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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES

INSTITUTE OF SOUND AND VIBRATION

Doctor of Philosophy

by Joseph J. Milton

Active Structural Acoustic Control (ASAC) is a widely used active noise control tech-

nique that provides effective control of structurally radiated noise by controlling the

vibrating structure. Typically, ASAC is implemented using structural actuators, which

are driven to minimise signals, estimated from structural error sensors, that can be re-

lated to the radiated sound field. The aim of the work in this thesis is to develop an

ASAC strategy that is able to reduce the far-field noise radiated from vibrating struc-

tures. This work can be split into two main contributions: defining a structural error

sensing strategy that accurately maps a structural response to the radiated response;

and integrating the proposed structural error sensing strategy into an ASAC system.

One of the main challenges when designing ASAC systems is defining the structural error

sensing strategy, so that a minimisation of the error signals results in a reduction in the

radiated sound field. Several previously proposed ASAC systems have employed the ra-

diation resistance matrix to estimate the radiated sound power from a series of measured

structural responses, however, a number of different assumptions made during the identi-

fication of these radiation resistance matrices has resulted in limited practicability. The

first contribution of this thesis is the proposal of two related, but alternative methods

for experimentally identifying the radiation resistance matrix. The proposed methods

use a set of transfer responses measured between a distribution of structural excitations

and the resulting structural responses, acoustic pressures and particle velocities. The

potential of the proposed methods is investigated via simulation and experiment, for

both a flat plate and an open-ended cylinder. Based on the results of the simulations

and experiments, the requirements, performance and limitations of the methods are

identified.

The second contribution of this thesis is the proposal and demonstration of an ASAC

strategy that utilises the experimentally identified radiation resistance matrix. The

performance of the proposed ASAC strategy is investigated via off-line simulation and in

real-time by controlling the radiation from both a flat plate and an open-ended cylinder.

The performance of the proposed ASAC strategy is assessed via comparison to an Active

Vibration Control (AVC) system that utilises identical control hardware and it has been

shown that the proposed ASAC strategy is able to achieve greater control of the radiated
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sound power than the AVC strategy. The robustness of the proposed ASAC strategy

to random uncertainties in the system has also been assessed and compared to the

AVC strategy. It has been shown that the ASAC strategy is less robust to random,

unstructured uncertainty than AVC, and thus highlighted the need for the system to be

appropriately designed for the considered application in order to maximise robustness.
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Chapter 1

Introduction

Climate change has been highlighted as one the greatest challenges facing humanity

over the next century and the release of greenhouse gases into the earths atmosphere is

widely accepted to be the main cause [1]. In an effort to curb the release of greenhouse

gases, the Paris Agreement, which sets out targets for a coordinated global response to

reducing greenhouse gas emissions, was put in to force in 2016 and has now been signed

by 197 countries and ratified by 189 [2]. In the long-term, these targets will be met via

the development of efficient mechanical systems that run on renewable energy, however,

widespread application of this sort of technology is not yet realisable. Therefore, there

has been a drive within industry to reduce fuel consumption of vehicles and machinery

in order to meet these targets in the short term.

Vibration is the unwanted byproduct of many mechanical processes as it has the capacity

to cause disturbance, discomfort, damage and even destruction. In many mechanical

systems, vibration can lead to structure-borne sound radiation problems, which can

have wide ranging implications. For example, noise generated by the vibration of flexible

panels and shell structures in vehicles such as automobiles, aircraft, trains, etc. have been

known to cause disturbance to occupants or even discomfort depending on their duration

and intensity [3, 4, 5]. In recent years, these structure-borne sound radiation problems

have been exacerbated by the ever increasing requirement to develop technologies and

designs that make vehicles and machinery lighter and, therefore, more fuel efficient, as

lightweight structures are often more efficient radiators of sound.

It is well known that structurally radiated sound can be directly related to the motion of

the vibrating structure and thus, by controlling the vibration of the radiating structure

itself, control of the radiated sound field can be achieved [6]. However, it is difficult to

find a general solution for the control of structurally radiated sound due to the wide

variety of problems that can arise. Considering the control of structure-borne sound

radiation at source, i.e. controlling the vibrating structure, approaches can typically

1
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be arranged into three categories: passive, semi-active and active control, which are

depicted in Figure 1.1 for a Single Degree Of Freedom (SDOF) system.

Figure 1.1: Diagrams of SDOF systems demonstrating passive, semi-active and active
control. The notation fd represents the disturbance force acting on the structure, fc is
the dynamic controlling force, m represents the mass of the system, k is the stiffness, c

is damping and b is inertance.

Passive vibration control is a low cost and low maintenance dissipative technique that

reduces the vibration energy in a system by converting it into other forms of energy

such as heat, and therefore, requires no external power supply [3]. Traditional passive

control methods for reducing structure-borne sound, such as a stiffening, adding mass or

applying damping treatments, will typically attenuate mid to high frequency vibration

effectively. These properties can be altered through structural modifications and/or the

introduction of additional passive elements and will change the way that the structure

under control will respond to external forces. In general, by altering the stiffness or

mass in the system it is possible reduce unwanted vibration by tuning the resonance

frequencies of the system so that they do not coincide with the frequency of the distur-

bance. However, for most problems, the vibrations will need to be dissipated. This can

be achieved by using either tuned mass dampers [7], to apply damping at specific fre-

quencies, or through the addition of highly damped materials where the response of the

system is characterised by multiple resonances [8]. Whilst passive vibration control is

able to provide effective attenuation of vibration at high frequencies, the mass, stiffness

and damping, properties of the system are fixed at the design stage and cannot typically

be altered during operation. Therefore, should the disturbance characteristics or oper-

ational conditions change, the passive vibration control system may become ineffective

or even increase vibration.

Semi-active control, like passive control, uses a dissipative mechanism; it reduces the

response of the structure by transforming the vibrational energy into other forms. Semi-

active vibration control strategies are able to modify the stiffness, damping and effective
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mass parameters of the system in real-time to accommodate for changes in the opera-

tional or environmental conditions. There are many ways in which the characteristics

of a system can actively be altered in order to achieve the desired stiffness, damping

or effective mass parameters; approaches vary from using Shape Memory Alloys (SMA)

to manipulate the stiffness of a system via changes in temperature or electrical current

[9, 10], to the use of Electro and Magneto Rheological fluids (ER and MR fluids) in

viscous dampers to alter the damping in a system [11, 12, 13, 14], and finally, the effec-

tive mass of a system may be altered through the inclusion of an inerter, which resists

relative accelerations across its two terminals [15, 16, 17].

