ematical development. It is now possible to simply place an acoustic sensing array consisting of
a large number of microphones near a noise source and obtain an accurate estimate of radiated

power.

3. The sensing array has been shown to give accurate estimates of radiated power when placed in

the near field, removing significant disadvantages which have been typically associated with an

acoustic based sensing system.

4. The development of a method to decompose a large number of sound pressure measurements (128

signals) into a few meaningful signals relating to sound power radiation. When these signals are

used as error signals in an active noise control implementation, fewer, higher quality signals have

simplified the controller design allowing for a more robust system.
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Table 8.2: Chapter 7 conclusion summary; sensing implementation on a three-dimensional complex

Aim Result Section

To determine if the filtered signals, resulting from mul-

tiplication and addition, give an accurate measurement

of radiated power from a three-dimensional source over

a broad frequency range.

All of the decomposition methods used gave an accurate esti-

mate of radiated power, at least over a small frequency range.

7.4.1,

7.4.2,

7.4.3,

7.4.4

To determine if the two-dimensional multipole decom-

position could be used for the three-dimensional noise

source.

All two-dimensional monopole arrays used to decompose the

sound field of the three-dimensional source provided an accu-

rate estimate of radiated power.

't.4.2

To determine if the decomposition based on two-

dimensional radiation modes could be used for a com-

plex three-dimensional, non-structural noise source.

A decomposition based on radiation modes gave an accurate

result up to 250 Hz for a complex three-dimensional source.

7.4.3

To determine how many fundamental quantities (e.g.

multipole/radiation mode amplitudes) are required to

adequately model the given sound field.

For the noise source under investigation, I to 5 two- or three-

dimensional multipoles provided an accurate estimate up to 800

Hz. More radiation modes than multipole modes are required

for the same level of accuracy over the entire frequency range

(5 - 800 Hz).

7.4.1,

'1.4.2,

7.4.3

To determine what affect evaluating the modal filter

weights at different frequencies has on the estimate of

radiated power.

From the set of presented results it is difficult to distinguish be-

tween a decompostion evaluated at 50 or 200 Hz. As a result it

is dificult to determine an optimal frequency at which to evalu-

ate the modal filtering weights.

7 .4.1,

7.4.2,

7.4.3

To determine how many monopoles are required for the

multipole decomposition technique and how their ar-

rangement influences the result.

Multipole decompositions considered 8 and 16 monopoles. It

was difficult to distinguish between the estimates of radiated

power (for 8 or more monopoles), although more monopoles

gave a slightly better result. The spatial resolution of the

monopoles used in the decomposition has a secondary effect

on accuracy, it is the number of considered constituents which

is more important (as long as the monopoles are evenly spaced).

7.5.1

To determine how sensitive the decomposition tech-

nique is to microphone failure.

The sensing strategy was shown to be insensitive to the failure

of l5 microphones, a result which illustrates that the technique

has some system redundancy and insensitivity to raw data qual-

rty.

7.5.2

nolse source.



228 Chapter 8. Conclusions and future work

5. In terms of sound power measurement, the noise sources studied could be modelled as orthogonal

radiators comprising shapes similar to a monopole, dipole etc. Radiation shapes which are present

in all of the decomposition methods studied here (two- and three-dimensional multipoles, power

modes and radiation modes). It matters not which method is used to resolve power, however the

multipole approach has been shown to give a more accurate estimate of radiated power over a

wider bandwidth.

Numerous techniques already exist for the design of sensing systems for active control of structural

acoustic radiation. However, none of these techniques can adequately cope with the full range of real life
problems. Suitable design methodologies for the sensing system, where hundreds of point measurements

are resolved into a handful of signals that directly relate to the global sound levels, aÍe a prerequisite to

satisfactory implementation. The outcomes of this study provide a possible practical solution.

8.2 Future work

The general goal of future work will need to be directed at making the design methodologies presented

in this thesis accessible to noise control practitioners. There are a variety of aspects of the work outlined

in this thesis that can be expanded upon in the future. These include addressing the following points:

o The suggestion of a non-dimensional convergence criteria such as monopole spacing and source

dimensions vs. acoustic wavelength for the reconstruction of radiated sound power.

o V/hat is the effect of the antenna aperture on the estimate of radiated power?

o Would other techniques for minimising the ill-conditioned modal filtering matrix result in a better

estimate of power?

o A comparison of the control performance of the sum of the squared pressures at each of the mi-

crophone locations to the approaches included in Chapter 6.

o How accurate is the modal filtered estimate of radiated acoustic power based on a two- or three-

dimensional monopole array at frequencies above 800 f{z, and could this be improved by increas-

ing the number of monopoles considered?

o What is the minimum number of microphones that can be used in the sensing array and where

should they be placed so that an accurate estimate of radiated power can be obtained for the studied

0.6m x l.2mx 0.004m rectangular panel? Ideally the answer would be non-dimensional, based

upon wavelength and geometry considerations (of the panel and the distance from sensors to the

panel).

o What level of disturbance attenuation can be achieved on the three-dimensional structure, studied

in Chapter 7, using acoustic control sources when minimising the resolved multipole radiation

patterns?

The results from this study indicate that further theoretical work is unlikely to yield an increase in the

accuracy of the global performance measure, or result in significantly better attenuation when the global
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performance estimated is minimised. In terms of optimising (minimising) the number of microphones

used in the modal filtering process, it will be difflcult to determine a general minimum number and their

location for the noise sources studied; the extension of this theoretical result to other noise sources and

practical implementation is questionable.

Lacking in Chapter 7 is an attempt at minimising the resulting multipole estimates from the modal

filtering process. In this investigation of a non-structural noise source, the only viable control sources

are loudspeakers or alternative acoustic devices. To achieve a measurable global attenuation, the control

setup (the number of control sources and their locations), ultimately determines the result. Radiation

control from a three-dimensional source was not a focus of this work, coupled with the small number of

available control sources at the time this is the focus of future work.

While the work in this thesis has made a contribution to practical sensing strategies for active noise

control systems, attenuating unwanted disturbance from large structures (the ultimate aim of noise con-

trol practitioners) is currently very difficult to achieve. One of reasons for this difficulty is that alarge

number of sources are required to achieve a reduction over a wide frequency range (Kempton, 1976;

Mangiante, 1977; Bolton et a\.,1995 Martin and Roure, 1997, 1998; Qiu and Hansen, 2000). Typically

the control sources are driven by the controller outputs and are coupled to the same number of error

signals. Driving alarge number of control sources (the inverse problem of what this study looked at) is

a difficult task for a controller. An illustration of the ideal active noise control system is illustrated in

Fig 8.1. In such a system the controller only processes a small number of signals, thereby maximising

its robustness and convergence. Yet many control sources are used to provide maximum disturbance

attenuation.

Many control sources
(speakers)

Resulting Control
Signals

-ZÞ
Ì->

Figure 8.1: The ideal large active noise control system

Currently there is considerable research effort into the area of decentralised control, while localised

attenuation of vibration can be significant, adequate attenuation of sound power has yet to be achieved

(Gardonio and Elliott, 2003). Perhaps this is due to the concentration on attenuating a local measured

quantity, not a global error. Future research could be aimed at using the many decentralised units to atten-

uate sound power, however, this will require a rethink of the current sensing approach using decentralised

Gontroller
Modal
filter

Many error sensors

t\^

\^

t\^

\^

Completed in
this thesis

A few signals which
accurately represent
a global quantity, to

be minimised
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units since the error signal is locally measured structural vibration.

Chapter 8. Conclusions and future work



Appendix A

Modal f¡ltering weights

Listed in Table 4.1 to 4.18, are the weights used in the modal filtering process of Chapter 6 and 7. The

values in these tables include an amplitude calibration factor for each microphone.
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Mic # 2D Multipole #

Appendix A. Modal filtering weights

Mic # 2D Multipole #
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4t 1.0400 -o.7486 -0.3086 -0.7349 -0 0255 o.2670 -0. I 935 0.2675 84 1.3 157 0 8614 -0.61 87 0.8387 -o.1216 t.3lr6 1.0468 1.2923

42 0.9635 -0.7 I l3 -0.2524 -0.699 I -0.01l4 0.0854 -0.0604 0.08s9 85 t.t'702 0.8755 -0.3520 0.8578 o.I29l 1. I 800 o.8257 l. I 800

43 0.963s -0.7 I l3 -o.2524 -0.6991 0.0114 -0.0854 0.0604 -0.0859 86 1.1830 0.9808 -0.1607 0.9668 0.2998 t.t24t 0.71r I 1. l40l

Table 4.1: Two-dimensional multipole microphone weights for the rectangular panel (calculated at 50
Hz)
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Mic # 2D Multipole #

1234561 8

87 t.4189 0.2535 -t.3710 0.2430 -0-9795 0.3639 t.0994 0.344s

88 1.1460 0.3223 -0.9889 0.3098 -0.6395 o.4411 0.8128 o.4201

89 1.099'7 0.4228 -0.85 t 5 o.407'7 -o.46s4 0.5365 0.7240 0.5 152

90 0.9003 0.4308 -0.6028 o.4t71 -o.2517 0.4903 0.5322 0.4'753

9l 1.0648 o.5974 -0 595 I 0.5808 -0.1589 0.5843 0.5416 0.5'72t

92 0.9708 -0.0606 -0.8258 -0.0585 -o.40r4 -0.0579 0.4790 -0.0554

93 1.0067 o.0629 -0.8563 0.0606 -0.4162 0.0601 0.4967 0.0575

94 L1512 0.2108 -0.93s2 o.2037 -0.4115 0. I 882 0.5306 0. I 806

95 0.82 I 3 -0.0416 -0.5954 -0.0405 -0.1 556 -0.02r4 o.2174 -0.0208

96 0.6886 0.0349 -0.4992 0.0339 -0.1304 0.0179 0. 1 823 0.0174

97 0.9166 0.82t2 0.0120 0.8139 o.2928 0.7556 0.4430 o;7759

98 0.9581 0.9078 0. r 298 0.9036 0.29t0 o.6t12 o.3394 0.6340

99 0.8794 0.8639 0.1956 0.8625 0. I 896 0.3s48 0. l 902 0.3706

100 0.9800 0.9800 o.262t 0.9800 0.0762 0.1353 0.07 l3 0.1418

l0l 1.0400 1.0400 0.2782 1.0400 -0.0809 -0.1436 -0.0756 -0.1 505

102 0.8294 0.8148 0. l 845 0.8135 -0.1788 -0.3346 -0.1794 -0.3496

103 0.9800 0.6173 -0.4440 0.6025 -0.0491 0.4886 0.4038 0.4829

t04 t.1737 0.8020 -0.4256 o.7854 0.0089 0.4672 0.3564 0.4655

105 0.895ó 0.6446 -0.2657 o.6328 0.0220 0.2299 0.1 666 o.2304

106 o.7226 0.5334 -0.1 893 o.5244 0.0085 0.0641 0.0453 o.0644

107 0.8479 o.6259 -0.2221 0.6152 -0.0t00 -o.0752 -0.0531 -0.0756

108 0.8ss2 0.2494 -0.6380 o.24t5 -0.2268 0.19 18 0.3400 0. I 852

109 l 0455 0.39'76 -o.6994 0.3863 -0.1 735 0.235'7 0.3205 o.2292

110 t.0736 0.4759 -o.6464 0.4635 -0.0898 0.1 780 0.2078 0.r'741

1lt 0.77 t8 0.ll14 -o.5413 0. r 085 -o.tl'74 0.0486 0. I 735 o.o473

1t2 0.6144 0.1328 -0.4t04 o.1295 -0.0575 0.0388 o.0925 0.0379

113 0.8883 0.8416 o.1204 0.8377 -0.2698 -0.5666 -0.3146 -0.5878

114 0.8468 0.7588 0.0111 o.7520 -0.2705 -0.6981 -0.4093 -o.7169

115 0.9941 o.8242 -0. l 350 0.812s -0.2519 -o.9447 -o.5976 -0 9581

l16 0.8727 0.6529 -0.2625 0.639'7 -0.0963 -0.8800 -0.6158 -0.8800

tt7 0.8507 0.5570 -0.400r 0.5423 0.0786 -0.8481 -o.6'769 -0.8356

118 o.9770 0.5378 -0.6181 0.5205 0.32r1 -0.8978 -0.8-506 -0.8719

l19 0;7993 0.5753 -0.237r 0.5647 -0.0196 -o.2052 -0.1487 -0.2056

120 o.9332 o.6376 -0.3384 o.6245 -0.0071 -0.37 ts -0.2833 -0.3701

121 0.8455 o.5326 -0.3830 0.5198 o.0424 -0.4215 -0.3484 -o.4166

122 o.7'770 o.43s9 -0.4343 o.4238 0.1159 -0.4264 -0.3952 -0.41'75

123 o;7949 0.3804 -o.5322 o.3682 o.2222 -0.4329 -0.4699 -0.419'7

124 0.8304 o.3952 -0.4679 0.3855 -0.0203 0.0505 0.0550 0.0496

125 0.713t 0.3394 -0.401'l 0.3310 0.0174 -o.0434 -o.o4'72 -0.0426

126 0.82 10 0.3639 -0.4943 0.3544 0.0687 -0.1361 -0.1589 -0.1 33 1

t2'7 0.5981 0.1525 -0.3853 0.1488 -0.01 85 0.0 t 57 0.0317 0.0153

128 o.7476 0. l 906 -0.4816 0. I 860 0.0231 -0.0196 -0.0396 -0.01 9l

Table A.2: Two-dimensional multipole microphone weights for the rectangular panel (calculated at 50

}lz)
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Mic # 2D Multipole #

Appendix A. Modal filtering weights

Mic # 2D Multipole #

3 412345678 2 5 6 7

I 0.9848 0.4308 -0 7652 0.4146 0.5589 -0.7696 -0.9t62 -o.7376 44 l.l163 -0.3255 -0.8327 -0.3 r53 0.2960 o.2504 -0.4438 0.2418

2 1.t797 o.3745 -1.0549 0.3.587 0.9 t 86 -0.7019 l.1500 -0.6655 45 1.3068 -o.4970 -0.8'742 -o.4828 0.2169 o.2947 -0.4006 0.2865

3 I .0801 0.2079 - I .0548 0 r98s 1.0105 -0.4018 1.0848 -0.3780 46 1.1457 -0.5079 -0.6898 -o.4946 0.0958 0. l 900 -0.2218 0. I 858

4 1.2266 00'79t - r .2500 0.0754 1.2500 -0.1552 - I .2500 -o.1454 47 o.7635 -0. l 102 -0.5355 -0. l 073 o.1t62 0.0481 -0.1716 0.0468

5 1.0794 -0.0696 -1.1000 -0.0663 1.1000 0.1366 -t .1000 0. l 280 48 0.8802 -o.1902 -0.5879 -0.1 8-5.5 o.0824 0.05s6 -o 1325 0.0542

6 I .0801 -0.2019 - 1.0s48 -0.1985 I .0105 0.4018 - 1.0848 0.3780 49

50

5l

52

-53

54

55

56

5l
58

59

60

6t

62

63

64

65

66

t.3873 -1.3144 0. l 880 -l 3083 o.4213 -0.8850 o.4914 -0.91 80

7 0.9084 0.3492 -0.7034 0.3368 0.384s -o.4432 -0.5981 -o.4256 1.6937 -1.5 r75 0.0222 - 1.5039 0.5411 -1.3962 0 8r86 - 1.433 8

8 0.9837 o.2767 -0.8488 0.26s9 0.5489 -0.3786 -0.6977 -0.3606 1.5707 -1.3023 -0.2133 -1.2837 0.3981 -t 4925 0.9442 -1.5137

9 o 9637 0 16s2 -0.8934 0. I 584 o.6382 -0.231I -0.1164 -0.2245 2.0329 -1.5210 -0.61t5 -1.4903 o.2244 -2.0500 1.4345 -2.0500

l0 1.0109 0.0582 -0.9711 0.05s7 0.1269 -0.08ss -0.7688 -0.0807 | 9092 -1.2500 -0.8978 -1.2170 -0.t765 - 1.9033 1.5 l9l -1.8753

ll 0.9536 -0.0549 -0.9t62 -0.0s26 0.6858 0.0807 -0.7253 0.0761 1;7270 -0.9507 -1.0926 -0.9200 -0.5675 - 1.s869 l.5036 1.5412

t2 0.8382 0.31 88 -0.s607 0.3091 0.r391 -0. I 890 -o.2s10 -0. l 837 1.454t - 1.0466 -0.4314 -t 0274 0.0357 -o.3'733 o.2'705 -o.3741

t3 l.0173 0-2966 -0.7588 0.2873 0.2697 -0.2282 -0.4044 -o.2203 1.3661 -0.933s -0.4954 -0.9142 0.0104 -0.5438 0.4148 -0.s418

t4 1 1242 0.2059 -0.9133 0. I 989 0.4018 -0. l 838 -0.5 182 -o.t'764 1.2298 -0.7746 -0.5572 -0.7561 -0.0616 -0.6131 0.s068 -0.6060

t5 0.6061 0.13 l0 -0.4049 0.1277 0.0568 -0.0383 -o.o9t2 -0.0373 1 2854 -0.72t2 -0.7 184 -0.7011 -0.1918 -0.7053 0.6538 -0.6906

l6 0.8050 o.n62 -0.5646 0.1132 0.1225 -0.0507 -0.1810 -0.0493 l.1588 -0.5545 -0.7759 -0.5368 -o.3240 -0.63 t 1 0.6851 -0.6119

17 l. I 305 -0.3.589 - l.0109 -0.3438 0.8803 0.6721 -1.r02r 0.6378 t.2727 -0.60s8 -01t70 -0.5908 0.031 I o.o'774 -o.0842 0.0760

l8 1.2211 -o.5342 -0.9489 -0.5140 0.6930 0.9s43 -1. l36r 0.9147 t.t464 -0.5456 -0.6458 -0.532 | -0.0280 -0.0698 0.0759 -0.068s

t9 I 0855 -0.5976 -0.6868 -0.5783 0.3s6'7 0 9975 -0.9451 0.9687 1.33s2 -0.5919 -0.8039 -0.5764 -0.1 I 17 -o.2214 0.2s8s -o.2t6s

20 1.0387 -0.6800 -0.4885 -0.6621 0.0960 1.0355 -o.8264 1.0203 0.913'7 -0.2330 -0.5886 -0.2274 o.0282 0.0239 -0 0484 o.0234

2t t.0909 -0.8 I 6l -0.3281 -0.1996 -0.1204 l.1000 -0.7697 1. l 000 o.7143 -0.1821 -o.4602 -o.1778 -o.o22t -0.0187 0.0378 -0.0183

22 1.0637 -0.88 l9 -0.144s -0.8693 -0.2696 1.0108 -0.6394 L02sl 1.7233 -0.7539 -t.3392 -o.7255 -0 978 l -t.3468 1.6033 -1.2909

23 1.049.5 -0.t799 -0.9730 -o.1725 0.6951 0.2s82 -0.7802 0.2445 1.5729 -0.4993 -1.406s -0.4783 -1.2248 -0.9359 1.5334 -0.8874

24 1.2033 -0.3384 - I 0384 -o.3252 0.6715 0.4631 -0 8s35 0.4411 67 1.6201 -0.31 l8 -1.s822 -0.2977 -1.5r57 -0.602'7 1.6272 -0.5670

25 I 0519 -0.4044 -0.8144 -0.3900 0.4452 0.5132 -0 6925 o.4928 68 1.5210 -0.098 r - l .5500 -0.0935 - 1.5500 -o.1924 1.5500 -0. 1 803

26 0.8045 -0.3849 -0.5387 -0.3727 0.2249 0.4382 -0.4756 o.4248 69 1.6 l9 I o.1044 -1.6500 0.0995 - I .6500 0.2049 1.6500 0.1920

27 0.9017 -0.5059 -0.5039 -0.4918 0. I 345 0.4948 -0.4586 0.4845 70 I.55r4 0.2986 -l.5l5l 0.2851 -l.4st4 o.57'71 1.5582 0.5430

28 1.0331 0.0645 -0.8793 0.0623 0.4274 -0.0617 -0.5100 -0.0590 7t 1.5109 -0.5808 - l.1698 -0.s601 -0 6395 -0.7371 0.994'7 -0.7078

29 l 0337 -0.064s -0.8793 -o.0623 o.4274 0.06r7 -0.s r00 0.0590 72 1.37 s2 -0.3868 -1.1867 -0.371'7 -0;7674 -o.5293 o.9754 -0.5041

JO o;t375 -0. i35 I -0.5991 -0. I 305 t.26:36 o.1206 -o.3399 0.i 157 13 1.41'2t -0.242t - I .3091 -0.232r -o.9352 -0.3415 t.rJ491 -o.3289

3t 0.9541 0.0483 -o.6911 0 0470 0. r 807 -0.0249 -0.2526 -o.0241 74 1.t444 -0.0659 -1.0994 -0.0631 -o.8229 -0.0968 0.8703 -0.0914

32 1.0371 -0.0s25 -0.7518 -0.051 I 0.1964 0.0210 -0.2746 o.0262 75 1.t730 0.0676 -t 1269 0.064'7 -0.8435 o.0992 0.8921 0.0936

11 t.2951 -r.1605 0.0170 -l.ls0l -0.4r37 r.0677 -0.6260 1.0965 16 1.5141 -0.5759 -l.0129 -0.5594 -0.2513 -0.3111 0.4612 -0.3319

34 1.20'77 -t.1442 0.t636 - t.1389 -0.3668 0.7704 -0.4278 0.7991 7'7 t.2783 -0.3727 -0.9536 -0.3610 -0.3389 -0.2868 0.5082 -o.2'768

35 I ll93 - l .0995 o.2489 - 1.0978 -o.2413 0.4s l5 -0.2420 0.4717 78 1'1962 -0.2t91 -0.9717 -0.2116 -o.4275 -0.1955 0.5513 -0. I 876

36 r.2000 -t.2000 0.3210 - 1.2000 -0.0933 0. I 656 -0.0873 o.1737 '79 0.921'7 -0.t992 -0.6156 -0.1942 -0.0863 -0.0582 0. l 387 -0.0568

.tt r.4000 1.4000 0.3745 -1.4000 0.1089 -0.1932 0.1018 -o.2026 80 t.045'7 -0. r 509 -0.7334 -o.1470 -0.r591 -0.0659 0.2351 -0.0641

38 1.2891 1.2664 o.2867 -t 2644 0.27'79 -0.5201 0.2788 -0.s433 8l 1.2092 0.3838 -1.0813 o.3611 -0.941s 0 7195 l.1788 0.6822

39 1.0088 -0.635s -0.4570 -o.6202 0.0506 0.5029 -0.415'7 0.4971 82 1.3590 0.594s 1.0s60 0 5'721 -o;7'713 1.0620 1.2643 1.0179

40 l.0l0l -0.6902 -o.3663 -o.6760 -0.0077 0.4021 -0.3067 0.4006 83 1.2730 0.7008 -0.8054 o.6782 -0.4184 l.1698 t.1084 l.l36l
4l 1.0400 -0.7486 -0.3086 -0.7349 -0.02s5 o.2670 -0 1935 0.2675 84 1.3151 0.8614 -0.6 r 87 0.8387 -o.1216 l.3ll6 1.0468 1.2923

42 0.9635 -o.7|L3 -o.2524 -0.6991 -0.01l4 0.0854 -0.0604 0.0859 85 1.1'702 0.8755 -0.3520 0.8578 0.t291 l. I 800 0.825'7 l 1800

43 0.9635 -0.7 r 13 -0.2s24 -0.6991 0.01l4 -0.0854 0.0604 -0.0859 86 1.1830 0.9808 -0 1607 0.9668 o.2998 1.t241 0.71 I 1 t.r40t

Table 4.3: Two-dimensional multipole microphone weights for the rectangular panel (calculated at 200
}lz)
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Mic #l 2D Multipole #

12345678
87 r.4789 0.2535 -t.3710 0.2430 -0.9795 0.3639 t.0994 o.3445

88 1.1460 0.3223 -0.9889 0.3098 -0.6395 o.4411 0.81 28 o.4201

89 1.0997 0.4228 -0.85 15 0.4017 -0.4654 0.5365 o;7240 0.5152

90 0.9003 0.4308 -0.6028 o.4l'71 -o.251'7 0.4903 o.5322 o.4753

9l l.0648 0.5974 -0.595 I 0.5808 -0.1589 0.s843 0.5416 o.5721

92 0.9708 -0.0606 -0.8258 -0.0585 -0.4014 -o.05'79 0.4790 -0.05s4

93 1.0067 o.0629 -0.8563 0.0606 -0.4162 0.0601 0.4967 0.0575

94 1.15t2 0.2108 -0.9352 0.203'7 -0.4115 0. 1 882 0.5306 0.1 806

95 o.8213 -0.0416 -0.5954 -0.0405 -0.1556 -o.o2t4 0.21'74 -0.0208

96 0.6886 0.0349 -0.4992 0.0339 -0.1 304 0.0179 0.t823 0.0174

9'7 0.9166 0.82t2 0.0120 0.8139 o.2928 0.7556 o.4430 0;7759

98 0.958 r 0.9078 o.1298 0.9036 0.2910 0.6112 o.3394 o.6340

99 0.8794 0.8639 0. 1 956 0.8625 0. I 896 0.3548 0.1902 o.3706

100 0.9800 0.9800 o.2621 0.9800 o.o762 0.1353 0.0713 0. l4l 8

101 1.0400 1.0400 0.2782 1.0400 -0.0809 -0.1436 -0.0756 -0.1505

l02 o.8294 0.8148 0. I 845 0.8 135 -0.1788 -0.3346 -o.1794 -o.3496

103 0.9800 0.6173 -0.4440 0.6025 -0.049t 0.4886 0.4038 0.4829

104 t.l'737 0.8020 -0.4256 0;t854 0.0089 o.4672 o.3564 0.4655

105 0.8956 0.6446 -0.265'7 0.6328 o.0220 0.2299 0.1666 o.2304

106 o.7226 0.5334 -0. r 893 o.5244 0.0085 0.0641 0.0453 0.0644

to7 0.84't9 0.6259 -o.2221 o.6152 -0.0100 -o.0'152 -0.0531 -0.0756

108 0.8552 0.2494 -0.6380 o.24r5 -o.2268 0.1918 0.3400 0. I 852

109 1.0455 0.39't6 -o.6994 0.38ó3 -o.t735 0.235'7 0.3205 0.2292

110 r.0736 0.4759 -o.6464 o.4635 -0.0898 0.1780 0.2078 0.1741

lll 0.7718 0.1 I t4 -0.5413 0.1 085 -o.1174 0.0486 0.1735 o.o4'73

lt2 0.6144 0.1328 -0.4t 04 0.1295 -0.0575 0.0388 o.0925 0.0379

113 0.8883 0.8416 o.1204 o.8377 -0.2698 -0.s666 -0.3t46 -0.5878

t14 0.8468 0.7588 0.0111 0;t520 -0.2'705 -0.6981 -0.4093 -0;n69

ll5 o.994t 0.8242 -0.1350 0.8125 -0.25 l9 -o.9447 -0.59'76 -0.9581

lr6 o.8727 0.6529 -0.2625 0.6397 -0.0963 -0.8800 -0.6158 -0.8800

117 0.8507 0.5570 -0.4001 0.5423 0.0786 -0.848 I -o.6769 -0.8356

118 o.97'70 0.5378 -0.6181 0.5205 0.3211 -0.8978 -0.8506 -0.87 19

119 o.7993 0.5753 -0.23'71 0.5647 -0.0r96 -0.2052 -o.1487 -0.2056

r20 0.9332 0.6376 -0.3384 0.6245 -0.0071 -o.3'Il5 -o.2833 -0.3701

121 0.8455 o.5326 -0.3830 0.5198 o.0424 -o.42t5 -o.3484 -0.4166

122 0.77'.l0 o.4359 -o.4343 0.4238 0.1159 -0.4264 -0.3952 -0.4175

t23 0.7949 0.3804 -0.5322 0.3682 o.2222 -o.4329 -0.4699 -0.419'7

124 0.8304 o.3952 -0.4679 0.3855 -0.0203 0.0505 0.0550 0.0496

t25 0.7131 0.3394 -0.4017 0.33 l0 0.ot14 -o.0434 -o.0472 -0.0426

t26 0.8210 0.3639 -0.4943 o.3544 0.0687 -0.1361 -0. r589 -0.t331

127 0.5981 0.1525 -0.3853 0.1488 -0.0185 0.01 57 0.0317 0.0153

128 o;1476 0.1906 -0.4816 0.1 860 0.0231 -0.0196 -0.0396 -0.0191

Table 4.4: Two-dimensional multipole microphone weights for the rectangular panel (calculated at 200

Hz)



236 Appendix A. Modal filtering weights

uic +l 3D Multipoìe # Mic #l 3D Multipole #

2 4-l -5 678 t234s67 8

I 0.9810 -0.9232 0.4023 -0.7024 0.42s2 -0.75 l8 -o.7307 0.4868 44 r.1156 -0.4631 -0.3 r51 0.2s06 -o 3321 0.2689 -0.8369 0.3030

2 t.17 47 -1.1545 0.3469 -0.6262 0.3691 -0.6821 - 1.034 r o.8742 45 1.306.5 -0.419'l -0 4841 0.3004 -0.5078 0.3I8r -0.8534 0 2008

J LO152 - l .0862 0. l9l5 -o.3527 0.2047 -0.3890 - l .0484 0.9968 46 l.1458 -o.2331 -o.49'73 0.1968 -0.5 194 0.2061 -0.65 l5 0.0756

4 1.2209 -r.2500 0.0726 -0.1 35 1 0.0778 -0. l 500 - l .2500 1.2500 47 0.7601 -0.17 51 -0. l0s6 0.0469 -0. I 106 0.0499 -o s420 0.t226

5 1.O7 44 -1.1000 -0.0639 0.1189 -0.0685 0.1320 -1.1000 l.1000 48 0.8763 -0. l 358 -0.182'7 0.0546 -0. I 909 0.0s78 -o.s892 o.084'7

6 t.0752 - 1.0862 -0.191s 0.3527 -o.2041 0.3890 -1.0484 0.9968 49 1.38ó6 0.5t26 - 1 .3035 -0.9609 -1.3122 -0.9063 o.4628 0.6835

7 0.9084 -0.6220 0.3355 -0.435 r 0.3550 -0.4680 -0.6909 0.3643 50 t.6920 0.8496 -1.4933 -1.48 t5 -t.5127 -t.4200 o.3164 0.9r50

8 0.9832 -0.7227 0.2640 -o.3642 0.2808 -o.3976 -0.8s57 0.5635 5l 1.s682 0.9'739 -1.2692 -t.5399 - 1.29s8 - 1.s056 0.0 r 43 0.7475

9 0 9629 -0 7400 0. r s68 -0.2247 0.167s -o.2481 -0.9142 0.6802 52 2.0286 1.4701 -1.4664 -2.0s00 - 1.5103 -2.0500 -0.3789 0.6302

t0 r.0099 -0.7929 0.0551 -0.0804 0.0590 -0.0893 - I .0005 0.7866 53 1.9039 1.5410 -1.1917 -1.8428 -1.2385 - I .8869 -0.7362 0. 1 309

ll o.9528 -o;7481 -0.0.520 0.07s9 -0.0557 o.0842 -0.9439 0.742t 54 t;t2r2 1 5225 -0.8966 -1.4893 -o.9402 - l .s609 -o.9929 -0.3669

t2 0.8380 -0.2692 0.3 105 -o.1926 o.3251 -o.2040 -0.5473 0. I 288 55 1.4573 0.2879 -1.0426 -0.4086 -1.0718 -0.4068 -0.2337 0.1408

l3 I .0167 -0.4220 0.2871 -0.2283 0.3026 -o.24st -o.7626 o.2161 56 1.3687 0.4400 -0.92s3 -0.s864 -0.9549 -0.5899 -0.334t 0.1487

t4 t.1232 -0.5390 0.1983 -0. l8 l0 0.2098 -0. l 965 -0.9361 0.4339 5'7 1.2316 0.53.5 t -0.762'7 -0.647'7 -o.79t3 -0.6609 -o.44ts 0.0706

l5 0.6035 -0.0935 0.1258 -0.0376 0. l3 l5 -0.0398 -0.4057 0.0584 58 1.2866 0.6868 -o.'1o44 -o;7274 -o.t3s4 -0.7s50 -0.6326 -0.0734

t6 0.8014 -0. I 852 0.1 l 13 -0.0494 0.1166 -0.0s26 -0.57 r 5 0.1293 59 l.1593 0.7159 -0.5371 -0.6346 -0.s64s -0.6708 -o.7306 -o.2535

l7 l. I 2s8 - l.1064 -o.3325 0.6001 -0.3538 0.6536 -0.9910 0.8378 60 1.2731 -0.0887 -o.5949 0.0810 -0.6199 0.0842 -0.66t 3 0.0208

l8 t.2t64 -1.1448 -0.4988 0.8709 -0.5273 0.9323 -0.906 r 0.6037 61 1.1467 0.0799 -0.53s8 -o 0729 -0.5584 -0.0759 -0.5957 -0.0188

19 1.0819 -0.9570 -0.5636 0.9361 -0.s9 r 0 0.981 l -0.624t 0.2306 62 1.3353 o.2116 -0.s79s -0.2293 -0.6053 -o.2401 -o.1s92 -0.0882

20 r 0358 -0.8416 -0.6483 1.0025 -0.6738 1.0266 -0.400s -0.0712 63 0.9098 -0.0496 -0.2242 o.0236 -o.2339 o.0249 -0.s8s4 o 0284

2l 1.0885 -0.7888 -0.7869 I .1000 -0.8 104 I .1000 -o.2033 -0.3381 64

65

66

6'7

68

69

70

ll
'72

t5

't4

75

76

7'7

18

o.7lL3 0 0388 -0.1753 -0.0185 -0. I 829 -0.019s -0.457'7 -o.0222

22 1.0620 -0.6595 -0.859s 1.0429 -0.8775 1.0196 0.0097 -0.5062 t.7 168 l.6r s6 -0.7040 -t.2291 -0.7442 - I .3157 | 278'7 -0.85 l9

23 1.0487 -0.8059 -0. l 708 o.2447 -0.1824 0.2102 -0.9956 0.7408 1.5663 r.5393 -0.4625 -0.8349 -0.4922 -0.9094 1.378'7 -r.1656

24 1.202'7 -0.8840 -0.3229 0.4455 -0.3435 0.4864 -1.0467 0.6894 1.6129 1.6293 -o.2812 -0.s291 -0.3070 -0.5835 1.5726 -t.4951

25 1 .0s 18 -0;7202 -0.3885 0.5038 -0.41l0 0.5419 -0.8000 0.4218 1.5140 1.5500 -0.0901 -0.1675 -0.0965 -0. I 860 - I .5-500 t..5500

26 0.8048 -o.49'to -o.3728 0.4406 -0.3919 0.4657 -0.5072 0.1760 1.61 16 r.6500 0.0959 0. l 783 0. I 028 0.1980 - l .6s00 1.6500

27 0.9026 -0.481 8 -0.4941 0.5103 -0.5 t59 o.5297 -0.4438 0.0515 t.s444 t.5602 0.2'750 0.5066 0.2940 0.5587 - l 5059 1.4317

28 1.0325 -0.5296 0.0620 -0.0602 0.0657 -0.06s8 -0.9100 o.4719 l.s r 08 1.0344 -0.5581 -0.7236 -0.s903 -o;7783 -t.t490 -0.6058

29 1.032s -0.5296 -0.0620 0.0602 -0.0657 0.06s8 -0.9100 0.47 19 1.3746 1.0103 -0.3691 -0.5091 -o.3926 -0.5559 -1.1963 -0.7878

30 0 7368 -0.3536 -0.1301 0.il87 -o.r377 0. r 289 -0.6141 o.2846 1.41 10 1.0843 -0.2298 -o.3293 -o.2454 -0.3635 - 1.3395 -0.996'7

3l o.949'7 -0.2583 o.0462 -o.0241 0.0485 -0.0258 -0.7045 0.1937 t.1433 o.8977 -0.0624 -0.0910 -0.0668 -0.101I -t 132'7 -0.8905

32 1.0323 -0.2801 -0.0s03 o.0262 -o.0527 0.0280 -0.7658 0.210s t.t7 19 0.920t 0.0640 0.0933 0.0685 0.1036 -r.1610 -o.9t27

-t-t r.2939 -0.649'7 -t.t419 1'1329 - l. ls68 1.0859 0.2419 -0.6997 1.5138 0.4862 -0.5609 -0.3480 -0.5883 -0.3686 -0.9887 -o232'7

34 1.2070 -0.4462 -1.1347 0.8364 -t.1423 0.7890 0.4029 -0.5950 1.2716 0 5303 -0.3608 -0.2869 -0.3803 -0.3080 -0.9s83 -o.3470

35 l.t l9l -0.253s -1.0964 0.4983 - I .0989 0.4648 0.4905 -0.3844 l. 1950 o.5735 -0.2r r0 -0.1926 -0.2233 -0.2091 -0.9960 -0.4616

36 r.2000 -0.091 6 - I .2000 0. 1 843 - l .2000 0. I 709 0.5912 -0.14'76 79 0.9176 o.t422 -0. I 913 -0.0571 -0. I 999 -0.060-5 -0.6170 -0.0887