Passive and semi-active control strategies, which focus on absorption or damping treat-

ments, are effective for mid to high frequency vibration attenuation, however, without

significantly increasing the size and weight of the vibrating system, these strategies are

much less effective at low frequency control [3, 18]. Therefore, active control has been

developed as an effective and lightweight solution that may be implemented instead of,

or typically alongside passive control treatments. Active control systems rely on the

destructive interference between the disturbance and a number of control sources and

typically, such systems consist of one or more error sensors, which are used to detect

the disturbance, an electronic controller, which generates the control signals, and one or

more control transducers, which are used to actuate the structure [6, 19].

The work in this thesis presents a novel active control strategy which aims to control

structure-borne sound radiation by minimising an estimate of the radiated sound power.

This work consists of two main parts: the estimation of structurally radiated sound

power, and the development of an active control strategy that utilises this sound power

estimate to achieve attenuation of the radiated sound. The efficacy of the sound power

estimation procedure and the subsequent active control strategy are both investigated

via simulation and experimentally.

1.1 An overview of active control

This section provides a brief overview of active control including: active control system

design; active control strategies available for tackling structure-borne sound radiation;

and several practical applications of active control. The aim of this section is to provide

a brief overview that contextualises the work presented in this thesis, rather than an

exhaustive review of active control theory and applications.

1.1.1 Active control system classification

Active control systems can be designed in one of two ways, using either a feedforward

or a feedback architecture. Feedforward control is often the most suitable choice for
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tonal disturbances when a reference signal, which is strongly correlated to the distur-

bance signal, is available. For example, when controlling the engine noise in a vehicle or

propeller driven aircraft, the engine tachometer can be used to provide an accurate refer-

ence signal and feedforward control will be effective [20, 21]. However, when the primary

disturbance is a result of multiple uncorrelated sources and, therefore, an accurate time-

advanced reference signal is unavailable, a feedback architecture is often more suitable.

In this thesis, the feedforward architecture is used to investigate the proposed control

strategy for tonal disturbances, therefore, in the following, the feedforward architecture

will be discussed in more detail for a single channel control problem.

Feedforward control requires a reference signal that is strongly correlated with the pri-

mary disturbance and a model of the plant. The reference signal is passed through an

adaptive filter that generates a control signal that is used to alter the response of the

system. The response of the system is monitored using an error sensor. The measured

error signal is fed-back to the adaptive controller and is used to adjust the response of

the filter. It is important that a computationally efficient adaptive controller is used to

maintain good performance when processing the real-time data from the reference and

measured error signals [21]. The adaptive filter used in the feedforward strategies in this

thesis is a modified least mean squared (LMS) algorithm called the filtered-reference

LMS algorithm (FxLMS); this is used because it is simple to implement, robust and

relatively rapid to adapt. The LMS algorithm adapts the filter coefficients in the oppo-

site direction to the instantaneous gradient of the mean-square error with respect to the

filter coefficients [21]. The single channel FxLMS algorithm can be written as

w(n+ 1) = γw(n)− αr̂(n)e(n), (1.1)

where w(n) is the vector of control coefficients, r̂(n) is the filtered reference signal, e(n)

is the error signal and γ and α are the leakage level and convergence gain, respectively.

Adjusting the leakage level limits the magnitude of the coefficients and can be used to

improve robustness, whilst adjusting the convergence gain changes the speed of adap-

tation. A diagrammatic representation of the single channel FxLMS feedforward active

control system is shown in Figure 1.2.
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Figure 1.2: Block diagram of a single channel FxLMS feedforward control system,
in which x(n) is the reference signal, r̂(n) is the filtered reference signal, u(n) is the
control signal, e(n) is the measured error signal, d(n) is the primary disturbance signal

and w(n) is the vector of controller coefficients.

In the case of the standard LMS algorithm, the error signals are multiplied directly by

the reference signal which gives the cross correlation estimate that is used to adapt the

filter. However, when the control signals generated by the adaptive filter operate via a

plant response, this cross correlation estimate becomes invalid. To compensate for this,

the FxLMS algorithm filters the reference signals using a model of the plant to ensure

the error signals and reference signals are aligned in time to give a valid cross correlation

estimate, provided that the plant model is accurate.

The derivation of the FxLMS algorithm assumes that, although the controller is being

adapted, the control filter coefficients are changing slowly compared with the time scale

of the plant dynamics [21]. This assumption is violated for practical systems, therefore,

through careful adjustment of the convergence gain, α, and leakage level, γ, the adaptive

algorithm can be slowed down to achieve stable convergence. The full derivation of the

adaptive algorithm is presented and discussed in more detail in Chapter 3.

Although the feedforward active control system using the FxLMS algorithm has been

introduced above in terms of the single channel system, the number and type of error

sensors, inputs, and actuators, outputs, employed by an active control system will vary

depending on the requirements of the system. For relatively simple control problems,

a Single-Input Single-Output system (SISO), consisting of a single error sensor and

single actuator, or multiple actuators driven with a single control signal, may suffice.

SISO control is relatively simple to implement and requires the least computational

power. However, when implementing SISO control systems, it is important to ensure

that whilst increasing attenuation at the error sensor location, enhancement does not

occur at positions remote from the error sensor. This can be avoided through careful

conditioning of the control system, using a distributed error sensor or using multiple

point error sensors. Utilising multiple error sensors and a single actuator, or multiple

actuators driven with a single control signal, improvements in global attenuation can



6 Chapter 1 Introduction

be realised, this is called Multiple-Input Single-Output (MISO) control [22]. However,

further improvements can be achieved by using multiple error sensors and multiple

actuators, each driven with an independent control signal, this is called Multiple-Input

Multiple-Output (MIMO) control [6, 22]. MIMO systems are necessary to control sound

and vibration over extended regions of space, and will be the main focus of this thesis.

1.1.2 Active control strategies for structure-borne sound radiation

A number of different active control strategies have proven effective for attenuating

structurally radiated or transmitted sound. In the following, four well-established active

control strategies are described. In order to characterise each strategy, the passenger and

crew compartments of a range of different vehicles can be considered and it is assumed

that the flexible cabin walls are subject to acoustic and structural excitations that result

in internal cabin noise.

1.1.2.1 Active Noise Control (ANC)

Active Noise Control (ANC) is able to reduce unwanted sound fields by utilising control

loudspeakers. In the case of SISO ANC, these control loudspeakers are driven with a

signal that will generate a pressure field that is out-of-phase with, and close in magnitude

to the pressure measured at the error microphone. For MISO and MIMO ANC, when

there are multiple error microphones, it is not always possible to generate perfectly

out-of-phase pressures at all of the error microphones and so in the these cases it is

necessary to reach a compromise, which is reached by minimising the mean square error

[6, 23, 24]. Figure 1.3 shows a MIMO ANC system for the active control of the sound

radiated and transmitted into the cabin via a flexible enclosure wall. ANC can provide an

effective solution when the area where control is desired is relatively small compared to

the acoustic wavelength, for example, headphone and automobile enclosures. However,

when control of large diffuse fields is desired, global attenuation becomes practically

unfeasible, due to the potential for large numbers of control sources being required [25].
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Figure 1.3: Illustration of a MIMO ANC system for the control of the acoustic and
structural primary disturbances.