1.4000 0. I 068 - 1.4000 -0.215 I 1.4000 -0.1994 0.6898 0.1122 80 104r0 0.2406 -0.1446 -0.0642 -0.15r4 -0.0684 -o.7423 -o.1679

38 1.2889 o.2919 -1.2628 -0.5739 1.2657 -0.53s3 0.5650 0.4428 8l 1.2041 1 .1 833 0.3556 0.6418 0.3'784 0.6991 - r.0599 -0.8960

39 1.0103 -0 4389 -0.62s7 0.53 l3 -0.6491 0 5422 -0.3621 -0.0579 82 1.3538 1.2740 0.5551 0.9693 0.s868 l.0375 - l .0084 -0.6718

40 1.0121 -0.3253 -0.6842 0.4336 -0;7061 o.4362 -0 2470 -0. l 099 83 r.2688 | 1223 0.6609 1.0978 0.6930 t.1506

r.3003

-0.7319

-0.5073

-0.2704

0.09024l 1.0423 -0.20s9 -0;7457 0.2922 -0.t666 o.2909 -0.1672 -0. l 007 84 1.3120 1.0660 0.8212 1.2699 0.8s3s

42 0.9658 -0.0644 -0.7 t04 o.0942 -0.7288 0.0933 -0.1122 -0.0366 85 1.1671 0.8462 0.844 I 1.1800 0.8693 l. I 800 -0.2 l8l 0.3627

43 0.9658 0.0644 -0.7104 -0.0942 -0.7288 -0.0933 -0.1r22 0.0366 86 I l8ll o;7335 0.95-59 l.1598 0.9759 l. r340 0.0107 0.5630

Table 4.5: Three-dimensional multipole microphone weights for the rectangular panel (calculated at 50
Hz)
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røic + 
|

3D Multipole #

2345678
8'7 r.4778 1.1356 o.2407 0.3449 o.25'70 0.3807 -1.4029 -t.0439

88 l. 1455 0.8419 0.3076 o.4243 0.3271 0.4632 -0.9969 -0.6s65

89 1.0996 0.7529 0.4062 0.s261 0.4297 0.5665 -0.8363 -o.4409

90 0.9006 0.5561 0.4172 0.4930 0.4385 o.5211 -0.56'76 -0.1970

91 1.0658 0.5689 0.5835 o.6025 0.6092 0.6254 -0.5240 -0.0608

92 o.9697 0.4973 -0.0582 -0.0s65 -0.0617 -0.0618 -0.8546 -o.4432

93 1.0056 0.5157 0.0603 0.0586 0.0640 0.0641 -0.8863 -o.4s96

94 t.t50l 0.5519 0.2030 0. I 853 o.2149 0.2012 -0.9586 -0.4443

95 0.8 176 o.2223 -0.0398 -0.020'7 -0.0417 -o.0222 -0.6065 -0.1667

96 0.6854 0. I 864 0.0334 0.0174 0.0350 0.0186 -0.508s -0. l 398

97 o.9t57 0.4598 0.8081 0.80r 8 0.8 187 0.768s 0.t7 t2 o.4952

98 0.9576 0.3540 0.9003 0.6636 0.9063 0.6259 o.3196 o.4721

99 0.8793 0.1992 0.8615 0.39 r 5 0.8634 0.36s2 0.3854 0.3021

100 0.9800 0.0748 0.9800 0.1 505 0.9800 0.1396 0.4828 0.1206

101 1.0400 -o.o'794 1.0400 -0 1598 1.0400 -0.148 I o.5124 -0. I 280

102 0.8293 -0. I 878 0.8 125 -o.3693 0.8144 -o.3444 0.363s -o.2849

103 0.9814 o.4264 0.6078 0.516t 0.6306 o.5267 -0.35 l8 0.0563

104 t.t] 59 0.3780 0.7950 0.s038 0.8204 0.5068 -0.2870 0.1277

105 0.8976 o.t7'73 o.642t o.2516 0.6601 0.2505 -0.t439 0.0867

106 0.7243 0.0483 0.5328 0.0707 0.s466 0.0700 -o.0842 0.0275

107 0.8499 -0.0567 0.6251 -0.0829 o.6413 -0.0821 -0.0987 -o.0322

108 0.8547 0.3548 0.2414 o.t920 o.2544 0.2060 -0.6411 -0.2321

109 1.0452 o.3357 0.3873 o.2403 o.4062 0.2545 -o.6827 -0. I 606

110 t.0'736 o.2t84 0.4659 0. I 844 0.4867 0.1931 -0.6104 -0.0709

t1l 0.7683 o.1776 0.1067 o.0474 0.1118 0.0505 -o.5479 -0.1239

112 0.61l8 0.0948 0.1275 0.0381 0. r 333 0.0403 -0.41l3 -0.0592

t13 0.8878 -0.3282 0.8346 -o.6152 o.8402 -0.5803 o.2963 -0.43'77

lt4 0.8460 -o.4248 o;7466 -0.7408 0;7564 -0.7100 0. I 582 -o.45'75

115 0.9925 -0.6164 0.8033 -o.9746 0.8201 -o.9529 0.0090 -o.473t

I l6 0.8708 -0.6311 o.6295 -0.8800 0.6483 -0.8800 -0.1627 -o.2705

lt7 0.8484 -0.6893 0.5310 -0.8211 0.55 t 9 -0.8408 -0.3280 -0.0583

118 0.9737 -0.8613 0.50'72 -0.8425 0.5319 -0.8830 -0.5617 0.2076

ll9 0.8010 -0.1583 o.5't3r -0.2246 0.5891 -0.2236 -0.1285 -0.07't4

120 0.9350 -0.3006 o.632t -0.4006 0.6s23 -0.4029 -0.2282 -0.1015

t2t o.8467 -0.3679 o.5244 -0.4453 0.5440 -o.4544 -0.3035 -0.0485

122 0;n7'l -0.4151 0.4258 -0.439'7 0.4446 -0.4564 -o.3824 o.0444

123 o;7952 -0.4910 0.3684 -0.4353 0.3872 -0.4601 -0.5012 o.1'739

124 0.8307 0.0579 0.3 881 0.0528 o.4045 0.0550 -0.43 rs -0.0136

125 o.1133 -o.049'7 o.3333 -o.0454 o.34'73 -o.0472 -0.3705 0.0117

126 0.8210 -0.1 670 0.3563 -0.1410 o.3'722 -o.1476 -0.4668 0.0542

l2'7 0.5955 o.0325 0.t467 0.0155 0.153 I 0.0163 -0.3832 -0.0186

128 0.7444 -0.0406 0.1 834 -0.0r93 0.19t4 -0.0204 -0.4789 0.0232

Table A.6: Three-dimensional multipole microphone weights for the rectangular panel (calculated at 50

Hz)
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Mic # 3D Multipoìe #

6 8

Appendix A. Modal filtering weights

Mic # 3D Multipole #

2 512345 7 J 4 6 7 8

I 0.9997 -0.8838 0.4658 0.2485 0.4529 0.3208 -0 8l 13 0.0782 44 0.9022 0.1 88 1 0.1058 -0.1989 o 1357 -o;7596 0. I 355 -o.691'7

2 1.1998 - 1.1288 0.4087 0.2 1 l8 0 3960 0 2877 -0.9489 -0.1 196 45 1.0541 0.r720 0. l 648 -0.9204 0.2083 -0.88 19 0.0184 -0.5390

3 1.0999 - I 0780 o.2283 01t45 0.2207 0.1624 -0.8541 -0.2625 46 0.9225 0.0961 0.t7 t2 -0.581 I 0.2139 -0.s613 -0 0894 -0.2628

4 1.2500 - I .2500 o.o872 o.0428 o.0842 0.0623 -0 96t4 -o.3932 4'7 0.5723 0.1469 0.08s9 -0.2053 0.0968 -0. I 907 0.33 t0 -0.3420

5 l.1000 -1.1000 -0.o161 -0.0371 -o.0741 -0.0548 -0.8460 -o.3460 48 0.6591 0.1137 0.1489 -0.235t 0.1672 -0.2190 03271 -0.2474

6 1.0999 - 1.0780 -0.2283 -0. I i45 -0.2207 -0.1624 -0.8s41 -o.2625 49 1.3880 o.4171 -1.32'72 o.3232 -t322s 0.3691 - I .3556 -0.5'711

7 0.8158 -0.1070 0.1036 0.8625 0.0787 0.8596 -0.2859 -0.5103 50 1.6978 0.7060 -1.5462 0.5218 -1.535'7 0.59 l0 -1.6196 -o.8'751

8 0.88s0 -0-1324 0.0844 0.7437 0.0634 0.7405 -0.2331 -0.1624 5l 1.5783 0.8306 -1.3415 0.5639 -1.3272 0.6387 -1.462s -0.8800

9 0.8682 -0.1418 0.0514 0.4682 0.0384 0.4662 -0.1736 -0.9155 52 2.0482 1.2913 - I .5861 0.1616 -1.s623 0.8810 - r.8366 - l .0765

l0 0.91l4 -0.155.5 0.01 83 0.1692 0.013ó 0 1686 -0.t517 -1.0600 53 1.9287 1.4009 1 3201 0.6908 -1.2944 0.8148 -1.6'706 -0.8 137

ll 0.8598 -o.1467 -0.0173 -0. ls96 -0.0128 -0.1590 -o.1432 1.0000 54 1.7492 1.4t 98 1.0166 o.5470 -o.9924 0.6119 -t.4643 -0.460s

l2 0.6760 0.r r03 -0. r 057 0.5903 -0. 1 336 0.5656 0.01 l8 -o.3457 55 1.2925 0.0363 -o.26'70 o.6525 -0.21 s8 0.6754 -1.0453 -0.0 r 54

l3 0.8222 o.t714 -0.0964 o.7281 -0.1236 0.6922 0.1235 -0.6304 56 1.2160 0.0571 -0.2432 o.97 t2 -0. I 948 0.9961 -o.9077 0.0108

t4 0.9102 o.2161 -0.06s7 0.s959 -0.08s4 0.5635 0.2419 -0.9153 51

58

59

60

61

62

63

64

65

66

67

68

69

70

7l

72

ti

74

75

76

77

78

79

1.0968 o.o74t -0.20'77 t.1233 -0.1644 l.1405 -0.7245 0.0829

l-5 0.4s39 0.0783 -0.1026 0. l6l9 -0.1152 0.1508 0.2253 -0.1704 t.1490 0.10 t 9 -0.1999 1.3247 -0.1561 1.3330 -o.6427 0.2338

l6 o.6034 0.t549 -0.0906 o.2164 -0.102t 0.2010 0.3490 -0.3606 1.0383 0.1 145 -0.1592 1.2100 -0.122s 1.2100 -o.4699 0.4085

1'7 1.1498 -l.0818 -0.3916 -0.2030 -0.379s -0.21s8 -0.9094 -0. I 146 1.0217 o.036'7 o.2061 -o.2338 0.2ss8 -o.2270 -0. r 666 -0.0929

18 1.2396 - I .0959 -0.5776 -0.3082 -0.5616 -0-3978 -1.0060 0.0970 0.9221 -0.0330 0. l 8s6 02106 o.2304 o.2045 -0. I 500 0.0837

l9 1.0995 -0.8925 -0.6390 -0.3439 -0.6238 -0 4223 -0.9204 0.289s 1.07s0 -0. r 120 0 1995 o 6'772 0.2493 0.6541 -0.1042 o3062

20 1.0493 -o.7621 -0.-1182 -0.37s8 -o7042 -0.4433 -0.9089 0.442'7 0.6837 0.0416 0.t829 -0.1006 0.2050 -0.0939 0.2998 -0.0862

2t r.0990 -0.6929 -0.851 I -0 4t l9 -0.8383 -o.472'7 -0.98.55 o.5777 0.534-5 -0.0325 0 1430 0.0787 0. r 603 0.0734 0.2344 0.0674

22 r.0688 -0.s62s -0.9085 -0.3819 -0.8988 -o.4326 -0.9904 0.5959 1.7 495 1.5466 -0.8152 0.4350 -o;1925 0.56 r4 -t.4t97 -0.1369

23 0.9455 -o.1544 -0.0560 -0.5099 -0.041 8 -0.s078 -0.1 890 -0.9971 1.5998 1.505 I -0.5449 0.2824 -0.s280 0.3837 -1.2652 0. I 594

24 1.0826 -0.1619 -0.t032 -0.9098 -0.0776 -0.9059 -0.2852 -0.9326 t.6499 1.6169 -0.342s 0.1'717 -0.331 I 0.2437 -t.28t2 0.3937

25 o.9446 -o.1239 -0. I 200 -0.9986 -0.0912 -0.9953 -0.331 I -0.5908 1.5500 l ss00 -0.108 l 0.0531 -o.t044 0.0772 -r.l92t 0.4876

26 0.7208 -0.0795 -0. I l0s -0.8400 -0.0851 -0.8400 -o.3262 -0.2836 1.6500 r.6500 0. t t5l -0.0565 0.1il1 -0.0822 -1.2691 0.5 190

2l 0.8060 -0.0715 -0.1402 -0.9292 -0. I 095 -0.9351 -0.4509 -0. l 640 t.5'799 1.5483 0.3280 -o.1644 0.3 | 70 -0.2333 -1.2268 o.3170

28 0.8378 0.21l5 -0.0204 0.20t7 -o.0267 0. I 903 0.2'78'7 -0.9667 1.3567 0.1780 -0.1't23 1.4344 -0. l 309 1.4296 -0 47s6 0.8487

29 0.8378 0.2rt5 0.0204 -0.201'7 0.0261 -0.1903 0.2787 -0.9667 1.2373 0. l 850 -0. l 180 1.0398 -0.0887 r.0353 -o.3259 1.0659

30 0.5971 o.1422 0.043 r -0.3909 0.0560 -0.3697 0.1587 -0.600s 1.2722 0.20'7'7 -0.o754 0.6860 -o.0562 0.6832 -o.2543 1.3415

3l o7151 0.2r57 -0.o376 o.106'7 -o.0424 0.0989 0.45s4 -0.5268 1.0317 0.1761 -0.020'7 0.t916 -0.0154 0. I 908 -0.17 l8 r.2000

32 0.7780 o.2344 0.0408 -0. I 160 0.0461 -0.1075 0.4950 -o.5'726 1.0575 0. I 805 o.o2t3 -0. l 963 0.0158 -0. r 956 -0.r761 1.2300

33 1.2983 -0.5398 1.t824 -0.3990 -l.l't44 -0.45 l9 -1.2385 0.6696 | 2212 -0.1993 0.1 909 1.0664 o.24t4 I .0218 o.o2l4 o.6245

34 1.2082 -0.3631 r.1554 -0.28 l3 - t .l5l3 -0.3213 -r.1800 0.497 | 1.0332 -0.2154 0.l2lt 0.9t49 0.1554 0.8699 0.1552 o.792t

35 r.l 183 -0.2032 t.1032 -0.1608 -l.l0l8 -0. r 858 -l.lr05 0.2943 0.968s -0.2306 0 0699 0.6340 0.0908 0.5996 0.25'74 0.9739

36 l.r98l -o.0'729 1.2000 -0.0580 -1.2000 -0.0676 -1.2000 0. r 082 o.6902 -0.ll9l 0. I 559 0.2462 0. 175 I 0.2294 0.3426 0.2591

3'7 1.39'77 0.0850 -1.4000 o.0671 - 1.4000 0.0789 - 1.4000 -0.1262 80 0.7839 -0.2011 0.1t77 0.2812 0.1326 0.26t1 0.4533 0.4684

38 1.2880 0.2341 -1.2706 0. I 852 1.2691 o.2140 -1.2790 -0.3389 81 t.2298 l.l57l 0.41 89 -0.2171 0.4059 -0.2949 -o.9t26 0.1226

39 0.8991 -0.0608 -0.1704 -0-92t4 -0. I 348 -0.9355 -o.5943 -0.0680 82 1.3-t96 t.2196 0.6428 -0.3430 0.6250 -0.4427 -1.1195 -0. l 079

40

4l

o.8992

0.9245

-0.0426

-0.0260

-0 1798

-0.19 l0

-0.71 8 I

-0.4667

-0.1440

-0. r 543

-0.7366

-0 483 1

-0.6112

-0.7476

-0.0080 83 1.2894 1.0466 o.7494 -o.4032 0.73 r.5 -o.49s3 -1.o794 -0.3395

0.0110 84 1.3291 0.96s4 0.9097 -0 4760 0 8920 -0.5615 -1.1512 -0.5607

Á1 0.8s58 -0.0080 -o.t'794 -o.t475 -0.1457 -0. I 535 -0.1201 0.0057 85 1. r 789 0.7433 0.9 130 -0.441 8 0.8993 -0.s071 1.0572 -0.6'i97

43 0.8558 0.0080 -0.1794 0.1475 -0.t457 0.1s35 -0.7201 -0.0057 86 l.1887 0.6256 1.0104 -o.4247 0.9996 -0.481 r l l0l5 -0.6628

Table 4.7: Three-dimensional multipole microphone weights for the rectangular panel (calculated at 200
Hz)
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Mic # 3D Multipole #

123456',l8
8'l t.3323 0.2176 0.0789 -0.7 185 0.0589 -0.7155 -0.2664 t.4049

88 1.0310 0.1542 0.0983 -0.8665 0.0739 -0.8627 -o.2716 0.8882

89 0.9875 0.1296 0.1254 -1.0440 0.0953 -1.0406 -o.3461 o.6t'7'7

90 0.8066 0.0890 0.1236 -0.9400 0.0952 -0.9400 -0.3650 o.3t't3

91 0.95 18 0.0844 0. I 656 1.0973 o.t293 -r.t042 -o.5324 o.1937

92 0.7868 -0. I 986 0.0191 0. I 894 0.025 r o.t'787 o.2617 o.9079

93 0.8159 -0.2060 -0.0198 -0. r 965 -0.0260 -0. I 853 0.2714 0.9415

94 o.9321 -0.2219 -0.0673 -o.6t02 -0.0874 -0.57'70 0.2477 0.9373

95 0.6161 -0. 1 857 o.0324 0.0919 0.0365 0.0852 o.3920 0.4535

96 0.5 166 -0.1 557 -0.0271 -0.0770 -0.0306 -0.0714 0.3287 0.3802

97 0.9r 88 0.3820 0.8368 -o.2824 0.831 l -0.3 198 -0.8765 -0.4739

98 0.9586 0.2881 0.9166 -0.2232 0.9134 -0.2550 -o.9362 -0.3944

99 0.8786 0.1591 0.8668 -o.1263 0.8657 -0.1 460 -o.8125 -o.2312

100 0.9'784 0.0595 0.9800 -0.0474 0.9800 -o.0552 -0.9800 -0.0883

101 1.0383 -0.0632 1.0400 0.0503 1.0400 0.0586 -1.0400 0.0937

102 0.8287 -0. I 506 0.8 175 0.lr9l 0.8 l6s 0.1377 -0.8229 0.21 8l

103 0.8740 0.0591 0.1655 -0.895 I 0.1310 -0.9088 -0.5774 0.0661

r04 1.0441 0.0495 0.2090 -0.8344 0.16'74 -0.8558 -0.7798 0.0093

105 o.796t 0.0224 o.t644 -0.4019 0.1329 -0.4160 -0.6438 -0.0095

r06 0.6418 0.0060 0.1346 -0. I 106 0.1093 -0.1 l5 l -0.5401 -0.0043

l0'7 0.7531 -0.0070 0.1 579 0. r 298 0.1282 0.r351 -o.6337 0.0050

108 o.6912 -o.144t -0.0810 -o.6121 -0. 1 039 -0.s820 0.1038 0.5300

109 o.8432 -o.1376 -0. l3 l8 -0;7363 -0.1661 -0.7055 o.014'7 o.4312

110 o.8644 -0.0900 -0.1604 -o.5445 -0.2004 -o.5260 -0.0837 o.2462

lll 0.5786 -0.1 485 -0.0869 -0.2075 -0.0978 -o.t92'7 0.3346 o.345'7

l2 0.4601 -o.o'794 -0.1040 -0.164 I -0.1168 -o.1529 o.2284 0.172'7

113 0.8887 -0.2671 0.8498 o.2069 0.8468 0.2364 -0.8680 o.3657

tt4 0.8489 -0.3530 0.7't3l 0.2609 o.7679 o.2955 -0.8098 0.4378

115 0.9989 -0.5257 0.8490 0.3s69 0.8400 o.4043 -0.9256 0.5569

ll6 o.8792 -0.ss43 0.6808 0.3295 0.6706 o.3782 -0.7884 o.4621

I l'7 0.8s94 -0.6242 0.s883 0.3078 0.5768 0.3631 -o.7444 o.3626

118 0.9895 -0.8032 0.5751 0.3095 0.5614 0.380 r -0.8284 o.2605

lt9 0.7105 -0.0200 0.1468 0.3587 0.1186 o.37t3 -0.5746 0.0085

120 0.8307 -0.0394 0.166 I o.6634 0.r331 0.680s -0.6200 -0.0074

121 o;t540 -0.0510 0.1428 o;7723 0.1 130 0.7841 -0.498 r -0.0s70

122 o.6945 -0.0616 0.1208 0.8007 0.0943 0.8058 -0.3885 -0.1413

123 0.7r22 -0.0786 0.1092 0.8300 0.0840 0.8300 -0.3223 -o.2802

124 o.6679 -o.0239 -0.1344 -o.1525 -0.1669 -0.1 48 1 -0.1087 0.0606

125 0.5736 0.0205 -0.1 1 55 0.1 3 10 -0.1433 0.1272 -0.0933 -0.0521

126 0.6610 0.0688 -o.1227 o.4164 -0.1533 o.4022 -0.0640 -0. l 883

127 o.4475 -0.0272 -0. 1 197 -0.0658 -0.1342 -0.0615 0.1962 0.0564

t28 0.5594 0.0340 -0.1497 0.0823 -0.r6't7 0.0't69 0.2453 -0.0706

Table 4.8: Three-dimensional multipole microphone weights for the rectangular panel (calculated at 200

Hz)
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Mic # Radiation mode #

Appendix A. Modal filtering weights

Mic # Radiation mode #

234s 678 12345678
I 0.691r -0.168 l o.9829 0.6956 -0.3031 -0.9788 o.l'772 o.3067 44 0.7138 -0.7409 0.5433 0.5456 -0.7163 -0.5073 0.7663 0;7201

2 0.8020 -0.3056 1.1494 0.7905 -0.s554 l. t38l 0.3217 0.561 6 45 0.8259 -o.9428 o.53'7'7 0.-5868 -o.7199 -0 4944 0.9708 0.7826

3 0.7125 -0.3689 l.0 t 73 0.68 l2 -0.6680 -o.9993 0.3814 0.6'748 46 0.72t2 -0.8793 o.3116 0.4808 -0.5851 -o.3428 o.9022 0.s863

4 0.7867 -0 s 128 1.r068 0.7224 -0.91s2 1.0762 0.5368 0.9233 41 0.s 193 -0.4471 0.3105 0.4393 -0.3394 -0.2967 o.465'7 o.3423

5 o.6743 -0.5274 o.9252 0.s890 -0.9 182 -0.8887 0.5500 0.9250 48 0.5928 -0.5680 0.2946 0.4164 -0.3585 -0.2783 0.5896 0.361r

6 0.6586 -0.s9t6 0.8722 0.541 8 - I .0046 -o.8262 0.6206 r.0103 49 0.8041 -t.3791 0.0005 o.2562 -0.0012 -0.0004 1.3735 0.0011

1 o.654'7 -0.1827 0.7558 0.6572 -o.26t4 -o.7529 o.1927 0.2709 50 r.0033 - l .6980 o.1220 0.3381 -0.2629 -0 r 000 t.6937 o.2604

8 0.6877 -0.2773 0.8134 0.6760 -0.4160 -0.8057 0.2920 0.42tt 5l o.9544 - I .-5800 o.2305 0.3498 -0.4859 -0. l 908 1.5800 o.48t7

9 0.6545 -0.346'7 0.7'796 0.624'7 -0.5239 -o.1663 0 3642 0.5297 52 1.27 t5 -2.0396 0.4550 0.5168 -o.9291 -0.381s 2.046s 0.9223

l0 0 6682 -0.4382 0.7890 0.6137 -0.656s -0.7680 0.4589 0.6629 53 r.2331 - 1.8963 0.5784 o.5623 1.1320 -o.4926 1.9108 1.1256

II 0.6148 -o.4791 0.7090 0.538s -0.701 I -0.6821 0.4999 0.7069 54 |.1552 - I .6828 0.6625 o.s931 1.227'7 -0.5'744 1.7040 1.2232

l2 o.6379 -0.1400 0.49s0 0-6461 -0. I 378 -o.4949 0.14'79 0.1 398 55 0.880s -1.3312 o.1207 o.4t44 -0.2333 -0. I 033 1 3493 o.2322

l3 o.1477 -0.2s34 0.6492 0.7450 -0.2791 -o.6460 o.2673 o.2829 -56 o.842'7 -1.2657 0.0170 0.4067 -0.0326 -0.0146 1.2785 o.0324

14 0.7981 -0.3815 0.7344 0.7731 -0.44s3 -0.7253 0.40'i4 0.4s09 57 o;7758 -1.1394 o.o'724 o.3928 -0. I 353 -o.0627 1.1533 0. I 348

15 0.4563 -0.1695 0.25 18 0.4s26 -0.1 l 87 -0.2504 0.1788 0 1203 58 0.8323 - 1.1 807 0.16'77 o.4s02 -0.3026 -o.1467 l. I 987 0.3019

l6 0.5890 -o.2'782 o.371t 0.57 l9 -02260 -o.3730 0.2928 o.2290 59

60

6l

62

Õ-J

64

65

66

67

68

69

'70

'71

72

13

'74

0.7727 -r.044s o.2333 o.4s23 -0.401l -0.2068 1.0643 0.4008

l7 o.6'743 -0.6923 0.8s30 0.5 175 -t.n2t -o.7951 0.1t57 l.l 163 0.8043 - 1.0196 0.3096 0.5t32 -0.4989 -0.2788 1.0436 0-499s

l8 o.7 t4t -0.8 135 0.8s33 0.5065 -1.2348 -o.7829 0.8369 1.2372 o.7333 -0.9413 0.1'771 0.4609 -0.2890 -0.1591 o.9628 0.2893

19 0.6239 -o.7'761 0.6959 0.4054 - 1.1000 -o.6276 o'7945 l. 1000 0.8714 -l.to29 0.0875 o.5574 -o.140'7 -0.0788 t.t29t 0.1409

20 0.-5884 -0 7885 0.6043 0.3474 -1.029s -0.s3s6 0.E032 1.O275 0.6157 -0.6258 0.2292 o.4779 -0.2959 -0.2t48 0.6481 o.2978

2t 0.61 08 -0.8716 0.5687 o.32s1 t.0322 -0.4955 0.8836 r.0283 o.4867 -0.5003 0. I 163 0.3751 -0. l5 19 -0.1 089 0.5 r 80 o.rs29

22 0.5905 -0.888 I 0.4892 0.2832 -o.9362 -o.4194 0.8964 0.931 l l. I 968 1.6285 0.8010 0.6924 -1.3859 -0.7081 t.6580 l 3839

23 0.6615 -0.5940 0.7340 0.s4'7'7 -0.8368 -0.6970 0.61-t4 o.8423 1.1364 1.4205 0.85? I 0;7361 -1.3616 -0.7734 1.4s41 1.3629

24 0.7434 -0.751 l 0;1820 o.s774 - l .0033 -0.73t9 0;7774 1.0082 1.219't 1.37 l8 1.007 I 0.8769 -1.4390 -o.92'78 1.4132 t.4439

25 0.6388 -o.7121 0 6269 0.4623 -0.8877 -0.5780 0.7338 0.8905 | 1942 -t.t'769 I .0521 0.9428 -1.3167 -0.9889 1 2196 1.3244

26 0.48 l8 -0.5829 o.4334 o.3233 -o.6662 -o-3936 0.5980 0.6612 1.3260 -r.r050 L2t59 1.1352 -1.2862 -1.1644 l. l5l5 't.2968

2'7 0.5345 -0.691 6 0.4317 0.331'7 -0.7101 -0.3864 o;7066 0.7 r00 1.3242 -0.8868 1.2318 1.2122 -1.0467 -1.1990 0.9287 1.0576

28 0.7103 -0.4448 0.6621 0.6599 -0.5260 -0.6469 0.4663 0.531 8 1.0404 -t.3194 0.4080 0.6634 -0.6578 -0.36'74 1.3505 0.6s86

29 0.6899 -0.5340 0 6256 0.6065 -0.6146 -0.6030 0.5576 0.6202 0.9800 -1.t454 0.4600 0.68 l8 -0.6833 -o.42t3 1. 178 I 0.6855

30 0.4804 -0 4388 o.4075 0.3951 -0.4'r26 -0.3866 0.4561 0.4760 1.0428 - 1.0996 0.5533 0.7892 -0;7412 -0.5 t 57 I .1 368 o;7452

3l o.6782 -o.40'75 o.4594 0.6358 -0.3502 -o.4502 0.4217 0.3543 o.8762 -0.81l9 0.501 8 0.716s -0.s904 -0.4758 o.8437 0.5949

32 0;7187 -0.s294 0.47 s3 0.6423 -o.4444 -o.4603 0.5536 0.4489 75 0.9306 -0.7327 0.55 12 0.8146 -0.5509 -0.531 I 0.76s 1 o.ss62

33 0.7153 -1.1233 0.5 l5 I 0.3083 -1.0296 -0.4349 1.1292 1.0224 '76 1.0154 -1.23t'7 0.0315 0.6814 -0.0486 -0.028'r r.2644 0.0487

34 0.6659 - L0825 o.4041 0.2s91 -0 8364 -0.3368 t.0844 0.8295 77 0.8860 -0.9983 o.1282 o.631s -0. r 836 -0.1 r 83 1.0291 0. 1 844

35 0.6185 -l 0323 o.3029 0.2197 -o.6437 -0-2497 r.03 r 1 o.63'77 18 0.8601 -0.868s o.199'7 o.6706 -o.2561 -o.18-74 0.8998 0.2s78

36 0.6671 -1.t342 0.2465 0.2204 -0.5338 -0.2016 1 .1 306 0.5284 '79 0.64t1 -0.6347 o.o733 0.5060 -0.0922 -0.0690 0.6581 0.0928

37 0.7860 - 1.3509 0-1944 0.2481 -0.4255 -0.1582 1.3449 0.4210 80 0.7478 -0.67'71 0.01 l 8 0.6192 -0.01 36 -0.0112 o.1044 0 0r37

38 o.7340 -1.2651 0.0910 o.2287 -0.1998 -0.0740 t.259t 0.1977 8l r.0737 -0.5335 0.9849 1.0352 -0.6207 -0.97 r 5 0.5610 o.6284

39 0.5939 -08115 0.4203 0.3413 -o.7304 -0.37 t I 0.8260 0.7291 82 t.2st3 -0.3982 1.0949 r.2508 -0.4419 - I .0905 0.4200 0.4479

40 0.5930 -0.84-s7 0.3_s64 0 3t73 -0.6464 -0.3 I l0 0.8579 0.6445 83 1.2099 -0.16'73 0.9692 1.2338 -0. r700 -0.9'707 0. r 768 0.1'725

4t 0.6113 -0.8998 0.2989 0.3079 -0.5597 -0.2584 0.9104 0.5575 84 1.2828 -0-0475 0.8908 t.3142 -0.041 8 -0.8935 0.0502 0.042s

42 0.s695 -0.8560 0.2125 0.2743 -0.4065 -0. l 825 0.8645 0.4046 85 1.1620 -o.2134 o.6462 1 .1 800 -o.1646 -0 6468 o2466 0 167l

43 0.5752 -0.8736 0.t469 0.2706 -0.2839 -0.12s7 0.88 r4 0.2825 86 l. l 863 -0.4101 o 4623 1.1824 -0.2028 -0.4606 o.4321 o.205'7

Table 4.9: Radiation mode microphone weights for the rectangular panel (calculated at 50Hz)
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Mic # Radiation mode #

12345678
8'7 l .2138 -o.7'764 o.7117 1.t243 -o.5777 -0.6954 0.8143 0.5844

88 0.9701 -o.4729 0.5359 0.9389 -o.3314 -o.s296 0.4977 0.3358

89 0.9560 -0.3210 0.4673 0.9542 -0.r990 -0.4656 0.3387 o.2019

90 0;7991 -0.r522 o.3163 0.8 126 -0.0764 -0.3 t 68 0. I 608 0.0'775

91 0.9586 -0.0556 o.2639 o.9826 -0.0194 -o.2649 0.0588 0.0197

92 o.7253 -0.6287 o.2066 0.6123 -o.22'73 -o.r974 o.6549 0.2294

93 0.7804 -0.5510 o.2301 0.7065 -0.2062 -o.2236 0.5'769 0.2085

94 0.9215 -o.4960 0.2366 0.8807 -0. l6l6 -0.2332 0.52t6 0.1637

95 0.6057 -o.4747 o.0244 0.5315 -o.0243 -o.0236 0.4959 o.0246

96 0.5226 -0.3351 0.0217 0.4843 -0.0176 -0.0212 0.35 l6 0.0178

9'.1 0.9200 -0.4274 0.1 852 0.8959 -0.1092 -0.1 834 0.4501 0.1 107

98 o.9542 -0.5264 0.001I 0.9088 -0.0007 -0.0010 o.5534 0.0008

99 0.86 l9 -0.5205 0.1799 0.8083 -0.1 378 -o.t764 0.5464 0.1 395

100 0.9387 -0.-5823 o.38'74 0.8754 -0.3050 -o.3793 0.6110 0.3087

101 0.9681 -0.s838 0.5867 0.9073 -o.4489 -0.5'149 0.6128 o.4543

102 0.7414 -o.4152 0.5851 o.7099 -0.4124 -0.5751 0.4362 o.4t74

103 0.8880 -0.0487 0.1 168 0.9105 -0 008 r -0. I 173 0.05 r5 0.0083

104 t.0622 -0.1513 0.0309 1.0847 -0.0056 -0.0310 0.1600 0.0057

105 0.8033 -0.161 1 0.1599 0.8164 -0.0407 -0. l 602 0.1102 0.0413

t06 0.6381 -0.1449 o.2363 0.646s -0.0681 -o.2365 0.1 53 1 0.0691

t07 o.7328 -o.1629 o.3924 0.7426 -0. I 107 -o.3926 0.1721 0.1123

108 o.7014 -o.2648 0.1189 0.6954 -0.0570 -0.1 I 83 0.2t93 0.0578

109 0.8693 -o.2082 0.0331 0.8799 -0.0100 -0.0331 0.2199 0.0102

110 0.8944 -o.1238 0.1 130 0.9136 -0.0198 -0.1134 0.1309 o.0202

lll 0.5987 -0.2997 0.0102 0.5780 -0.0065 -0.0101 0.3 154 0.0066

1t2 0.4817 -0. I 863 0.0616 o.4768 -0.0302 -0.0613 0. I 965 0.0307

113 0;7727 -0.3729 o;7262 0.7476 -o.4445 -o;7169 0.3922 0.4500

t14 0.7101 -o.2'762 o.7632 0.7006 -0.376s -o;75'70 0.2909 0.3812

I t5 0.8033 -o.2244 0.9536 0.806t -0.3378 -0.9497 0.2367 o.3422

ll6 o.679'7 -0.1014 0.8680 0.6904 -0.1740 -0.8670 o.1134 0.1762

t1'7 0.6392 -0.01 83 0.8600 o.6521 -0.03t2 -0.8600 0.0193 0.0316

118 0.7089 -0.0751 0.9879 o.7219 -0.1327 -0.9869 o.o793 0.1344

119 0.6'73t -o.1269 o.4632 0.6840 -0.1 107 -o.4636 0.1340 0.t124

t20 0;7633 -0.0984 o.6289 0.7788 -0. I 029 -o.6299 0.1040 o.1044

t2t 0.6704 -0.0323 o.6298 0.6860 -0.0384 -0.631 I 0.0341 0.0390

122 0.596'7 -o.0296 0.6166 0.6103 -0.0388 -0.6t76 0.03 13 0.0394

123 o.5912 -0.0946 o.6532 0.6011 -0. I 325 -0.6530 0.0999 0.1343

124 0.68s 1 -0.0583 o.2t03 0.7016 -0.0227 -0.2tr1 0.06r6 0.0231

125 0.5766 -0.0481 0.2801 0.5903 -o.0296 -0.2810 0.0509 0.0301

126 0.6456 -0.0845 o.4t7 t 0.6590 -o.0692 -0.4180 0.0893 0.0702

t27 0.46'77 -0. I 505 o.1273 0.4681 -0.0519 -0.1269 0. I 588 o.052'7

r28 0.5762 -o.r82'Ì 0.2434 o.5769 -0.0979 -0.242'7 o.1929 0.0993

Table 4.10: Radiation mode microphone weights for the rectangular panel (calculated at 50Hz)
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Mic # Radiation mode #

Appendix A. Modal filtering weights

Mic # Radiation mode #

12345 6 '78 1234s678
o.6479 -0.198 I 0.971 0 0.6301 0.3439 0.9262 0.2794 0.3955 44 0.6140 -0.8406 0.4501 0.0800 0.7436 0.0710 0.9480 o;7636