1.1.2.2 Active Vibration Control (AVC)

An alternative approach to the noise transmission control problem outlined above is the

direct control of the radiating structure, which avoids the need for the control hardware

to extend into the radiated sound field. Active Vibration Control (AVC) is an approach

that, rather than directly attenuating the sound field, employs structural actuators to

cancel out the vibrations that can contribute to the radiated sound field [11, 19, 26]. An

advantage of this strategy is that it reduces the overall foot print of the control system as

the error sensing and actuation can be contained to the radiating structure. However, as

the AVC strategy does not monitor the sound field, there is potential for the system to

in fact worsen the radiation problem as a result of spillover, which can cause radiation at

higher frequencies [6]. Whilst it is possible to avoid structural spillover in the controller

design, it is not guaranteed to prevent enhancements in radiated or transmitted noise

as AVC does not consider the sound field. Figure 1.4 shows a MIMO, AVC system for

the active control of the sound radiated and transmitted into the cabin via a flexible

enclosure wall.

1.1.2.3 Active Noise-Vibration Control (ANVC)

Effectively combining both ANC and AVC, Active Noise-Vibration Control (ANVC)

offers a compromise to the limitations of both strategies. ANVC employs microphone

error sensors to measure the radiated or transmitted sound field and drives structural

actuators, which are fixed to the vibrating structure, with a signal calculated to reduce

the measured sound field [6]. This approach reduces the system footprint as it removes



8 Chapter 1 Introduction

Acoustic 
primary source

Structural  
primary source

Reference 
signals

Adaptive 
filter

Structural 
error sensor

Structural  
control source

Figure 1.4: Illustration of a MIMO AVC system for the control of the acoustic and
structural primary disturbances.

the requirement for multiple loudspeakers, but also prevents potential enhancement of

structural radiation that may occur when using an AVC strategy. Figure 1.5 shows a

MIMO ANVC system for the active control of the sound radiated and transmitted into

the cabin via a flexible enclosure wall. Whilst ANVC offers a better solution than ANC

and AVC for the control of structurally radiated or transmitted noise, it is obvious that

the use of microphone error sensors can be invasive and for many applications it may

not be possible to locate error sensors in the radiated sound field.
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filter

Microphone 
error 
sensor

Structural  
control source

Figure 1.5: Illustration of a MIMO ANVC system for the control of the acoustic and
structural primary disturbances.
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1.1.2.4 Active Structural Acoustic Control (ASAC)

Finally, Active Structural Acoustic Control (ASAC) has been developed as an approach

that can attenuate structure-borne sound radiation at source and overcome the limita-

tions associated with the strategies described above. Typically, ASAC is implemented

using structural control actuators, which are driven to minimise signals, estimated from

structural error sensors, that can be related to the radiated sound field [6, 19]. Fig-

ure 1.6 shows a MIMO ASAC system for the active control of the sound radiated and

transmitted into the cabin via a flexible enclosure wall.

Acoustic 
primary source

Structural  
primary 
source

Reference 
signals Adaptive 

filter

Structural  
control source

Structural 
error sensor

Radiation
mapping 

filter

Figure 1.6: Illustration of a MIMO ASAC system for the control of acoustic and
structural primary disturbances.

A crucial aspect that needs to be considered when designing an ASAC system, is how

to accurately define and sense a quantity using real-time structural sensors that, when

controlled, will result in a reduction in the radiated sound field. A number of structural

control metrics for ASAC, which aim to reduce the radiated sound field, have been

investigated in the past, including minimising vibration at a strategic point [27] or

minimising the volume velocity [28, 29] of the radiating structure. More recently, several

ASAC strategies have been proposed that aim to minimise an estimate of the radiated

sound power, or a structural quantity that when minimised directly reduces the radiated

sound power [30, 31, 32, 33, 34]. As it is ASAC that is the focus of this thesis, a thorough

review of these structural-acoustic ASAC sensing techniques will be carried out at the

beginning of Chapter 2.
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1.1.3 Practical applications of active control systems

Due to the increasing availability of inexpensive sensors and microprocessors, with suit-

able specifications for active control, the active control of sound and vibration is becom-

ing increasingly commonplace within a range of industries, including the aeronautical,

automotive and maritime industries, to name a few. In this section, a review of some of

the practical active control systems in these industries is presented.

Aeronautical applications of active control

The control of noise and vibration is of great importance within the aeronautical sec-

tor. Noise and vibration in the aircraft fuselage can cause many problems which, if

neglected, can have consequences ranging from; passenger discomfort, due to high levels

of cabin noise, to structural fatigue and eventual failure [35]. Aircraft fuselages consist

of thin sheets of material stiffened by large numbers of longitudinal stringers together

with transverse frames. Due to its lightweight and relatively rigid nature, the preferred

material for these sheets for most aircraft is currently thin aluminium alloy [36]. These

properties along with this method of construction effectively creates a large number of

thin, stiff aluminium panels. Whilst structurally ideal for aviation, it is known that

such stiff panels have relatively low coincidence frequencies, this can cause them to be

extremely efficient radiators of sound when excited near these frequencies [37]. During

take-off, landing and in-flight, the fuselage is subject to a number of different air- and

structure-borne disturbances [35]. Passive noise and vibration control strategies can be

implemented such as, double wall constructions with sound absorption treatments in

the air gap, however, these are ineffective at lower frequencies, especially in open-rotor,

propeller driven aircraft [38]. A great deal of research has been carried out investigating

practical implementations of different active control strategies in aircraft [39, 40, 41].

One example of a commercial aircraft using active control to reduce internal cabin noise

is the Bombardier Q400 [42]. This particular feedforward control system, installed by

Ultra Electronics, consists of 42 inertial actuators, 80 microphone error sensors and 4

accelerometers measuring reference signals. This system and other similar active con-

trol systems produced by Ultra Electronics are installed on over 1200 aircraft in service

worldwide [43].