2 0.74t8 -0.3568 t.|79 0.6'721 0.6244 0.9968 0.4945 0.7096 45 0.691 9 - I .0-536 o.4261 -0.0545 o.7919 -o.0241 t.l 1 52 0.7863

3 0.6481 -0.4261 0.9680 0.5249 0.14t7 0.7764 0.57s7 0.8296 46 0.5916 -0.97 t4 o.2891 -0.l5l l 0.5836 -0.0699 0.9726 0.5632

4 0.7015 -0.5850 1.0242 0.4802 1.0006 0.7010 0.7644 1.0968 41 0.4733 -0.5282 0.2748 0.2032 0.3660 o.1267 0.6s 14 0.3978

5 0.5878 -0.s935 0.8281 o.3122 0.98s7 0.4459 0.7 437 t-0s44 48 0.5290 -0.6628 0.2s24 0.1454 0.3800 0.0779 o;7826 0.4033

6 0.s598 -0.6626 0.7513 0.196'7 1.0565 o.2738 0.7896 1.0981 49 0.5184 - 1.3389 0.0004 -0.097s 0 0010 -0.0001 0.6680 0.0007

7 0.6298 -0.2209 0.7488 0.6073 0.3054 0.7168 o.3126 0.3.5.5.5 s0 0.7239 - 1.6600 0.0816 -0.1829 0.2263 -0.0192 0.8755 0. r 607

8 0.65 l9 -0.33 r9 0.7933 0.5853 0.4706 0.7096 0.46t2 o.5412 5l 0.691s - l .5606 0.1540 -0.2683 0.4238 -0 0s89 0.8934 o.3tt2
9 0.609'7 -0.4100 o.7443 0.4906 0.5853 0.6004 0.s559 0.6624 52 0.9260 -20420 o.3029 -0.5301 0.8249 -0.17'76 1.2918 o 6322

t0 0.6101 -0.51 l6 o;7332 0.4175 0.7224 0.s081 0.6715 0.8017 53

54

55

56

57

58

59

60

6l

62

63

64

65

0.9035 - 1.9300 0.3834 -0.724'7 l.02'72 -o.3243 t.362t 0.8270

ll 0.5488 -0.55 l5 0.6381 o.2953 0.7s80 0.3530 0.6956 0.82 r6 0.8589 -I-7456 o 4442 -0;7846 Lt427 -o.4327 1.37'75 0.9699

t2 0.6348 -0.1748 0.4963 0.630s 0.1592 o.4946 0.2s0.5 0. l 890 0.6s2s -t 379'7 0.0800 -0.56s8 0.2135 -0.0736 1.0046 o.1154

l3 0;7326 -0.3125 o.6424 0.6889 0.3t97 0.6068 0.4413 0.37.51 o.6264 1.3132 0.01 13 -o.5'779 0.0300 -0.01I I o.9'793 0.0249

t4 0.7668 -0.4638 0.1 1t4 0.6520 0.5036 0.61I I 0.6393 0.58 l2 0.5814 l. I 930 0.0483 -0.5537 o.t259 -0.0492 0.9305 0.1070

l5 o.4537 -o.2123 0.2491 0.4200 0. I 363 0.2338 0.2996 0. l6r0 0.6370 t.2s20 0.1 153 -0.5061 0.2860 -0.096s 1.0382 0.2506

l6 0.5163 -0.3442 0.3671 o.4944 0.25'7 | 0.3206 0.4710 o.2997 0.6069 -t.t25I 0. l 668 -0.3633 0.3864 -0 to27 1.0028 0.3.51 3

l1 0.5578 -0;7557 0.7041 0.0824 1.1436 o.1146 0.8488 r.1500 0.65 t5 -l I l9l 0.2316 -0.2437 0.4919 -0.0854 l.o'Ì82 o.46s9

l8 0.5740 -0.8737 0.6721 -0.0439 1.2400 -0.0436 0.9166 1.201 8 0.s925 -1.0328 0.1 3 15 -o.2458 o 2841 -0.0542 0.9823 0.26'76

l9 0.4870 -0.8201 0.5227 -0.1542 1.0780 -0.165 I 0;7967 1.0033 0;7104 -1.21'77 0.0656 -0.2619 0.1391 -0.0237 1.r'770 0.1323

¿U o.4459 -0.8198 o.4320 -0.2528 0.9845 -0.2531 0.7313 0.8774 0.5428 -0.7254 o.1922 0.0935 o.3t02 0.0396 0 8317 o.3242

2T 0.4498 -o.8922 0 3871 -0.3690 0.9638 -0.3361 0.7256 0.8209 0.4291 -0.s806 0.09'72 0.0648 0. I 590 0.0180 0.6619 0. t659

22 0.4263 -0.896 l 0.3227 -0.390s 0.8s47 -0.3154 0.6608 0.6954 0.9227 -1.7256 0.5684 -0.5761 1.326s -0.3672 1.5177 l. I 884

23 0.5761 -o.6'737 0.6370 0.2123 0 8870 0.2475 0.8105 o.935'7 66 0.910s -1.5399 o.6449 -0.3009 t.3426 -0.2097 1.4993 1.2681

24 0.6309 -0.8390 0.6521 0. I 133 1.0414 0.r3t2 0.9ss7 1.0655 67 r.016s -1.5228 0.8036 -0.0443 r.4627 -0.0182 1.6260 I 4524

25 o.52'79 -o.7834 0.-501 3 -0 0124 0.901 5 -0.002s 0.8395 0.8923 68 l,O349 -t.3382 0.8882 0.2333 1.3791 o.2236 r.ss00 1.4335

26 0.3879 -0.6318 0.3321 -0.0907 o.6621 -0.0743 0.6337 0.6328 69 1.1927 -1.2863 L0812 0.557 r t.3858 0.5310 1.5970 1.4999

27 0.4196 -0 7393 0.31'73 -0. I 8s7 0.6912 -o.1419 0.6921 0.637'7

0.6600

0.7344

0.5342

0.4488

0.5456

o.7 t66

0.5487

t8

0.2502

0.1 169

0.6220

70 1.2324 - | .0554 1.1462 0.8292 1.1568 o'7912 r.3869 1.2951

28 0.6662 -0.5320 0.6225 0.4189 0.5847 0.4570 0.7079 1l 0.8422 -1.4476 0.3051 -0.3 r64 0.6485 -0.1 r 30 1.3940 0.6139

29 o.6295 -0.6277 0.5664 0.3449 0.6690 o3230 07973 12 0.8201 -1.2826 0.36 t0 -0. I r36 0 6908 -0.0423 1.334'7 0.6819

30 0.4256 -0.5066 0.3532 0.1474 0.502s 0.1320 0.6083 73 0.9035 -1.2582 0.4s64 0.0902 o;7693 0.0594 1.4095 0.7913

3l 0.6497 -0.4968 o.4359 o.4852 0.3924 0.3345 0.6682 74 0.7861 -0.9497 o.4344 0.2572 0.6290 o.rs64 1.13'7'7 o.6'724

32 0-6716 -0.6351 0.4363 0.4013 0.4888 o.2724 0.8204 75 0.8632 -0.8'757 o.4991 0.4601 0.6017 0.28 l0 l. r 120 0 66s6

33 0.5 150 -1.1187 0.3414 -0.3555 0.9208 -0.24s8 o.7465 76 0.8443 1.3174 0.0243 -0.2025 0.0487 -0.00s4 1.3899 0.0475

34 0.4785 -t-0662 0.2689 -0.2312 o.7349 -0.1352 0.64ss 77 0.7583 -t t3'70 0.1028 -0.0350 0. l 880 -0.001 8 1.2207 0. I 896

35 0.4437 - I .0078 0.2022 -0. l 503 0.5575 -0 0667 0.5587 '78 o.7624 -t.0t l4 0.1680 0.1409 0.2692 0.0370 1.1648 0.2825

36 o.4782 - l. t006 o.1649 -0.107 I 0.4574 -0.0339 0.5686 79 0.5725 -0.7431 o.0622 o.1262 0.0973 0.0160 0.8653 o.1029

JI 0.s636 - I .3068 o.1302 -0.0876 o.3624 -0.0171 0.6454 80 0.6837 -0.8052 0.0103 0 2479 0 0146 0.0041 o.9'773 0.0158

38 0.5268 -t.2239 0.0610 -0.0719 0.1 699 -0.0068 0.5970 81 1.0291 -0 6475 0.9509 0.8601 o;7007 0.8039 0.8891 0.8068

39 0.4558 -0.8568 0.2972 -0.2920 0.6975 -0.1975 0.7487 82 1.2278 -0 49t4 1.0859 1.t673 0.5068 'i.0362 0.69s7 0.5955

40 0.4463 -0 8836 0.2435 0.364 8 0.6072 0.2103 o.7231 0.5250 83 1.2068 -0.2091 o.9765 1.2252 0. I 969 0.9922 0.3013 0.2344

4t 0.4532 -0.9328 0.1986 -0.4361 0.5190 -0.2047 07226 o.4373 84 1.29t0 -0.0598 0.9016 1.3300 0 0486 0.931 1 0.0866 0.0582

42 o.4209 -0.8830 0-1407 -0.3870 0.3735 -0.13'79 0.6565 0.3091 85 I .l7l I -0.2949 0.6506 1.1'73t 0.191 I 0 6s66 0.4244 0.2284

43 0.4254 -0.8996 0.o974 -0.3686 0.259'7 -0.0895 0.6545 0.2130 86 1 1900 -o.5176 0.4596 t.t203 0.2338 0.4394 0.1343 0.2178

Table 4.1 1: Radiation mode microphone weights for the rectangular panel (calculated at 2OOHz)
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Mic # Radiation mode #

t2345678
87 1.1603 -o.9467 0.6701 o.8219 0.6451 o.4909 1.2613 o;1349

88 o.9514 -0.5868 o.520'7 0.8059 0.3'769 o.4s04 0.81 l4 0.4395

89 0.9s66 -0.4039 o.4647 0.9050 0.2294 0.4456 0.5734 0.2723

90 0.8108 -0.1 935 0.3 l9 I 0.8158 0.0888 0.3242 0.2'791 0.1066

9t 0.9802 -o.o'712 0.2680 1.0117 0.0227 0.2791 0.1034 o.o274

92 o.6675 -0.7501 0.1829 0.28 l6 0.2457 0.0837 0.9252 o.2683

93 0.7442 -o.6'729 0.2135 0.4736 o.2287 0.1425 0.88 r 0 0.2589

94 0.9058 -0.6182 0.2282 0.7310 0. I 833 0.1897 0.8474 o.2135

95 o.5702 -o.5754 0.0222 o.307'7 0.026'7 0.0128 o.7341 0.0298

96 0.5064 -o.4140 0.0205 0.3589 0.0198 0.0151 0.5531 0.0227

o? o.9t46 -0.5369 0.1811 0.7924 0.1248 0.1608 o.7476 0.1468

98 0.9385 -0.6569 0.0010 0.7468 0.0008 0.0008 0.8982 0.0010

99 0.8391 -0.644'7 o.1712 o.6265 0.1 ss 1 0.1325 0.8698 0.1790

100 0.9066 -o;7164 0.3669 0.6613 0.J42r 0.2773 0.961I o.3925

l0l 0.930s -o;7 t42 0.5569 0.6935 0.503s 0.42'74 0.9608 0.5768

r02 0.7168 -0.s056 0.5598 0.5648 0.4638 0.4501 0.6868 o.5324

103 0.9102 -o.0625 0.1 l 87 0.9401 0.0095 o.1239 0.0908 0.0r 15

104 1.0868 -0.1938 0.0313 l.1082 0.0065 0.0323 0.2808 0.0079

l0s 0.8 I 84 -o.2057 0.r614 o.821'7 o.o474 0. r 640 0.2967 0.0569

106 0.646s -0. I 841 o.23'78 0.6429 0.0791 o.2392 0.2648 0.0947

l07 0.7383 -0.20s9 o.3945 0.7345 0.1 283 0.39s8 0.2958 0.1533

108 0.7048 -0.3351 0. I 179 0.6514 0.0656 0.1111 0.4737 o.07't9

109 0.8849 -0.2657 0.0333 0.8770 0.01r7 0.0334 0.3823 0.0140

n0 o.9147 -0. r586 0. I 145 o.9334 0.0232 0.1 I 82 0.2298 o.o279

111 0.5933 -0.3758 0.0099 0.49'.78 0.0074 0.0085 0.5197 0.0086

112 0.4838 -0.2357 0.0610 o.4446 0.0348 o.0s'12 o.3328 0.0413

113 o;7408 -o.4s24 o;7026 0.6272 o5022 0.6007 0.6228 0.5788

114 0.681 I -o.334t o.7476 0.61 89 0.4276 o.6792 0.4665 0.495 r

115 o.7703 -o.2706 o.9441 0.7421 0.3854 0.9018 0.3825 0.4480

116 0.6507 -o.1290 0.8658 0.6521 0.199 1 0.8549 0.1840 0.2318

lt7 o.6094 -0.0219 0.8600 0.6210 0.0357 0.8600 0.0313 0.04t 6

ll8 0.6'7 t3 -0.0892 0.9848 0.6't79 0.15 l5 0.9'745 0.12'71 0.1755

ll9 o.6'744 -0.1593 0.466t 0.67'71 0. I 283 o.4701 o.2292 0 1530

120 0.7605 -0.1229 o.633'l o.7734 0.1l9l 0.6M4 o.1771 o.1417

121 0.6638 -0.0400 0.6351 0.681 I 0.0445 o.6490 0.057'l 0.0528

t22 0.s864 -0.0365 o.6206 0.6007 0.0448 0.63 r3 0.0525 0.0530

123 0.5755 -0.1 155 0.6539 0.5786 0.1523 o.6520 0.t652 0. I 790

t24 0.6996 -o.0745 o.2134 0;t t99 0.0265 0.2216 0.108 r 0.0320

125 0.5855 -0.06r l 0.2838 0.6019 0.0345 0.2938 0.0886 0.04 t 5

126 0.6499 -0.1065 0.4212 0.6621 0.0804 0.4310 0. I 538 0.0962

127 o.4'717 -0.1 908 0.12'10 0.4503 0.0601 0.1231 0.271'7 0.0716

t28 0.s789 -0.2308 0.242'7 0.5534 0. r 131 0.2352 o.3286 o.1346

Table A.12: Radiation mode microphone weights for the rectangular panel (calculated at 200H2)
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Mic # 3D Multipolc #

8

Appendix A. Modal filtering weights

Mic # 3D Multipole #

1234567 2345678
I 0.2241 -0.00r 7 -0.0570 0.0595 -0.0541 -0.0024 0.0137 -0.0 r 05 41 0.3232 0.01 I 0 -0.0828 -0. I 593 -0.0778 0.0040 -o.0377 0.0283

2 o.2467 -0.0 t 85 -0.0829 0.0197 -0.0793 -0.00 r 7 0.0056 -0.0044 42 0.3625 0.0376 -0.0610 -0.1794 -0.0566 -0.0047 -0.030s 0 0220

3 o.2667 -0.01l5 -o.0842 -0.0399 -0.0802 0.0030 -0.0113 0 0088 43 0.3973 0.0669 -0.0349 -0.2194 -0.0318 -0.0169 -o.0209 0.0 143

4 0.2812 0.0284 -0.0477 -0.08 l3 -o.0441 -0.0019 -0.0t4'7 0.0105 44 0.4649 0.0976 -0.0249 -0.296t -0.0224 -0.0310 -0.0176 0.01l6

5 0.3963 0.0801 0.01 l9 -0.0831 0.0107 -0.0096 0.0031 -0.0020 45 0.4623 0.0948 -0.0502 -0 3t79 -0.0452 -0.0289 -0.0365 0.0245

6 0.3960 0.0658 0.0521 0.0536 o.o472 0.0038 -0.0084 0.00s6 46 0.41 89 0.0493 -0.09'72 -o.2892 -0.089s -0.0057 -0.0635 0.0454

7 0.3937 0.0602 0.0091 0.1379 0.0083 0.0108 -0.0036 0.0025 47 0.3701 0.0048 -o.1202 -o.2333 -o.|29 0.0105 -0.0651 0 0490

I 0.3190 o.0282 -0.0396 0.1150 -0.0370 0.0033 0.0144 -0.010s 48 0.3355 -0.0035 -0. l 082 -0. I 828 -o.to22 0.0101 -0.0,507 0.0387

9 o.2996 0.0r 40 -0.0548 0.0491 -0.05 l6 -0.0002 0.0089 -0.0066 49

50

5l

52

53

54

55

56

57

58

59

60

6t

62

0.2018 -0.0 t34 -0.0635 0.0488 -0.0608 -0.003s 0.0128 -0.0100

l0 0.2327 0.0059 -0.0501 0.0178 -o.o473 -0.0004 0.0037 -0.0028 0 2124 -0.0157 -0.0684 0.0145 -0.0655 -0.001 I 0.0039 -0.0031

ll 0.2488 0.0107 -o.0499 -0.0043 -0.0470 0.0000 -0.0009 0.0006 o.1976 -0.0228 -o.07s4 -o.0262 -o.o725 0.0028 -0.0081 0.0064

12 0.264'7 0.0247 -0.0373 -0.0166 -0.034'r -0.0005 -0.0025 0.0018 o.1923 -0.0403 -0.0973 -0.0570 -0.0939 0 0086 -0.020'7 0.0167

l3 0.32 l0 0.0434 -0.0224 -0.0063 -0.0206 -0.0004 -0.000s 0.0003 0.2027 -0.076s -0.141l -0.0502 -o.t3t3 0.0106 -0.02 r5 0.01 78

14 o.3266 0.0464 -0.01 l9 o.0299 -0.01r0 0.0022 0.0012 -0.0009 0.2s14 -0. l0l7 -0. l8 l3 0.0398 -0.1167 -0.0089 0.01 75 -0.0 r46

t5 0.3730 0.0460 -0.0235 0.0689 -0.021 8 0.0040 0.0048 -0.0034 0.2520 -0.0486 -o.1243 0.0968 -0.1 198 -0.0131 0.0339 -0.02'72

l6 0.3207 0.0219 -0.0395 0.0665 -0.0369 0.0019 0.0085 -0.0062 0.2499 -o.0234 -0.0904 0.0905 -0.0866 -0.0076 0.02s'7 -0.0203

t7 0.222s 0.0014 -0.0504 0.0778 -0.0478 -0.0020 0.0157 -0.0120 o.2n4 -0.03 t4 -0.0866 0.0340 -0.0835 -0.0038 0 0106 -0.0085

t8 o.2494 o.0202 -0.0269 0.0891 -0.0253 0.0025 0.0095 -0.0070 0.2t41 -0.0326 -0.088s 0.0157 -0.0853 -0.0018 0.0050 -0.0040

i9 0.286 r 0.0375 0.0057 o.1270 0 0053 0.0079 -0.0026 0.0019 0.i861 -0.0339 -0.0837 -o.0032 -0.0809 0.0004 -0.001I ().0009