Automotive applications of active control

In recent years, active control techniques have become a more popular solution for tack-

ling unwanted noise in the automotive industry. This is due, in part, to the concerted

effort by manufacturers to increase the efficiency of their vehicles whilst maintaining a

level of quiet and comfort for its passengers. Increases in fuel efficiency generally require

reductions in the overall weight of the vehicle, which is often realised through the use of
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lighter, stiffer materials in the construction of the vehicle cabin. As mentioned above,

lightweight and stiff enclosures are easily excited and are, therefore, very efficient radia-

tors and transmitters of sound. Many sources contribute to the noise level inside moving

road vehicles and depending on the vehicle speed, these can vary significantly. At rela-

tively low speeds, the dominant noise sources are both air and structure-borne, and both

result from the noise and vibration of the internal combustion engine and powertrain,

respectively, as well as the noise and vibration caused by the moving vehicle’s connection

with the road. These noise sources manifest themselves as a low frequency rumble be-

low approximately 500 Hz [44]. ANC for these low frequency disturbances is relatively

widespread, as it is relatively cheap to implement using the onboard CPU’s and the

loudspeakers that are normally fitted as standard, as a part of the in-car entertainment

system [45, 46, 47, 48].

Maritime applications of active control

Uptake of active control systems in the maritime industry has been somewhat slower

than in the aerospace and automotive industries. This is by no means due to a lack

of problems associated with noise and vibration. Large onboard machinery is a major

source of vibration and the transmission of structural vibrations, via bulk heads, can

lead to significant structure-borne noise problems elsewhere on the vessel. These prob-

lems can have wide ranging implications from habitability issues for crew on board to

environmental impacts for marine wildlife. Passive engine mounting solutions are used

universally throughout the maritime sector, however, these can be ineffective at low

frequency control. An interesting example of how active vibration control can be imple-

mented along with passive treatments, to combine passive and active attenuation effects

and isolate the vibration transmission from large maritime engines, has been explored

in [49, 50]. In [49], Daley et al. have developed a prototype passive/active machinery

mount called a “smart spring”, shown in Figure 1.7. This mounting system utilises sev-

eral small steel springs, which provide passive control, arranged symmetrically around

an electromagnet and coil, which are able to provide the actuation for active control.

(a) (b)

Figure 1.7: Schematic of the smart spring developed by Daley et al. for a local control
problem and a photograph of the prototype [49].
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1.2 Thesis overview

1.2.1 Structure and objectives

The main objective of the work presented in this thesis is to develop an active con-

trol strategy for the reduction of far-field, structurally radiated noise. ASAC has been

highlighted as an effective strategy for the control of structurally radiated noise as it

enables control of the radiated sound field using structural actuators and error sensors

in combination with a model or operating function that estimates the radiated sound

field. This is of particular interest for this control problem as it removes the requirement

for a real-time acoustic measurement, which for many reasons is often not practical to

obtain. One of the main challenges of designing an ASAC system, however, is accurately

defining and sensing a quantity using real-time structural sensors that, when controlled,

will result in a reduction in the radiated sound field. A number of ASAC strategies

have been developed and investigated in the past which aim to reduce an estimate of

the radiated sound power, obtained using a distributed array of structural error sensors

and a weighting matrix [30, 31, 34, 33]. Previous attempts to identify an appropriate

weighting matrix include modelling based methods [30, 31], however, these approaches

often rely on specific assumptions about the radiating structure that may lead to in-

accuracies when considering complex and practical structures. Others have attempted

to measure the weighting matrix experimentally [31, 34, 33], however, these approaches

also have limitations, such as requiring the radiating structure to be positioned in a free-

field acoustic environment [34] or requiring a priori knowledge the primary disturbance

for the identification [33]. Therefore, the work in this thesis focuses on overcoming the

limitations of the previous studies by developing a procedure for identifying the weight-

ing matrix when the radiating structure cannot be easily modelled, re-located into a

anechoic environment or excited by the primary disturbance during the identification

process.

This research can be divided into two distinct parts: the estimation of structurally

radiated sound power using only a measure of the structural response and a weighting

matrix; and the development of an ASAC strategy that utilises this sound power estimate

to achieve global far-field attenuation of radiated sound.

The structure of the thesis is as follows:

Chapter 2

Structurally radiated sound power can be directly related to the response of the radiat-

ing structure, therefore, the radiated sound power can be estimated using a measure of

the structural response and an operating function that describes this relationship. The

radiation resistance matrix is able to completely describe the radiation from a structure
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in terms of its radiation modes [6]. Firstly, this chapter presents a comprehensive re-

view of the radiation resistance matrix along with previous approaches that have been

developed for its identification. Following this, two novel radiation resistance matrix

identification procedures are proposed and their accuracy, limitations and system re-

quirements are investigated using simulations of a flat plate. Finally, the results of this

simulation study are validated experimentally for a flat plate.

Chapter 3

Based on the limits determined by the investigations carried out in Chapter 2, this chap-

ter presents the formulation of an ASAC strategy that employs the radiation resistance

matrix in order to control an estimate of structurally radiated sound power. This re-

quires an approximation of the identified radiation resistance matrix to ensure that the

resulting cost function has a single global minimum and, therefore, can be minimised us-

ing a gradient decent adaptive algorithm. The attenuation performance of the proposed

strategy is compared to that of an AVC strategy in terms of both the vibration control

and the radiated sound power control. This investigation is initially conducted using

offline simulations using the responses measured on a plate and these results are then

validated experimentally using a real-time implementation of the active control systems.

Chapter 4

Whilst the flat plate example investigated in Chapters 2 and 3 provides a convenient

test structure, it is a relatively simple structure compared to those structures that might

be found in industrial applications and the control problem could potentially be solved

using modelling-based approaches already available in the literature. Therefore, us-

ing the approach presented in Chapter 2, the radiation resistance matrix identification

procedure is applied to an open-ended cylinder, which represents a more complex struc-

tural control problem. This investigation is carried out initially via simulations using a

Finite element/Boundary element model of the open-ended cylinder in order to assess

whether the limits and requirements for the radiation resistance identification procedure

demonstrated in Chapter 2 for a flat-plate can be directly applied to the more complex

structure. Following this, the radiation resistance matrix is identified experimentally for

an open-ended cylinder in order to validate the proposed procedure.

Chapter 5

In this chapter, the performance of the ASAC strategy proposed in Chapter 3 is vali-

dated for a more complex radiating structure, the open-ended cylinder used in Chapter

4. The performance of the proposed ASAC strategy is assessed via comparison to an

AVC system that employs the same control hardware. The performance limitations

are investigated through both simulations and experimental implementation. Then, the
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robustness of the proposed ASAC strategy, to increasing levels of uncertainty, is as-

sessed relative to the AVC strategy; the robustness is a potentially critical aspect for

the practical implementation of active control systems.

Chapter 6

The final chapter presents a summary of the conclusions drawn from the work presented

in the preceding chapters and provides suggestions for future work in this area.
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1.2.2 Contributions, publication and awards

Contributions

The main contributions of this thesis are:

1. A novel method for experimentally identifying the radiation resistance matrix from

measurable structural and acoustic responses is presented and validated both, nu-

merically in simulation and experimentally. This experimental approach overcomes

limitations of previously proposed methods, which rely on the structure to be ac-

curately modelled or located in a free-field acoustic environment and does not

necessarily assume that the primary disturbance is known during the identifica-

tion process [51].