20 0.3617 0.0543 0.0406 o.2178 0.0373 o.ot32 -0.0249 0.0175 0.2265 -0.0526 -0.r 157 -0.0148 -o.l121 0.0023 -0.0053 0.0043

2t 0.4847 0.0961 0.or44 0.3248 0.0131 0.0302 -0.0099 0.0068 0.2023 -0.0567 -0.1141 -0.0044 -0.ll14 0.0007 -0.0017 0.0014

22 o.4122 o.0466 -0.078s o.2639 -0.0727 0.0073 0.0476 -0.0343 0.2327 -o.064'7 -0.1316 o.0236 -0.1277 -0.0040 0.0089 -0.0073

L' o.2796 -0.01 t4 -0 0940 0.1 466 -0.0893 -0.0089 0.0399 -0.0308 63 0.2159 -0.0482 -0.1087 0.0430 -o.1052 -o.0062 0.01 5 I -0.0122

24 0.21s5 -0 0154 -0.0881 0.1|9 -0.0841 -0.007 t 0.0291 -0022'7 64 0.2018 -0.0347 -0.0890 0.0430 -0.0859 -0.0052 0.0139 -0.01 l2
25 0.2898 0.015 t -0.0486 0. I 308 -0 0458 0.0007 0.0201 -0.0150 65 0.476s 0.0565 0.1r54 -0. I 333 o.1052 -0.0004 0.0361 -0.0253

26 o.2849 o.0237 -0.0316 o.t302 -0.0297 0.0037 0.0138 -0.01 02 66 0.3698 0.0428 0.0664 0.0460 0.061I 0.0012 -0.0092 0.0065

27 0.3336 o.03'73 -0.0189 0.1658 -0.0176 0.0079 0.0092 -0.0067 67 0.3 t 7l o.0364 0.0529 0.13 | r 0.0488 0.0041 -o.0232 0.0165

28 o.3210 0-0423 -0.0r09 0. I 803 -0.0101 0.0r03 0.0059 -0 0042 68 0.35 r0 0.0443 0.0683 0.2 198 0.0628 0.0068 -o.0427 0.0303

29 0.3360 o.0436 -o.0223 0.19s'| -0.0207 0.0106 0.0125 -0.0090 69 o.4984 o.0667 0. 1 536 0.3928 0.1392 0.0017 -0. I 143 o.o79'7

30 0.3303 0.0321 -0.04s7 0. I 890 -o.042'7 0.00s7 0.0243 -0.0178 't0 -0.0693 -o.9076 0.9076 0.9076 0.90'76 -0.9076 -0.9076 0.9076

3t 0.3124 o.o162 -0 0612 0.1653 -0.0576 0 0002 0.0289 -0.02 l6 '71 0.6084 -0.101 I 0.5049 -0.6574 0.4577 0.1641 o.3'7s2 -0.2805

32 0 2583 0.0091 -0.0525 0.1239 -0.0496 -0.0009 0.0223 -0.01 68 72 0.5.568 0.0380 0.22'79 -o.4566 0.2062 0.0422 0. r 863 -0.1331

JJ 0.2458 -0.0093 -0.0167 -0.0755 -0.0730 0.00s 1 -0.0207 0.0161 73 0 2981 -o.1432 0.2609 -o.o2s9 0.2526 0.0099 0.0153 -0.0t32

34 0.3265 0.0314 -0.0481 -0. l0l5 -0.0447 -0.0028 -0.01s6 0.01l3 74 0.3568 -0.0686 o.2049 0.0918 o.1952 -0.0215 -0.0436 0.0355

35 0.3693 o.o722 0.01 08 -0.1 s50 0.0097 -0.0165 0.0053 -0.0035 75 0.34 r l -0.0459 0.1757 o.t1 t2 o.1661 -0.0319 -o.o'743 0.0592

36 0 5615 o.123'7 o.1124 -0.4001 0.0988 -0.0310 0.0926 -0.0588 '76 0.2933 -0.05s7 0.1750 0.2099 0.1664 -0.0442 -0.0964 o.o776

5t 0.7800 0.2682 0.0384 -0 5759 o.0324 -0.lll9 0.0344 -0.0194 1l 0 3290 -0. l6l 3 0.31 I 8 0.3 l5 I 0.3001 -0. r 030 -0.l76l 0.1480

38 0.s019 0.0441 -0.1 83 1 -0.4071 -0. I 670 o.ol62 -o.1371 0.0984 78 0.1700 -0.3102 0.4521 0.2219 o.4472 -o t2t0 -0.r618 0.r481

39 0.2728 -0.0604 -0.1s8 l -0.1597 -0.1 5 17 0.0262 0.0638 0.051 | 19 o.04'77 -0.5538 0.5551 -0.0616 o.5632 0.0487 0.0526 -0.0518

40 0.2419 -0.0410 -0. I 145 -0.0932 -0.1 102 0.0126 -0.0328 0.0263 80 o.1720 -0.3587 0.4t63 -0.1492 0.4163 0.0984 0. I 150 -0.1093

Table 4.13: Three-dimensional multipole microphone weights for the air-compressor (calculated at 50
Hz)
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vric *l 3D Multipole #

12345678 45 6 7

1 o.0202 0.0r 03 -0.0r 97 0.0191 -0.0005 0.0187 -0.0008 -0.0004 4t o.0352 0.0 r 93 -0.0s84 -0. l 032 -0.0174 0.0s51 -0.0003 -0.0130

2 0.0244 0.0128 -0.o2'79 0.0062 -0.0002 0.0264 -0.0004 -0.0002 42 0.0445 0.0285 -0.0339 -0.0928 -0.0088 0.0319 0.0017 -0.0065

-t 0.0262 0.0145 -0.021I -0.0092 0.0009 0.020t 0.000s 0.0006 43 0.0624 0.0451 -0.0214 -0.1286 -0.0080 0.0199 0.0057 -0.0056

4 0.0168 0.0074 -0.0065 n nnon 0.0007 0.0064 -0.0009 0.0005 44 0.112t 0.0894 -0.0214 -0.2520 -0.0123 0.0r 9s 0.0196 _n nne2

5 0.0194 0.0088 0.0012 -0.0098 0.000s -0.0010 0.0018 0.0001 45 0. l 389 0.1134 -0.0556 -0.35 19 -0.0386 0.0504 0.0281 -0.0261

6 0.0170 0.0061 0.0055 0.0055 -0.0015 -0.0049 0.0002 -0.0007 46 0.0880 0.0642 -0.1153 -0.3245 -0.0752 0. r 063 0.0053 _n ns?s

'7 0.021 1 0.0086 0.0013 0.0166 0.0003 -0.0013 0.0008 0.0002 47 0.0309 0.0103 -0.1365 -0.23'7 t -0.0716 0 1282 -0.0r 11 -0.0534

8 0.0238 0.0r 16 -0.0106 o.o276 -0.0012 0.0102 0.0002 -0.0008 48 0.0248 0.0068 -0.1031 -0.15ól -o.0412 0.0974 -0.0063 -0.0310

9 0.0174 0.o072 -0.0009 0.0001 -0.0028 0.0011 0.0002 -0.0020 49 0.0130 0.002'7 -0.0395 0.o278 0.0038 0.0376 -0.0000 0 0028

10 0.01s6 0.0073 -0.0007 0.0000 -0.001l 0.0009 0.0000 -0.0008 50 0.0198 0.0096 -o.0259 0.00.52 -0.0001 o.0245 -0.0003 -0.0001

lt 0.0134 0.0052 0.0010 0.0002 0.0002 -0.0006 -0.0000 0.0002 5t 0.0t 35 0.0033 -o.o414 -0.0131 -0.0017 0.0393 0.0001 -0.0013

t2 0.0074 0.0022 0.0012 0.0005 -0.0018 -0.0003 0.0004 52 -o.0228 -0.0335 -0.0976 -0.0474 -0.0182 0.0938 -0.0064 ^ ^1À'l
l3 0.0046 -0.0036 0.00r 6 0.0005 0.0000 -0.0015 -0.0001 0.0000 53 -o.o912 -0.102 l -0.1738 -0.0462 -0.02'72 0.1 690 -0.0134 -o.0222

14 0.0044 -0.0039 0.0009 -o.oo22 -0.0001 -0.0008 0.0002 -0.000r 54 -0.1092 -o.t230 -0.2t26 0.0348 0.0203 0.2067 0.0100 0.0166

l5 o.oo74 n nnta 0.0014 -0.0049 -0.0010 -0.0012 0.0010 55 -0.051 1 -0.0650 -0.1 53 1 0.0970 0.0428 0.r4'75 0.0168 0.0340

l6 0.0121 0.0022 0.0007 -0.0023 -0.0025 -0.0004 0.0009 -0.0018 56 -0.0066 -o.0204 -0.0949 0.0827 o.0246 0.0908 0.0065 0.0190

t7 0.0189 0.0082 -0 0303 0.0433 0.0043 0.0288 -0.0003 o.0032 5'7 -0.0067 -0.0183 -0.0768 o.0262 0.0073 0.0735 0.0019 0.00-56

l8 0.0186 0.0088 -0.0082 0.024s -0.0008 0.0079 0.0001 -0.000s -58 -0.0015 -0.0132 -0.0703 0.01 I 0 o.u)2'7 0.0672 0.0006 0 0021

l9 0.0280 0.0166 0.0024 0.0495 -0.0003 -0.0023 n nnn/ n nnnî 59 -0.0088 -0.0191 -0.0007 0.0694 -0.0002 -0.0005

20 0.0736 0.0551 0.03'74 0.t944 -0.0193 -o.034'1 -0.0093 -o.o137 60 -0.0363 -0.0489 -o.t203 -0.0127 -0.0050 0.1 160 -0.0019 -0.0039

21 0.l5-5-5 o.1274 0.0178 o.4047 -0.ot26 -0.0162 -0.0349 -0.0086 6l -0.0s75 -0.0687 -0.1345 -0.0041 -0.0019 0.1 303 -0.0008 -0.0015

22 0.0827 0.059s -0.0914 0.2927 o.0547 0.0848 -0.007c 0.0392 62 -0.0704 -0.0832 -0.1590 0.0225 0.0109 0.1542 0.0048 0.0088

23 0.0002 -0.0r 55 -0. 1 159 0.1586 0.0505 0.1101 0.0120 0.0386 63 -0.0467 -0.0586 -0.1280 0.041r 0.0176 0.123'7 0.0071 0.0r41

24 0.0033 -0.0t l8 0. l 039 0.0277 0.0880 0.006r 0.0212 64 -0.021 8 n n22n n no/1 0.0383 0.0135 0.0906 0.0045 0.0r 06

25 0.0320 0.0173 -0.0414 0.1040 0.0130 0.039 r -tr.t,Ut,/ 0.0097 65 o.0294 0.0138 0.0280 -0.026s 0.0097 -0.0263 -0.0049 0.0068

26 0.0342 0.0205 -0.0233 0.0903 0.0066 o.0220 -0.0016 0.0049 66 0.0149 0.0039 0.0055 0.0027 -0.0007 -0.0054 0.001I -0 0004

2'7 0.0483 o.o32l -0.01 5 I o.1261 0.0053 0.o142 -0.0038 0.0039 67 0.0283 0.0164 0.0161 0.0358 -0.0017 -0.0t 54 0.0002 -0.0013

28 o.0623 0.0451 -0.0109 o.1'7 4t 0.0052 0.0102 -0.0078 0.0037 68 0.0651 0.0472 0.0605 0. l 847 -0.03 l2 -0.0s61 -0.0052 -0.0222

29 0.0'732 0.0544 -0.0258 o.2212 0.0143 0.0240 -0.0106 0.0103 69 0.1170 0.0883 0. 1 896 o.4522 -0.1447 -0.1722 0.0007 -0. r 005

30 0.0605 0.0417 -0.0551 0.2117 o.0296 0.0515 -0.00s6 0.0215 10 -0.9076 _î at\16 0.9076 0.0537 -n qo76 -n qn76 0.9076 -0.9076

3l 0.0386 0.021 1 -0.o7 t7 0.1 804 0.0335 0.06'76 0.0005 0.0248 7t -0.1012 -0.1349 o.6232 o.4742 ^ 
<Á,Aî -0.2065 0.35 18

32 0.0265 0.0125 -0.0547 0.1195 0.021I 0.0517 0.0009 0.0t 58 '72 0.0803 0.0534 0. l 663 -0.2788 0.1 I 85 -0.1s24 -0.0303 0.0861

JJ 0.0223 0.0106 -0.0356 -o.0321 -0.0028 0.0338 0.0005 -0.0021 73 -0.0373 -0.0s30 o.1284 n nnÁ{ 0.0074 -0.1268 0.0071

34 0.0202 0.0089 -0.0070 -0.0r23 0.0019 0.0069 -0.0008 0.0013 '74 0.0077 -0.0089 0.0838 0.0246 -0.0155 -0.0815 0.01 I 8 -0.0141

35 0.03 l3 0.0193 0.0028 -o.o3'73 0.0006 -0.0026 0.0017 0.0003 75 0.0191 0.0022 o.0924 0.0699 -0.0882 0.0137

36 0.1340 0.1079 0.0850 -o.2929 0.0s80 -0.o'762 0.0179 0.0373 '76 -0.0186 0.1398 0.13 18 _^ îÁ)1 -0.1325 o.0246

37 o.4024 0.3563 o.04'76 -0.7800 0.043'7 -0.0404 0.1338 0.0249 7'1 -0.1291 -0.1483 0.3272 0.2256 -0.1712 -0.3 r3 I o.o9t2 -0.1403

38 0.0907 0.0627 -0.2030 -0.4059 -0.t463 0.1 857 -0.0151 -0.1039 '78 -0.4051 -0.4149 0.5094 0.t174 -0.1756 -0.5004 0. I 307 -0. 1566

39 -0.0656 -0.0807 -0. 1 948 -0. l 550 -0.0806 0. I 869 -0.0333 -0.0639 79 -0.5081 -0.5150 0.5517 -0.0t 8? 0.0485 -o.5526 -0.0429 0.0467

40 -0.0180 -0.0315 -0.r132 -0.0775 -o.0282 0.1084 -0.0090 -0.0220 80 -0.2064 -0.2205 0.3006 -0.038s 0.0787 -0.3003 -0.0706 0.0770

Table 4.14: Three-dimensional multipole microphone weights for the air-compressor (calculated at 200

Hz)
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Mic # 2D Muìtipole #

Appendix A. Modal filtering weights

Mic +l 2D Multipole #

1234567 234s678
I o.2935 0.0098 0.0725 0.0538 0.071 8 -0.0047 0.0175 0.0154 41 o.3640 -o.0147 0.071 3 -o.o964 0.0698 0.0018 -0.02s3 -0.0218

2 0.3351 o.0412 0. I 060 0.0180 0.1060 -0.00J2 0.0073 0.0066 42 0.38s3 -0.0399 0.0507 -0.t044 o.0492 -0.0048 -00188 -0.0157

-t o.3634 0.0322 0.1125 -0.0381 0.1I l7 0.0059 -0.0152 -0.0136 43 0.4013 -0.0667 0.0290 -0.12'73 0.0277 -0.0133 -0.0128 -0.0104

4 0.3696 -0.0434 0.0683 -0.0828 0.0657 -0.0029 -0.0209 -0.0173 44 0.462'7 -o.1029 0.0221 -0. I 840 0.0209 -0.0274 -0.0124 -0.0097

5 0.5 148 -0.1469 -0.0 r 82 -0.0900 -0.0r 69 -0.0t79 0.0046 0.0034 45 o.4740 -0. r 095 0.0489 -0.2178 0.0458 -0.0312 -0 03 l5 -o.0245

6 0.5245 -0.fi62 -0.0798 0.0582 -0.0747 0.0070 -0.0125 -0.0097 46 o.4577 -0.0537 0.0962 -0.2023 0.o921 -0.0047 -o.0577 -o.047s

7 0.501 2 -0 1024 -0 0129 0. I 386 -0.0123 0.0191 -0.00s0 -0.0040 47 0.4297 -0.0017 o.1141 -0.15'74 0.1122 0.0120 -0.0553 -0.0478

8 0.4039 -o.o4l4 o.0522 o.lo74 0.0506 0.0050 0.0190 0.0159 48 0.3924 0.0028 o.o979 -0.1166 0.0963 0.0086 -0.0384 -0.0335

9 o.3966 -0.0t 67 0.0151 0.0481 o.0742 -0 0008 0.0124 0.0106 49 0.2421 0.0121 0.0552 0.0298 0.0550 -0.0026 0.0089 0.0080

l0 0.3 I l7 -0.0031 0.0693 0.0175 0.0682 -0.0009 0.00s2 0.0045 50 0.2s66 0.0125 0.0581 0.0087 0.0578 -0.0008 0.0026 o.oo23

1l 0 3340 -0.01l7 0.0706 -0.0043 0.0691 0.0001 -0.0012 -0.00t l 5l 0.2458 0.0197 0.0646 -0.0158 0.064s 0.0019 -0.0054 -0.0048

12 0.3526 -o.0394 0.0544 -0.01'72 4.0526 -û.0008 -0.0036 -0 0030 52 o.2541 0.043'7 0.0882 -0.0365 0.0887 0.0080 -0.0 i 60 -0.0141

13 o.4246 -0.076s 0.0334 -0.0067 0.03 r 8 -0.0008 -0.0007 -0.0006 53

54

55

56

)/
58

59

60

61

62

63

64

65

0.2938 0 0960 0.1 350 -o.0343 0.13'73 0.0125 -0.0r 89 -0.01 80

t4 0.4300 -0.0826 0.0178 0.031s 0.0170 0.0040 0.0018 0.0015 0.370 r o.t233 0. l7 l6 0.0269 o.1'747 -0.0099 0.0 r 49 0.0142

l5 0.4881 -0.0789 o.0342 0.0708 0.0328 o.oo72 0.0069 0.00s6 0.3292 0.0594 0. u65 0.0645 0.1172 -o.ot4'7 0.0286 o.0264

l6 o4200 -o.0437 0.0557 0.0662 0.0s40 0.0031 0.0120 0.0101 0.3064 0.0259 0.081 8 0.0578 0.0817 -0.0073 0.0200 0.01 80

t7 o.2546 -0.0026 0 0437 0.0474 0.0432 -0.0013 0.0109 0.0095 0.2680 0.0325 0.0770 0.o214 0.0'773 -0.0034 0.0079 0.0072

l8 0.2690 -0.0207 0.0225 0.0523 00220 o.0022 0.0060 0.0051 0.2722 0.0328 0.0780 0.0098 0.0783 -0.00 r s 0.0036 0.0033

t9 0.2964 -0.0368 -0.0047 0.0736 -0.0046 0.0060 -0.0016 -0.0013 0.24n 0.0348 o.ot43 -0.0020 o.o741 0.0004 -0.0008 -0.0007