2. Utilising the experimentally identified radiation resistance matrix, a novel ASAC

strategy, which controls an estimate of the structurally radiated sound power,

is proposed and validated both in simulation and experimentally. This method

utilises a positive semi-definite approximant of the estimated radiation resistance

matrix in order to ensure that the estimated sound power cost function has a single

global minimum and, therefore, can be utilised in standard gradient decent based

adaptive algorithms [52].

3. The robustness of both the radiation resistance identification procedure and the

resulting ASAC system are investigated and provide insight into the sensitivity

of these approaches to potentially practical uncertainty. This demonstrates the

potential trade-off in robustness compared to a standard AVC system, but also

highlights the sensitivities that must be considered when carrying out the identi-

fication procedure in practice.

Publications

Journal papers

1. Experimental identification of the radiation resistance matrix. [51] - Published in

The Journal of The Acoustical Society of America

2. Active structural acoustic control using an experimentally identified radiation re-

sistance matrix [52] - Published in The Journal of The Acoustical Society of Amer-

ica
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Conference papers

1. Decentralised active vibration control using a remote sensing strategy [53] - Pub-

lished in the conference proceedings of The Twenty-fourth International Congress

on Sound and Vibration (ICSV24)

2. An inverse method for the identification of the radiation resistance matrix from

measurable acoustic and structural responses [54] - Published in the conference

proceedings of The Twenty-fifth International Congress on Sound and Vibration

(ICSV25)

3. Active structural acoustic control of a flat plate using an experimentally identified

radiation resistance matrix [55] - Published in the conference proceedings of The

Twenty-sixth International Congress on Sound and Vibration (ICSV26)

Awards

1. Won The Sir James Lighthill Best Student Paper Award 2018 (Bronze) for the

paper “An inverse method for the identification of the radiation resistance matrix

from measurable acoustic and structural responses”

2. Won The Sir James Lighthill Best Student Paper Award 2019 (Gold) for the paper

“Active structural acoustic control of a flat plate using an experimentally identified

radiation resistance matrix”



Chapter 2

Identification of the radiation

resistance matrix for a flat plate

Active Structural Acoustic Control (ASAC) has proven to be an effective means of

reducing structurally radiated sound and is typically implemented using structural con-

trol actuators, which are driven to minimise signals, estimated from structural error

sensors, that can be related to the radiated sound field [6]. One of the main challenges

when designing such systems is defining the structural error sensing strategy, so that

a minimisation of the error signals results in a reduction of the radiated sound field.

Previously proposed ASAC systems have relied on the coupling between the radiated

sound field and the structural vibration at strategic points [27] or the volume velocity

of the structure [28, 29]. However, recently there has been development of more sophis-

ticated indirect sensing ASAC systems, which use a model of the structural-acoustic

interaction to map the measured structural response directly to the radiated acoustic

response [30, 31, 32, 33, 34, 56].

In this chapter, a review of approaches to estimating structural sound radiation from

structural sensors is first presented. This review identifies a promising method that

utilises the radiation resistance matrix to estimate sound power radiated from a struc-

ture using only structurally measured quantities. An in-depth review of the radiation

resistance matrix is then carried out. This includes a summary of the previous ap-

proaches employed to identify the radiation resistance matrix, followed by a derivation

of a theoretical radiation resistance matrix for a flat plate in an infinite baffle, to demon-

strate the physical basis behind the structural-acoustic coupling that enables the sound

power estimation. Following this, two novel methods for the identification of the radia-

tion resistance matrix, via the solution to an inverse problem, are proposed. In the first

formulation, the proposed method uses the responses measured between a distribution

of structural forces and a measure of the structural response and near-field acoustic pres-

sure and particle velocity measurements. In the second, it is assumed that the particle

17
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velocity immediately in front of the structure is equal to the velocity of the structure

itself and, therefore, only structural velocity and near-field acoustic pressure measure-

ments are used to identify the radiation resistance matrix. Using a finite element model,

the proposed methods are then validated and limits for the accurate identification of

the radiation resistance matrix are investigated. The proposed identification methods

are then validated experimentally and finally, a robustness study is carried out to pro-

vide insight into how the accuracy of the sound power estimate is affected by random

uncertainty in the identification procedure.

An earlier version of this work was published as a paper in the proceedings of the 25th

International Congress on Sound and Vibration [54] and was awarded The Sir James

Lighthill Award for Best Student Paper. A subsequent, more detailed version of this

work has also been published in The Journal of The Acoustical Society of America

(JASA) [51].

2.1 Structurally radiated sound

One of the main aims of the work in this thesis is to design a practical control system

that is able to reduce far-field sound radiation from vibrating structures. ASAC has

been proposed as an effective, lightweight solution to structure-borne sound radiation

problems at low frequencies [35]. Typically, ASAC employs an array of structural con-

trol actuators to minimise a signal estimated from structural error sensors, that can be

related to the radiated sound field [6]. The effective application of such a system is de-

pendant on the accurate mapping of structurally measured error signals to the radiated

acoustic field. Therefore, the starting point for the development of the control strategy

proposed in this thesis is the acoustic radiation problem, specifically, accurately measur-

ing or estimating the sound power radiated from a vibrating structure. Sound power has

been chosen as the quantity to control as it is a single global quantity, the minimisation

of which will ensure that the overall far-field pressure is reduced. Measuring the radi-

ated sound power directly is not straightforward, however, there have been a number of

publications that propose different approaches to estimating the radiated sound power

from a structure using only structural measurements [6, 30, 31, 33, 34, 57, 58, 59].

Many related approaches for estimating structurally radiated sound power using only

structural sensors are based on calculating the radiation modes of the structure, which

can be described by the radiation resistance matrix [30, 60] or the Power Transfer Matrix

(PTM) [33]. The radiation resistance matrix has previously been calculated using a vari-

ety of methods, including analytical and numerical modelling [30, 57], and measurement

[31, 34].
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2.1.1 The radiation resistance matrix

The radiation resistance matrix completely describes the motion of a structure in terms

of its radiation modes and efficiencies, and allows for the time-averaged, structurally-

radiated sound power to be calculated using a set of structural variables [6]. The shape

and radiation efficiency of these radiation modes for any given structure are dependant

on its geometric size and shape, and are independent of its material properties [30].