20 0.377 5 -0.0586 -0.0366 0.1380 -0.0351 0.0126 -0.0186 -0.0151 o3024 0.0576 0.104'7 -0.0095 0. | 057 o.oo22 -0.0041 -0.0038

2l o.5012 -o.t142 -0.0143 0.2274 -0.013s 00351 -0.0092 -0.o072 0.2775 0.0656 0.1058 -0.0029 0.1072 0.0008 -0.0014 -0.001 3

22 0.4477 -0.0s 12 0.0753 0.1 785 o.0726 o.0072 0.0410 0 0340 0.3 187 0.0760 o.1220 0.0156 0.1236 -0.0043 0.0074 0.0069

23 0.333.5 o.0162 0.0885 0.0977 0.0877 -0.0103 0.0338 0.0300 0.2863 0.0555 0.0999 0.0280 0. r 009 -0.0065 0.0123 0.0r l4
24 0.3298 0.0r71 0.0798 0.07 t.5 0.0794 -0.0068 0.0227 0.0202 0.2595 0.0381 0.080s 0 02't5 0.08 l0 -0.00s t 0.0109 0.0099

25 o.3219 -0.0r 63 0.0431 0.0817 0.0423 0.0009 0.0148 0.0121 o.4825 -0.0622 -0.0763 -0.0599 -0.0733 -o.oo32 0.0131 0.0107

26 0.3088 -0.0250 0.0277 0.0802 0.0271 0.0034 0.0098 0.0084 66 0.3'769 -0.0422 -0.0460 0.0219 -0.0446 0.0012 -0.0037 -0.0031

27 0.3547 -0.0391 0.0167 0102'7 0.0162 0.0071 0.0066 0.00s6 6'7 o.3296 -0.0371 -0.0407 0.0702 -0.0394 0.0039 -0.01 t 9 -0.0099

28 o.3456 -o.o4sl 0.0099 0.1l5l 0.0096 0.0099 0.0046 0.0038 68 0.313s -0.0486 -0.061I 0.t381 -0.0586 0.0073 -0.0309 -o.o2s4

29 o.3s14 -0.0484 0.0208 o.1281 0.0201 0.01l0 0 0104 0.0086 69 0.5522 -0.0650 -o.t6t9 0.3066 -0.1581 -0.009s -o.1242 -0. r 002

30 0.3594 -0.0352 o.0429 0.1248 o.o4l'7 0.0058 0.0203 0.017 l 70 0.7500 0.9076 -0.9076 0.6168 -0.9016 -0.6667 -0 6400 -0.6498

3l 0.3494 -0.0169 0.0566 0.1078 0.0555 0.0001 o.0235 o.0202 7l 0.7183 0.809s -0.8297 -0.8706 -0.8297 0.8706 0.8706 0.8706

32 0.29Ic -0.0096 c.0476 0.0468 -0.0008 c.tt]4 0.0150 72 0.6209 -û.0788 -4.1778 -0.2440 -0.16'76 û.0039 0.0941 0.0759

33 o.2900 0.0045 0.0642 -0.0443 0.0635 o.0029 -0.0r 30 -0.0114 73 0.4750 0.0384 -0.1759 -0.0r l5 -0.1726 0.0022 0.00s5 0.0048

34 0.344s -0.0318 o.o372 -0.0549 0.0363 -0.0025 -0.0081 -0.0069 74 0.4698 0.0087 -0 1428 o.0433 -0.t397 -0.0049 -o.0t72 -0.0150

35 0.3533 -0.061 8 -0.0078 -0.0781 -0.007-5 -0,0091 0.0024 0 0020 75 0 4339 0.0092 -0.1331 0.0890 -0. I 302 -0.0103 -0.03.57 -0.03 t0

36 0.5501 -0. l 303 -0.0926 -0.2284 -0.0861 -0.0283 0.0539 0.0413 16 0.3917 0.0366 -o.1491 0.1246 -o.1464 -o.0253 -0.0601 -0.0s33

37 0.7800 -0.3838 -0.04s 1 -0.4820 -0.0382 -0 1748 0.0413 0.02s 1 77 o.5207 o.2032 -0.3 104 0.2240 -0.3 109 -0. r 088 -o.1524 -0.1442

38 0.5686 -o.0420 0.1872 -0.2956 0.177'7 0.0221 -0. t28 l -0. I 055 78 0.4661 0.6171 -0.5 175 0.1902 -0.5427 -0. I 984 -0. I 850 -0.1968

39 0.3649 0.0838 0.1557 -0.1124 0. I 563 0.0335 -0.0586 -0.0544 79 o.5154 0.6297 -0 s46l -0.0425 -0.5102 0.0428 0.0406 0.0429

40 o.3124 0.0442 0.1039 -0.0598 0.1040 0.0116 -0.0252 -0.0230 80 0 5377 0.1841 -0.30.53 -0-0714 -o.3047 0.0324 0.0472 0.0443

Table 4.15: Two-dimensional multipole microphone weights for the air-compressor (calculated at 50
Hz)



Mic # 2D Multipole #
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Mic # 2D Multipole #

6

4t 0.0998 -0.0145 -0.0713 -0.124'7 0.0699 -0.0022 0.0254 -0.02 l8

42 o.1346 -0.0397 -0.0507 -0.1372 0.0492 0.0044 0.01 88 -0.0158

43 0 1700 -0.0665 -0.0290 -0.1695 0.o278 o.ot27 0.0r28 -0.0104

44 o.2269 -0. I 026 -0.0222 -o.2474 0.0209 0.0265 0.0124 -0.0098

45 o.2373 -o.t092 -0.0489 -0.2925 0.04s9 0.0302 0.03 r6 -0.0246

46 0.1674 -0.0535 -0.0963 -0.2644 o.0922 0.0039 0.0s78 -0.0477

47 0.0993 -0.0015 -o.1141 -0.2009 0.1r23 -0.0126 0.0554 -0.0480

48 0.0855 0.0030 -o.o9'79 -0.1490 0.o964 -0.0090 0.0384 -0.0336

49 0.0406 0.0122 -0.0552 0.0380 0.0550 o.oo27 -0.0089 0.0080

50 o.0432 0.0127 -0.0581 0.01l0 0.0s78 0.0008 -0.0026 0.0023

5t 0.0322 0.0198 -0.0646 -0.0199 0.0645 -0.0020 0.0054 -0.0049

52 0.0057 0.0438 -0.0882 -0.0451 0.0887 -0.0081 0.0160 -0.0147

53 0.0474 0.0961 -0.1349 -0.0409 0.1373 -0.o126 0.0189 -0.0180

54 o.0626 0.1235 -0. 1716 0.0320 0.t746 0.0100 -0.0149 0.0142

-55 0.0040 0.0596 -0.1 r65 0.0794 0.11'72 0.0149 -0.0286 0.0264

56 0.0387 0.0260 -0.0818 0.0730 0.08 t7 0.0075 -0.0200 0.0181

57 0.022t 0.0326 -0.0'770 0.026'7 0.o'7'73 0.0035 -0.0079 o.oo12

58 0.0228 0.0329 -0.0780 0.0123 0.0783 0.0016 -0.0036 0.0033

59 0.0133 0.0349 -0.0743 -0.0025 0.o147 -0.0004 0.0008 -0,0007

60 0.0001 0.057'7 -0.1047 -0.0117 0.1 057 -0.0022 0.0041 -0.0038

6l 0.0151 0.0658 -0.1058 -0.0035 0.r072 -0.0008 0.0014 -0.0013

62 0.0180 0.0761 -o.t2l9 0.0190 0.r23s 0.0043 -0.0074 0.0069

63 0.0011 0.0556 -0.0999 0.034s 0.1009 0.0066 -o.ol23 0.01l4

64 0.0r 36 0.0382 -0.0805 0.0342 0.0810 0.0052 -0.0109 0.0100

65 0. I 830 -0.0619 0.0763 -0.0789 -o.0'734 0.0029 -0.013 I 0.0108

66 0. I 354 -0.0420 0.0461 0.0289 -0.0446 -0.0011 0.0037 -0.0031

67 0.1 187 -0.0369 0.0407 0.0924 -o.o394 -0.003s 0.0r 19 -0.0100

68 o.1423 -0.0484 0.061 1 0.1816 -0.0587 -0.0067 0.03 l0 -0.0255

69 o.2022 -o.064'7 0. I 680 o.395'7 -0. t.584 0.0107 0.1244 -0.1007

70 0.9076 o.90'76 0.9076 0.6018 -o.9076 0.666s 0.6399 -o.6496

71 0.7983 0.8095 0.8297 -0.8706 -o.8297 -0.8706 -0.8706 0.8706

72 0.2341 -0.0784 0.u79 -0.3 160 -0.1679 -0.0049 -0.0943 0.0763

73 0.0619 0.0386 0. I 760 -0.0143 -o.1727 -0.0023 -0.0055 0.0048

74 0.0960 0.0090 0.1429 0.0547 -0. r 398 0.0051 0.0172 -0.0150

'75 0.0873 0.0094 0.133 1 0.t126 -0. l 303 0.0107 0.0357 -0.031 l
76 0.0452 0.0368 0.1491 0.1544 -0.1465 0.025'7 0.0602 -0.0534

77 o.1233 o.2034 0.3104 0.2585 -0.3 109 0.1093 0. I 525 -0.1444

78 o.62'70 0.6t'71 0.517 t 0. 1 878 -o.5420 0.1984 0. l 849 -0. l 966

'79 0.6308 o.629'l 0.54s8 -o.0424 -0.5696 -o.0428 -0.0406 0.0428

80 0.0969 0. I 843 0.3053 -0.0831 -o.3047 -0.032s -o.04'72 o.0444

12345678 12345 7 8

I 0.0548 0.0100 -o.0725 0.0685 0.0718 0.0049 -0.0r 75 0.0155

2 0.o2'70 0.0413 -0. I 060 0.0224 0.1060 0.0032 -0.0073 0.0066

-t 0.0441 0.0323 -o.t125 -0.o47'7 0.1 l 18 -0.0060 0.0152 -0.0136

4 0. I 353 -o.0432 -0.0684 -0. I 085 0.0657 0.0025 0.02 r 0 -0.0174

5 0.2909 -0.1466 0.0182 -0.1224 -0.0169 0.0174 -0.0046 0.003s

6 o.2567 -0. I t.59 o.0799 o.o777 -0.0748 -0.0067 0.01 25 -0.0097

7 o.2351 -0. l02l 0.0129 0. I 858 -o.ol23 -0.0185 0.0050 -0.0040

8 0.1406 -o.04t2 -o.os22 0. l4l0 0.0s07 -0.0045 -0.0190 0.0160

9 0.1097 -0.0t 65 -0.0758 0.0623 o.0742 0.0010 -o.ol24 0.0107

l0 0.0742 -0.0029 -0.0694 0.0225 0.0682 0.0010 -0.0052 0.004s

l1 0.0895 -0.0115 -0.0706 -0.0056 0.0691 -0.0001 0.0012 -0.0011

12 0.1266 -0.0392 -0.0544 -0.0226 0 0526 0 0007 0.0037 -0 0030

l3 0. I 869 -0.o762 -0.0334 -0.0089 0.0319 0.0007 0.0007 -0.0006

14 o.t9s4 -0.0823 -0.0178 0.0422 0.0170 -0.0039 -0.0018 0.0015

l5 o.2041 -0.0786 -o.0342 o.0942 0.0328 -0.0069 -0.0069 0.0057

16 0.r470 -0.043s -0.0s57 0.0870 0.0s40 -0.0028 -0.0121 0.0101

t'7 0.0608 -0.0025 -0.0437 0.0613 0.0432 0.0015 -0.0109 0.0095

t8 0.0855 -0.0206 -o.0225 0.0686 0.0221 -0.0019 -0.0060 0.0051

19 0. l 108 -0.0366 0.0047 0.0975 -0.0046 -0.00s7 0.0016 -0.0014

20 0.1 550 -0.0584 0.0367 0. I 832 -o.0352 -0.0120 0.0186 -0.0152

21 o.2490 -0. 1 139 0.0143 0.306 t -0.o135 -0.0340 0.0092 -o.o072

22 0.1622 -0.0s 10 -o.o'754 o.2342 0.o'726 -0.0064 -0.0410 0.0341

23 0.0563 0.0164 -0.0885 0.12J9 o.o877 0.0107 -0.0339 0.0300

24 o.os44 0.0173 -0.0798 0.0909 o.o'794 0.0071 -0.0221 o.0202

25 0.0922 -0.0161 -0.043 t 0. I 064 o.0424 -0.0006 -0.0148 0.0128

26 o.099'7 -0.0249 -0.o277 0.1052 o.o27r -0.0031 -0.0098 0.0084

2'7 0. r 268 -0.0389 -0.0167 0. l 356 o.ol62 -0.0067 -0.0067 0.0056

28 o.1325 -0.0455 -0.0099 o.1526 0.0096 -0.0094 -0.0046 0.0038

29 0. l 384 -0.0482 -0.0208 0. I 705 0.0201 -0.0104 -0.0104 0.0086

30 0.1232 -0.0350 -o.0429 0. I 639 o.0417 -0.0053 -0.0204 o.0t72

3t 0.0992 -0.0167 -0.0566 0. r401 0.0555 0.0004 -0.0236 0.0203

32 o.0773 -0.0094 -o.0476 0. I 025 0.0468 0.0011 -0.0174 0.0151

-) -l 0.0603 0.0046 -o.0642 -0.0568 0.063s -0.0030 0.0r 30 -0.0114

34 0. I 157 -0.0316 -0.o373 -0.o721 0.0363 0.0023 0.0081 -0.0069

35 0 1533 -0.0616 0.0078 -0.1043 -0.0075 0.0088 -0.0024 0.0020

36 o.2'192 -0. I 300 0.092'7 -0.3054 -0.0862 0.02'13 -0.0540 0.0416

o.6322 -o.3832 0.0453 -0.6789 -0.0384 o.1721 -0.041-5 o.0254

38 0.1786 -o.0417 -0. r 873 -0.3'77'7 0.1'779 -o.0232 0.1283 -0.1060

39 0.0169 0.0840 -0.1557 -0. l 360 0. 1 s63 -0.0338 0.0587 -0.0s44

40 0.0183 0.0443 -0.1039 -0.o'742 0.1040 -0.01 I 8 o.0252 -0.0230

Table 4.16: Two-dimensional multipole microphone weights for the air-compressor (calculated at 200

Hz)
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Mic #l Radiation mode # Mic #l Radiation mode #

12345618 t2345678
I 0.0961 -0.6944 0.5507 0.5814 0.6031 0.5557 -0.5557 -0.5556 4t 0.3250 -0.6 r 50 o.5426 0.s580 0.5622 0.4866 -0.4865 -0.4865

2 0.2246 -0.69s6 0.6031 o.6514 0.6873 o.65s4 -0.6s54 -0.6s54 42 0. l09l -o.5629 o.5424 0.5459 0.-5391 o.4452 -o.445t -o.4451

1 o.3274 -o.7322 0.6174 0 6602 0.6848 0.63 l0 -0.6309 -0.6309 43 0.0001 -0.s347 o so62 0.s206 0.s246 0.4s40 -0.4s39 -0.4s39

4 0.0869 -0.5609 o.5295 0.5333 0.5266 0.4348 -0.4347 -0.4347 44 0.3020 -0.4935 0.5332 0.5587 0.5685 0.5028 -0.502'7 -0.5027

5 0. r 916 -0 s686 o.s431 0.5796 0.6012 0.5539 -0.5539 -0.ss39 45 o.3822 -o.542s 0.5543 o.5778 0.5840 0.5091 -0.5090 -0.5090

6 0.2004 -0.6207 0.5381 0.5812 0.6 r 33 0.5848 -0.5848 -0.5848 46 0.2020 -0.703'7 0.6333 0.63s I o.6212 0.s r82 -0.s t 8l -0.s 180

7 0.2320 -o.7482 0.6666 0.7016 0;7278 0.6706 -0.6706 -0.6705 47 0.3342 -0.6900 0.6504 0.6737 0.6810 0.5936 -0.5935 -0.5934

8 0.1154 -0.7 150 0.6989 0.7081 0.6992 o.s'7'73 -0.57"t2 -0.577 | 48 0.340s -0.6r s0 o.6012 0.6300 0.6410 0.5669 -0.-5668 -0.5668

9 o.596'7 -0.7391 o.653'7 0.677 t 0.6841 0.5958 -0.5958 -0.5957 49 0.4887 -0.s044 0.42'79 0.4628 0.4866 o.4606 -0.4606 -0.4606

l0 0.2837 -0.4758 0.5060 0.5261 0.5363 0.4764 -0.4763 -0.4763 50 0.3107 -0.481 l 0.4236 0.4500 o.47 t8 o.444t -0.4441 -0.444t

l1 0 6700 -0.6669 0.5217 0.5431 0.5487 0.4779 -o.4179 -0.4118 5l 0.4613 -0.4824 o.4t26 0.4425 0.465J 0.4404 -0.4404 -0.4404

t2 0.09 r 3 -0.4715 0.5135 0.52t9 0.5 152 0.42st -0.42s1 -0.42so 52 0.0880 -0.4711 o.4504 0.4938 0.5235 0.5037 -0.5037 -0.5036

13 0.2024 -0.6791 0.5543 0.5742 0 5802 0.50s3 -0.5053 -0.5052 53 0.3814 -0.7629 0.s945 0.6.557 o;7042 0.6942 -0.6942 -0.6942

14 0.61 38 -o.6204 o.5493 o.5692 0.5803 0.5154 -0.-5 154 -0.5 r 53 54 o.7194 -0.9283 0.7950 0.8863 0.9s92 0.9s92 -o.9592 -0 9s92

15 0.3750 -0.9032 0.6892 0.7092 0.7166 0.6241 -0.6240 -0.6240 55 0.4539 -0.8200 0.7156 0.7803 0.8379 0.826 r -0.826 l -0.8260

l6 0.1183 -0-6t t6 0.6178 0.6'759 o.66'72 0.5506 -0.5s0s -0.s.504 56 0.1159 -0.6583 0.5975 0.6504 0.6895 0.6634 -0.6634 -0.6634

l'7 0.2940 -0.s691 o.4468 0.4134 o.4864 0.4394 -0.4394 -0.4394 5'7 0.0002 -0.6059 0.4880 o.5337 o.57 t4 05602 -05602 -05602

18 0.1948 -o 4t47 0.440s o.44sl 0.439s o.3629 -0.3628 -0.3627 58 0.5s50 -0.6302 o.4740 0..5 193 0.55.50 o.5423 -o.5423 -o.5423

19 o.2769 -0.4884 0.4208 o.44s9 0.4582 o.4139 -0.4139 -0.4138 59 0.0001 -0.4829 0.42s3 o.4690 0.5021 0.4922 -0.4922 -0.4922