One approach proposed to estimate the radiation resistance matrix extends the lumped

parameter model to include modelling for larger structures and for higher frequency

radiation, by dividing the surface of the structure into elements [31]. By characterising

the amplitude of the radiation from each element by its volume velocity, assuming the

radiation from each element can be modelled by a simple point source, a solution for

the acoustic field can be determined by summing the contributions from each element

of the radiating surface [31, 57]. In an analytical study, Fahnline and Koopmann [57]

demonstrate that when extending the lumped parameter model in this way, it is possible

to accurately predict the acoustic field radiated from larger structures and at higher fre-

quencies, provided that the size of each element is small compared to the structural and

acoustic wavelengths. This study also provided insights into how the lumped parameter

model may be implemented numerically by imposing boundary conditions in terms of

elemental volume velocities. Provided that the size of the elements is small compared to

the acoustic and structural wavelengths, any two surface velocity profiles that have the

same volume velocity distribution will produce nearly the same acoustic power output

[31, 57]. Taking advantage of the volume velocity matching scheme, it was then demon-

strated numerically that if one satisfies the boundary conditions in a lumped parameter

sense, rather than on a point-to-point basis, the requirements on the basis functions

of the acoustic field can be significantly relaxed and the acoustic field is considerably

simpler. Because of the relative ease of evaluating the acoustic field for a discrete source,

the volume velocity boundary conditions can be enforced with high levels of accuracy

and therefore, the radiation resistance matrix can be identified, for simple structures,

with reasonable accuracy [31, 58]. However, as these modelling based methods rely on

specific assumptions about the radiating structure, for example, that the sound radia-

tion can be approximated by the radiation from an array of point monopole sources,

they may lead to inaccuracies when considering more complex practical structures.

In an attempt to overcome the problems associated with these assumptions, Fanhline

and Koopman proposed a method for measuring the radiation resistance matrix ex-

perimentally [31]. Based on the extended lumped parameter study, a given structure

would be divided into a number of elements and a single term of the radiation resistance

matrix would thus be measured by placing a source of known volume velocity at the

geometrical centre of element j, and by measuring the pressure at the centre of element

i the resistance term between the elements can be evaluated [31]. To do this a small
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source with a known volume velocity is required, this was provided by the ‘resistance

probe’ which is shown in Figure 2.1 [31, 61]. In [31], the resistance probe was used to

measure a single term of the radiation resistance matrix for several structures. This

analysis was restricted to boundary surfaces with relatively simple shapes, so that nu-

merical implementation could be used to determine very nearly exact solutions to act

as a ground truth in order to determine the limitations of the experimental procedure

[31]. Comparing the experimentally measured radiation resistance terms to analytically

calculated radiation resistance terms, it was shown that, between approximately 400

Hz and 2 kHz, the analytical and experimental radiation resistance terms were in fairly

close agreement. However, above 2 kHz the experimental radiation resistance terms

diverge sharply from the analytical and below 400 Hz the experimental radiation resis-

tance terms appear random in nature. The high frequency performance limit is due to

the probe diameter, which represents the element size. To achieve accuracy at higher

frequencies the probe must be sufficiently small so that it represents a small area of the

radiating structure [31]. Contrastingly, the random nature of the results at low frequen-

cies suggests that the probe has reached an overall noise floor, this is due to the small

size of the probe as it is not able to generate sufficiently high volume velocity at low

frequencies. These conflicting requirements result in the method having a low frequency

limit of around 400 Hz in the investigation presented in [31] and, therefore, it may have

limited applicability in situations where active control would be appropriate.

Figure 2.1: Diagram of the resistance probe utilised for the radiation resistance matrix
measurements [31].

These studies have presented an effective approach for identifying the radiation resistance

matrix for relatively simple structures in simulation. However, it is not straightforward

to calculate this matrix for practical and more complex structures due to the conflicting

requirements associated with the design of the resistance probe [31] and the time that it
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would take to measure the full radiation resistance matrix of a structure, hence a different

method to estimate the radiated sound power from structurally measured quantities is

required for practical and complex structures.

Berkhoff et al. [59] presented a method whereby the radiation resistance matrix is cal-

culated by solving an inverse problem, which uses the responses measured between a

number of structural forces and distributions of both structural velocity and acoustic

pressure measurements [34, 59]. This method has been shown to be effective experimen-

tally, however, as the acoustic pressures are used to calculate the radiated sound power,

in order to accurately identify the radiation resistance matrix, the radiating structure

must be located in a free-field acoustic environment and the pressure measurements

must be taken in the far-field. This may be infeasible for many practical structures,

which cannot be relocated to a free-field acoustic environment.

2.2 The radiation resistance matrix in terms of elemental

radiators

In the following, a well established theoretical radiation resistance matrix formulation

is presented based on [30]. To provide insight into the physics behind structural sound

radiation, the radiation resistance matrix is formulated for a flat plate in an infinite

baffle and via an eigen-decomposition of the matrix the radiation modes of the plate

and their corresponding radiation efficiencies are interpreted.

2.2.1 Formulation

As mentioned in Section 2.1.1, a lumped parameter model can be used to model the

acoustic radiation from a vibrating structure as equivalent to that of a simple point

source, at low frequencies, where the acoustic wavelength is much larger than the char-

acteristic dimensions of the vibrating structure. In this form, the acoustic field depends

only on the volume velocity of the source. This approach can be extended to model

larger structures and/or higher frequencies by subdividing the surface of the radiating

structure into a number of radiating elements [6, 30, 57]. The acoustic pressure imme-

diately in front of each radiating element can be related to the complex velocity of each

element at a single frequency according to the impedance relationship

ps = Zv, (2.1)

where v is the vector of complex elemental structural velocities, ps is the vector of

corresponding acoustic pressures on the surface of the structure and Z is the matrix of

specific acoustic impedances, which incorporates point and transfer impedance terms
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over the grid of elements. Assuming at this point that the acoustic radiation from each

element can be approximated as a monopole source radiating into half space, defined by

the infinite baffle [6], the impedance between the ith and jth elements of the matrix Z

can be defined as

Zij(ω) =
jωρ0Ae
2πRij

e−jkRij (2.2)

where ω is angular frequency, ρ0 is the density of air, Ae is the area of each element, k is

the wavenumber and Rij is the distance between the centres of the ith and jth elements.

The sound power radiated by the elemental array described above can be defined in

terms of the vector of structural velocities and acoustic pressures as

W =

(
Ae
2

)
IRe{pHs v}. (2.3)

By substituting Eq. 2.1 into Eq. 2.3, for the vector of pressures, the radiated sound

power can be written as [30]

W =

(
Ae
2

)
IRe{vHZv} =

(
Ae
4

)
vH{Z + ZH}v = vHRv (2.4)

where, in the final expression, the impedance matrix, Z, is assumed to be symmetric

due to acoustic reciprocity and the real, symmetric, positive definite radiation resistance

matrix is defined as

R =

(
Ae
2

)
IRe{Z}. (2.5)

It can be seen from the final expression of Eq. 2.4, that the radiation resistance matrix

can be used to calculate the radiated sound power using only structural velocities and,

therefore, can be used in an ASAC system as the calculation only requires structural

error sensors rather than acoustic sensors [30].

2.2.2 The radiation resistance matrix for a baffled plate

In order to provide an understanding of the physics behind the radiation resistance

matrix, it is necessary to first create a simulation-based test-bed within which the struc-

tural and acoustic responses of a structure can be evaluated. Previous publications that

consider the estimation of structurally radiated sound power using the radiation resis-

tance matrix method have focused on the problem involving a flat, rectangular, baffled

plate. This is because the radiation resistance matrix for this problem can be directly

calculated and the radiation modes easily interpreted. This model will then also be

used to assess the accuracy of the proposed radiation resistance matrices and investi-

gate the limits of the proposed identification methods. The elemental model derived in

Appendix A has been used to define a flat, rectangular baffled plate for this study. The

plate is assumed to be composed of aluminium with dimensions and material properties
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as defined in Table 2.1. These dimensions and material properties were chosen as these

are the dimensions of the aluminium plate which will be used to validate this study

experimentally.

Table 2.1: Table defining the dimensions and material properties of the modelled
aluminium plate.

Dimensions Value Material properties Value

Length (lx) 0.414 [m] Young’s Modulus, E 68.9 [GPa]

Width (ly) 0.314 [m] Density, ρ 2700 [kg/m3]

Material thickness 1× 10−3 [m] Poisson’s ratio, ν 0.33

Weight 0.35 [kg] Modal damping ratio, ξn 0.01

For elemental models, a common rule of thumb is to use six elements per wavelength [6],

the accuracy of this limit has been validated in Appendix B.1 via a convergence study.

In the following, the plate is modelled and sub-divided into ten elements along the x-axis

and eight elements along the y-axis, as shown in Fig. 2.2. When the upper frequency of

interest is 1 kHz, this provides approximately eight elements per the shortest radiated

acoustic wavelength which has been shown, in Appendix B.1, to provide an accurate

model of the plate radiation.

Figure 2.2: Diagram of the modelled rectangular plate, uniformly divided into a grid
of elemental radiators.

As noted previously, the radiation resistance matrix completely describes the acoustic

radiation from a structure and, as such, it is possible to gain insight into the physics

behind this sound radiation via an eigen-decomposition of the radiation resistance matrix

which can be expressed as [6],

R = QTΛQ, (2.6)

where Q is the matrix of eigenvectors, in which each row contains the amplitudes of each

radiation mode, and Λ is the diagonal matrix of eigenvalues, which are proportional to

the radiation efficiencies of the radiation modes.
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Using the elemental model, the six largest eigenvalues of radiation resistance matrix have

been calculated, λr, these are proportional to the radiation efficiencies of the six lowest

order radiation modes of the plate, these are plotted in Figure 2.3. From this plot it can

be seen that the magnitude of the eigenvalues, and therefore, radiation efficiencies, vary

with frequency, increasing in magnitude as the frequency increases. It can also be seen

that at low frequencies the radiation response will be dominated by the first radiation

mode, whilst with increasing frequency the contribution of the higher order modes will

become increasingly important.
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Figure 2.3: Six largest eigenvalues of the radiation resistance matrix calculated for
the plate which are proportional to the radiation efficiencies of the six lowest order

radiation modes of the plate [51].

Through the decomposition of the radiation resistance matrix, surface plots of the ve-

locity distribution of the six lowest order radiation modes of the plate, when excited

at 39 Hz, have been plotted in Fig. 2.4. From these plots it can be seen that the first

and most efficiently radiating mode is the piston mode. This is followed by two rocking

modes, a torsional mode and two saddle modes. Visualising the radiation modes in this

way could help to tailor the positioning of control actuators and sensors when designing

an ASAC system, or even lead to the design of radiation based modal actuators as in

[26, 62]. It is important to note that although the radiation modes are frequency depen-

dant, within the range considered (0 Hz to 1 kHz) there is only a slight variation in the

mode shapes of the dominant, lower order modes [6].
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(a) Mode 1 (b) Mode 2

(c) Mode 3 (d) Mode 4

(e) Mode 5 (f) Mode 6

Figure 2.4: Six lowest order radiation modes of the plate when excited acoustically
at 39 Hz.
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2.3 Inverse estimation of the radiation resistance matrix

using P-U measurements

In this section, the first of the proposed methods of estimating the radiation resistance

matrix is formulated. The radiation resistance matrix is then identified for the elemen-

tal plate model derived in Appendix A and the accuracy of the sound power estimate

obtained using the proposed matrix is compared to the directly evaluated sound power

when the plate is excited by a plane wave, as described in Appendix A.1. In order to

determine the limits of the proposed identification method, the accuracy of the sound

power estimate is then investigated when the number of forces and sensors used to iden-

tify the radiation resistance matrix is altered. Following this, the practical application

of the identification procedure is validated experimentally for a flat aluminium plate.

2.3.1 Formulation

The sound power radiated from a structure can be expressed in terms of the vectors of

acoustic pressures, p, and particle velocities, u, measured normal to a virtual surface

enclosing the structure as

W =

(
A

2

)
IRe{pHu}, (2.7)

whereA is the area over which the particle velocities and acoustic pressures are measured,

divided by the number of measurement positions [63]. It is possible to express the

acoustic pressures, p, and particle velocities, u, in terms of the structural responses as

p = H̃pq and u = H̃uq, (2.8)

where q is the vector of structural responses measured on the surface of the structure,

which could be represented by accelerations, velocities or displacements, and H̃p and

H̃u are the transfer response matrices, which cannot be directly measured, between the

structural response and acoustic pressures and particle velocities, respectively. Substi-

tuting Eq. 2.8 into Eq. 2.7, the radiated sound power may be written in terms of the

structural responses and transfer matrices as

W =

(
Ae
2

)
IRe{qHH̃

H

p H̃uq}. (2.9)

Expanding this in terms of its real and imaginary parts allows a simplification that gives

W =

(
Ae
4

)
qH [ΞH + Ξ]q = qHR̂q, (2.10)
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where Ξ = H̃
H

p H̃u and the radiation resistance matrix in this case is defined as

R̂ = (Ae/2) IRe{H̃H
p H̃u}. (2.11)

Although this defines the radiation resistance matrix, the matrices H̃p and H̃u cannot

be measured directly, since each of the structural responses cannot be independently

driven and are only controllable via a fully coupled transfer response matrix [33]. It

is possible, however, to estimate these matrices via the solution of an inverse problem

[33, 51, 54, 55, 64]. This inverse problem can be formulated by expressing the structural

responses, q, in terms of a distribution of structural forces, f , and a transfer response

matrix as

q = Hsf , (2.12)

where Hs is the transfer response matrix measured between the distribution of indepen-

dently driven forces and the structural response, which can be measured directly.