20 0.381 I -0.5901 0.5013 0.5389 0.5660 0.5348 -0.5348 -0.5348 60 0.2322 -0.6443 0.5586 0.6r 39 0.6603 0.6s28 -0.6s28 -0.6528

2t 0.2173 -0.8411 0.7087 0.7668 0.7999 0.7455 -0.7454 -0;7454 6l 0.20'78 -0.7506 0.5316 0.592r 0.6402 0.6390 -0.6390 -0.6390

22 0.666s -0.8887 0.8847 0.8887 0.8777 0.7251 -0.1250 -0.1249 62 0.1192 -0.7691 0.6208 0.6917 0;7497 0.751'r -0;7517 -0.751'7

23 0 1063 -o.76'.78 0.6950 0.7499 o;1823 0.7291 -o.1290 -0.7290 63 0-548'7 -0.7930 0.565-5 o.6255 o.6763 o.6'752 -o.6752 -o.6752

24 o.1222 -0.85 t I 0.640.5 0.6909 o;7257 0.6857 -0.68s7 -0.68s6 64 0.0002 -0 s985 o.4921 0.5449 0.5861 0.5794 -0.5794 -0.5'794

25 0.5786 -0.5972 0.5838 0.5961 0.6006 0.5 198 -0.5198 -0.5 197 65 0.lr7l -0.5741 0.5169 n (s1¿ 0.5829 0..5.5 I 8 -0.s5 | 8 -0.5518

26 o.t077 -0.5560 0.5357 0.539 r o.5324 0.4397 -0.4396 -0.4396 66 0.2tlt -0.5 175 0.42'79 0.4s86 0.4808 0.4s26 -0.4s26 -0.4s26

27 0. l 152 -0.6538 0.5809 0.5932 0.5977 0.5173 -0.5t72 -0.5t72 67 0. I 837 -0.4977 0.4087 0.4349 o.4572 0.4328 -0 4328 -0.4328

28 0.1033 -o.6'262 o.54'i3 0.5132 0.58:12 0.5 t.58 -0.5 157 -0.5 157 68 0.0001 -0.5296 0.4630 0.-5005 0.5306 0.5105 -0.5 t05 -0.5105

29 0.0001 -0.608s 0.6003 0.6200 0.6266 0.s462 -0.5461 -0.5461 69 o.l92t -o.6939 o.6022 0.6604 0.709 | 0.6991 -0.6991 -0.699 r

30 0.2149 -o.7487 0.6'737 0.675'7 0.6673 0.55 l3 -0.55 l2 -0.5511 10 0.0002 -0.9076 0.7400 0.8386 0.9076 0.9076 -0.9076 -0.9076

3l 0.3425 -0 7072 0.6707 0.6905 0.6919 0 6083 -0 6083 -0 6082 71 0 2177 -0.8425 0.6745 0.7483 0.8036 0.7922 -0;7922 -0;7922

32 0.3067 -0.5539 0.5415 0.56'74 0.5773 0.5 r06 -0.5105 -0.5 105 72 0.0001 -0.6562 0.5'73'7 0.6201 0.6574 0.6325 -0.6325 -0.6325

33 0.0002 -0.5003 0.4532 0.4802 0.4934 0.4458 -0.4457 -o.4457 13 0.2147 -0.5957 o.4720 0.5247 0.561'7 0.5507 -0.5507 -0.ss07

34 0.0001 -0.5177 0.4963 0.49s5 0.4893 0.4040 -0.4039 -0.4038 '74 0.4553 -0.5581 o.4820 o.5325 0..5691 0.-5561 -0.556 t -0.5561

35 0.3596 -o.4525 0.4099 o.4343 o.4462 0.4031 -0.403 t -0.403 r '75 0.0002 -o.554'7 0.4685 o.5124 0.s487 0.s379 -0-s379 -0 5379

36 0.3960 -0.613 I 0.s208 0.ss99 0.s881 0.5557 -0.5557 -0.5556 '76 0.1 76 I -0 488s o.423s 0.4654 0.5006 0.4949 -0.4949 -0.4949

-tt 0.5850 -0.7045 0.6430 0.6882 o.7 179 0.6690 -0.6690 -0.6690 '77 0.5377 -0.72r5 0.5541 0.6129 0.6627 0.6615 -0.6615 -0 66r5

38 0.8122 -0.8122 0.8122 0.8122 o.8022 0-662'7 -0.6626 -0.6625 78 0.1025 -07144 o.5284 0.s949 0.6448 0.6465 -0.6465 -0.6465

39 0.4005 -0.6977 0.6567 0.7067 0.7372 0.6870 -0.6870 -0.6870 19 0.4467 -0.7493 o.5714 0.6365 0.6882 0.6870 -0.6870 -0 6870

40 0.0002 -0.6921 0.5390 0.5834 0.6128 0.5791 -0.5790 -0.5790 80 0.4441 -0.6446 0.5281 0.5869 o.6312 0.6240 -0.6240 -0.6240

Table 4.17: Radiation mode microphone \ /eights for the air-compressor (calculated at 50 Hz)
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Mic # Radiation mode # Mic # Radiation mode #

12345 6 7 12345678
0.2s63 0.4070 0.6165 0..5955 0.6068 -0.6021 0.6021 -0.6022 41 0.t444 0.5097 0.5314 0.4630 0.5670 -0.5053 05042 -0.5041

2 0.0001 0.5286 o.6697 o.62t0 0.6289 -0.6285 0.6284 -o 6286 42

43

44

45

46

47

48

49

50

5l

52

53

54

55

56

57

58

59

60

6t

62

63

64

65

66

67

68

69

'70

'71

0.0001 0.3080 0.41l6 0.3251 0.5109 -0.3908 0.3886 -0.3886

3 0.5820 o.4622 0.7001 o.6162 0.6890 -0.6838 0.6834 -0.6838 o.4043 0.380s 0.480s o.4399 0.5290 -o.4715 0.4704 -o.4'704

4 o.4637 0.32t3 0.4t34 0.3000 0.4869 -0.3722 0.3701 -0.3699 0.0002 0.2842 0.524r 0.5210 0.5920 -o.5542 0.5535 -0.s536

5 0.1277 0.5 861 0.6001 0.5861 0.6049 -0.6002 0.6001 -0 6003 0.6370 0.3597 0.s769 0.5096 0 6043 -0.s480 0.5469 -o.5470

6 0.5345 0.2830 0.5975 0.5.581 0.561I -0.5609 0.5608 -0.5609 0.4040 0.4153 0.5259 o.3723 0.6096 -0.4671 o.4644 -o.4642

7 0.6 r 85 0.4912 o.7353 0.7 186 o.7323 -o.1268 0.7265 -0.7267 0.2911 o.6291 0.6390 0.5854 0;7046 -0.6390 0.6378 -0.6378

8 o.615't 0.4889 o.5228 0.3984 0.6465 -0.4941 0.4913 -0.4912 o.3026 0.3'738 0.6424 0.587s 0.66'.75 -0.6250 o.6240 -0.6242

9 0.7956 0.7300 0.5944 0.4961 0.615 I -0.5568 0.5556 -0.5557 0. l 303 0.5059 0.4868 0.4791 0.4878 -0.4889 0.4888 -0.4889

IO 0.0002 0.4005 0.4496 0.4 r90 0.4651 -o.4391 0.438s -0.4386 0.1381 0.2924 0.4455 0.41 83 0.4289 -0.4298 o.4298 -0-4298

t1 0.6381 0.5856 0.4912 o.4054 o.4934 -o.4467 0.4458 -o.4457 o.4984 0.2639 0.4585 0.4728 0.4665 -0.4675 0.4674 -0.4675

t2 0.0001 o.25'79 o.3'792 o.268'r o.442s -0.3374 0.3355 -o.33s4 o.3521 0.4142 0.5381 0.53 l6 0.5s37 -0.s501 0.5500 -0.5503

l3 o.6'74'.7 o.3334 0.5194 0.4326 0.5217 -0.4'722 0.4712 -o.4'7 t3 0.0002 0.4936 0.6765 0.6656 o.7365 -o;7026 0.7018 -0.7022

t4 0.4092 0.3852 0.4942 o.4493 0.5032 -0.4751 o.4743 -0.474s 0.319'7 0.671t 0.7ó0r o;76t7 0.8814 -0.8008 0.7998 -0.7998

15 0.166'7 0.8235 0.6038 0.544r 0.6443 -0.s832 0.5820 -0.5821 0.0002 0.-5874 0.8050 o.'t921 0.8765 -0.8360 0.83s2 -0.83s6

16 0.t57'7 0.3340 0.5000 0.3512 0.5730 -0.4370 0.434s -o.4344 o;7730 0.3819 0.6826 0.691 I 0.7293 -o.7245 0;7245 -0.7248

17 0.3920 0.3690 0.4882 0.4689 0.4951 -0.4806 o.4802 -0.4803 0.2912 o.3597 0.5027 0.5 182 0.5532 -0.5343 0.5340 -0.s341

18 0.0001 0.3438 0.3234 o.2521 0.401I -0.3064 0.3046 -0.3046 0.1480 0.4962 0.4943 0.4875 0.5It3 -0.4969 o.4966 -0.4968

19 o.2462 0.3041 o.4529 0.4272 o.4663 -0.4526 0.4523 -o.4524 0.3838 0.4064 0-4'707 0.4591 0.4861 -0.4695 o.4692 -0.4693

20 0.t270 0.4484 0.6112 0.5903 o.6052 -o.6067 0.6066 -0.6068 0.1548 o.4372 0.5872 0.5783 0.6537 -0.6186 0.6180 -0.61 8l

21 0.5795 0.7158 0.8528 o.8692 0.8692 -0.8692 0.8692 -o.8692 o.6925 0.5317 o.5645 0.5459 o.6228 -0.5705 o.s694 -0.5696

22 0.5924 0.7841 0.7210 o.5402 0 8s08 -0.6517 0.6480 -o.6479 0.63-58 o.3366 0.5668 0.s610 0.6881 -0.6182 0.6170 -0.617 t

23 0.2833 0.4000 0.8019 0.8334 0.8500 -0.8499 o.849'7 -0.8500 o.t463 0.2582 0.5467 o.5767 0.6580 -o.6024 0.6016 -0.6017

24 0.1629 0.3449 0.7836 0.7'760 o.7759 -o.7'778 o;7'718 -0.7780 0.000r 0.4365 0.s289 o.5214 0.5802 -0.5489 0.5485 -0.5486

25 0. I s43 0.5990 0.-5589 0.4855 0.6057 -0.5398 0.5387 -0.538s 0.4684 0.6061 0.5656 0.5786 0.5844 -0.s8s7 0.5855 -0.5857

26 0.0001 o.4562 0.4390 0.3168 0.5046 -0.3861 0.3840 -0.3838 0.2814 o.2483 0.4461 0.4346 0.43'71 -0.4380 0.4380 -0.4380

27 0.1535 0.4877 0.5388 0.4967 0.6028 -0.5372 0.53s9 -0.5359 0.0001 0.345'7 0.450s 0.4466 0.4584 -0.4594 o.4593 -o.4594

28 0.2'754 0.3401 0.5221 0.5264 0.6073 -0.5685 0.5678 -o.5679 0.4759 0.4199 0.5455 o.s249 0.5612 -0.557'.l 0.5578 -0.5578

29 0.6834 0.3859 0.6 r 89 0.546'7 0.6483 -0.5880 0.5868 -0.5869 o.5122 o.s423 0.69s8 0.6854 0.7418 -0;7075 0.7070 -0.7071

30 0.4298 0.6068 0.5595 0.3792 0.6485 -0.4968 o.4940 -o.4939 o.3025 0-6407 0.7193 0;7208 0.8340 -0.757'7 0.7567 -0.7568

3l 0.6090 o.3'761 0.6722 0.61'79 o.7221 -0.6550 0.6536 -0.6536 0.0002 0.5121 0.7885 o.7 591 0.8406 -0.8020 0.8012 -0.8013

32 0.5452 0.3848 0.s014 0..52t I o.6012 -o.562'7 0.562t -0.5622 '72 0.8844 0.4682 0.6591 o.66'76 0.6953 -0.6910 0.6908 -0.69 l0

33 0;7954 o.2339 o.502'7 o.4'75'7 05022 -0.4875 0.4870 -0.4872 0.143 I 0.5557 0.5267 0 s0s2 0.5438 -o.5254 0.5250 -0.5250

34 0.0002 o.331'7 0.3846 o.2722 o.4465 -0.341l o.3392 -0.3391 74 0.1518 0.5089 0.5069 0.4999 0.5243 -0.5096 0.5093 -0.5094

35 0.4795 0.3385 0.4546 o.4231 0.4542 -0.4409 0.4405 -0.4406 75 0. I 398 o.2961 0.4986 0.4934 0.531 l -05131 0.5t26 -0.51 28

36 0.6599 0.4658 0.6201 o.6134 0.6288 -0.6304 0.6303 -0.6305 76 o.3521 0. I 657 0.4585 0.4488 0.4956 -0.4690 0.468-5 -0.4686

37 0.2600 0.6424 0.7800 o.7 s7 I 0.7800 -0.7800 0.7800 -0.7800 '77 o.r434 0.2530 0.5356 0.5651 o.6447 -o.5902 n <ao,,l -0.5896

38 0.5415 0.8122 0.6590 0.5096 0.t'776 -0.s956 0.5923 -0.5921 78 o.2734 0.3378 0.5030 o.482s 0.s9 l8 -0.s3 l6 0.s306 -0.5308

39 0.2670 0.3770 0.7859 0.7932 0.8010 -0.80 l0 0.8008 -0.8010 '79 o.446'7 0.5781 0.s900 0.5781 0.6695 -0.6132 0.6123 -0.6123

40 0.6877 0.4854 0.6462 o.6392 0.6552 -0.6570 0.6568 -0.6570 80 o.2960 0.3657 0.569'7 0.5616 0.6250 -0.5913 0.5908 -0.s909

Table 4.18: Radiation mode microphone weights for the air-compressor (calculated af,200Hz)





Appendix B

Microphone arrays

Practical implementation of the proposed sensing system to measure radiated noise from a two- and three-

dimensional structure required the development of novel microphone arrays. The experiments carried

out on a two-dimensional structure in Chapter 6, used a microphone array consisting of 128 sensors.

The experiments carried out on a three-dimensional structure in Chapter 7, used five microphone arrays

consisting of 16 sensors each. This appendix illustrates the construction of the microphone arrays and

shows how their design specifications (listed in Chapter 6 andT) were achieved, beginning with the 128

microphone array.

Illustrated in Fig. B.l(a) is the microphone arrangement for the 128 microphone anay. The total

number of microphones were divided up into four rings. Figure B.l(b) shows the microphone arrange-

ment used for each of the array's eight arms. Observe that each arm supplied wiring to a total of 16

microphones. The microphones were assembled into rigs made up of springs spanning the distance

between arms of the anay. The general spring assembly is illustrated in Fig. B.2. Referring back to

Fig. 8.1(b), the 16 microphones attached to each of the eight anay arms were divided up into: four

springs containing three microphones and two springs containing two microphones. Each spring unit

was attached to either the adjacent arm or adjacent spring, as shown in Fig. 8.1(b). Each of the 128 mi-

crophones were wired through the array's central tube, then through each arm and finally through each

spring. In total the array contains just under one kilometre of wire.

Illustrated in Fig 8.2 are the steps involved in the microphone assembly process. At the top of this

figure two microphones are visible, below is a set of three microphones, each inside their casing. Below

this is a spring used to house the microphones. At the bottom of the f,gure is the original prototype of the

microphone/spring arrangement and attachment to an aray arm. Observe the white clips which constrain

the microphone casing within the spring and the white string within the spring. This string prevents the

spring from over extending and damaging the microphone wiring. Lycra sleeves were placed around

each spring to prevent wires protruding which could thwart the springs from closing properly.

With the 128 microphones divided up into 32 groups of 3 microphones and 16 groups of 2 mi-

crophones (following the spring/microphone arrangement shown in Fig. B.l(b)), the task of soldering

them began. Shown in Fig. B.3 is George Osborne, technical officer in the department of Mechanical

Engineering, soldering the microphones and cables.

After the microphones were soldered and individually tested, they were divided into groups of 16

(four groups of three microphones and two groups of two microphones) and numbered I through to 16.
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1

Microphones and springs
one a single arm of the array

3 mics 3 mics

16 microphones
mícrophones

(a) The microphone arrangement.

3 mics 2 mics
The adjacent arm
fitting together

mrcs
Springs
in red

(b) The microphone arrangement on one arm and how adja-
cent arms fit together.

microphones

microphones

Figure B.l: Sketch of the 128 microphone array.

Figure 8.2: The spring/microphone assembly.
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Figure B.3: George Osborne soldering the microphones

Figure 8.4: Labelling cables after successfully testing each microphone.

Illustrated in Fig. 8.4 is the author numbering each microphone cable.

Shown in Fig B.5 is the author and George Osborne (obscured) assembling the microphones into

each spring. Precise placement of each microphone was achieved by first stretching each spring to its

length when positioned in the fully open aray. The microphones were placed so that they were evenly

distributed over each microphone ring, as illustrated in Fig. B.1(a). Each microphone casing was secured

in position within the spring using a clip, as shown in Fig. 8.2.

Illustrated in Fig. 8.6 is one of the microphone aray arms with springs assembled. Observe the

wiring which supplies each microphone exiting the bottom of the arm, later this was protected with

fiberglass sleeving.

Illustrated in Fig. 8.7 is the array with all eight arms connected. The next stage is to place the eight
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Figure 8.5: Assembling the microphones into springs.

Figure 8.6: A finished arm, with Lycra sleeving covering the springs
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sets of sixteen wires (now within fiberglass sleeving) through the central tube of the array. The final

product is shown in Fig. 8.8.

Figure 8.7: The array nearing completion.
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Figure B.8: The f,nished 128 microphone affay.
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The production of the five, 16 microphone arrays followed a slightly different procedure. The major

difference in the design specification was that each aray was only required to have a single open position.

The array was then constructed from an eight arm umbrella with two microphones attached on each arm.

Shown in Fig. B.9 is the microphone casing used to secure each microphone to the aray. Similar to the

128 microphone array, each of the 16 microphones were wired via the array's central tube and then along

each arm to each microphone. Shown in Fig. 8.10 is a complete 16 microphone array.

Figure 8.9: Microphones and casings.

Figure 8.10: A 16 microphone array
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To calibrate the microphones, each anay was placed inside the anechoic chamber at the University

of Adelaide. The calibration procedure has been discussed in Chapter 6 and7 . Shown in Fig. B.I I is the

calibration setup, with an affay placed in one corner of the chamber and a loudspeaker in the other (the

black cylinder directly above the laptop computer).

Figure 8.1 l: Setup used to calibrate each microphone.
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