The relationships between the three transfer responses and the vectors of forces, struc-

tural responses, acoustic pressures and particle velocities are summarised by the block

diagram shown in Fig. 2.5. From this block diagram, or by substituting Eq. 2.12 into

Eq. 2.8, it can be seen that the acoustic pressure and particle velocity vectors can be

expressed as

p = H̃pHsf = Hpf and u = H̃uHsf = Huf , (2.13)

where Hp and Hu are the measurable matrices of transfer responses between the forces

and the acoustic pressures and particle velocities, respectively. The matrices H̃p and

H̃u can then be obtained via the solutions to the two corresponding inverse problems,

that is

H̃p = HpH
†
s and H̃u = HuH

†
s, (2.14)

where the superscript † denotes the pseudo-inverse operator. When the number of

structural measurements is equal to the number of forces, so that Hs is a square matrix,

Eq. 2.14 can be solved using the direct matrix inversion H−1
s , assuming that Hs is non-

singular and, therefore, invertible. This is generally the case, however, the matrix will

become ill-conditioned as it tends to singularity which will make the inverse very sensitive

to small perturbations in its elements [21]. Typically, the matrix will tend to singularity

the more closely grouped the forces and sensors become, and in the extreme case where

all forces and sensors are collocated, the matrix will become singular and, therefore,

un-invertible. If the structural response matrix is not square, however, then the solution

to the inverse problem must be calculated via a pseudo-inverse. The particular solution

to the pseudo-inverse is dependant on the dimensions of the structural response matrix

and, therefore, the relative numbers of forces and structural sensors used to measure it.

The specific solution to the pseudo-inverse in each case will be discussed in more detail

in the following investigation as the limits of the identification method are explored.
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Hu

Hp

Hs

Hu

Hp

f

u

p

q

~

~

Figure 2.5: Block diagram showing how the quantities f, q, p and u relate to one
another using the transfer response matrices. The H blocks represent the transfer

response matrices between the input vectors and the output vectors.

It should be reiterated at this point, that in previous work during the system identifica-

tion, the primary disturbance was included in the force distribution [33, 34]. However, in

this thesis, it is assumed that knowledge of the primary disturbance is not available dur-

ing the system identification, therefore, the primary disturbance has not been included

in the formulation of the radiation resistance matrix in this study.

2.3.2 Simulation based investigation

In this section, the accuracy of the radiation resistance matrix identified using the pro-

posed estimation procedure is assessed via comparison between the sound power estimate

it produces and the directly evaluated sound power when both are excited by the same

primary disturbance. The primary disturbance exciting the plate in this study is as-

sumed to be an acoustic plane wave incident at 45◦ in the horizontal plane and 45◦ in

the vertical plane, as derived in Appendix. A.1. This has been used as the primary dis-

turbance as it approximates a diffuse excitation and ensures all modes are excited. The

radiation resistance matrix has been calculated according to the formulation in Section

2.3.1 using the elemental plate model described in Section 2.2.2. Initially, this was cal-

culated using arrays of 10× 8 point forces, 10× 8 structural velocity measurements and

10× 8 particle velocity and acoustic pressure measurements evaluated 0.1 m above the

surface of the plate. This arrangement ensures at least 8 forces and sensors are present

per the shortest acoustic wavelength, when the upper frequency of interest is 1 kHz, this

corresponds to approximately 2.4 forces and sensors per structural bending wavelength

of the plate at this frequency. In the following, the number of forces and sensors will

be defined in terms of the shortest acoustic wavelength. This is done because, whilst it

is straightforward to calculate the structural wavelength for a plate, for more complex

structures this calculation will not be as straightforward.
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Figure 2.6 shows the sound power radiated from the elemental plate model when excited

by an incident acoustic wave. The sound power calculated using the proposed radiation

resistance matrix, R̂, is plotted along with the directly evaluated sound power, which

is calculated according to Eq. 2.7, using the uniform array of 10 × 8 particle veloci-

ties and acoustic pressures, evaluated 0.1 m above the surface of the plate. Whilst the

sound power is defined by the product of the acoustic pressure and the particle veloc-

ity, integrated over a virtual surface enclosing the radiating structure, simulations have

demonstrated that taking the acoustic pressures and the particle velocities at the points

considered here is accurate over the given frequency range. It can be seen from these

results that the sound power estimate is consistent with the directly evaluated sound

power when the same number of both forces and sensors are used to estimate the radia-

tion resistance matrix as acoustic sensors are used to evaluate the sound power. Whilst

this demonstrates that using the experimentally identified radiation resistance matrix

it is possible to predict the sound power radiated from the simulated plate, it does not

necessarily indicate that all of the elements of the radiation resistance matrix have been

completely identified.
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Figure 2.6: Sound power radiated by the elemental plate model when excited by an
incident plane wave. The directly evaluated sound power (solid black line) is plotted
along with the sound power estimate (dashed black line) calculated using the proposed

radiation resistance matrix, R̂.
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The effect of the number of forces and sensors used in the identification

on the accuracy of the sound power estimate

As detailed in Section 2.3.1, an inverse problem must be solved in order to identify

the radiation resistance matrix. When the number of forces is equal to the number

of structural sensors, the inverse problem is fully determined and the solution to the

problem is straightforward, as the matrix to be inverted is square. However, when the

number of structural sensors differs from the number of excitation forces, it must be

solved via the pseudo-inverse. In the following, the number of structural sensors, forces

and finally acoustic sensors are reduced in order to determine the limits on the accurate

identification of the radiation resistance matrix in terms of the sensing and actuation

requirements.

In the first instance, the number of structural sensors used to estimate the radiation re-

sistance matrix has been decreased, whilst the number of acoustic sensors and structural

forces remains fixed at 8 per the shortest acoustic wavelength, which is approximately

0.34 m at 1 kHz. This means that the matrix describing the structural transfer re-

sponses, Hs, is not square, and therefore, the estimation procedure cannot utilise the

direct matrix inversions. Instead the inverse problems defined by Eq. 2.14, must be

solved via the pseudo-inverse. The form of the pseudo-inverse required is dependant

on whether the number of forces, Lf , is greater or less than the number of structural

sensors, Ls. In the following, the number of forces will be greater than the number of

structural sensors and, therefore, the matrix Hs, which has dimensions (Ls × Lf ) will

be full row rank. This means that the solution to the inverse problem is obtained using

the right-sided pseudo-inverse, which is given as

H†s = HH
s (HsH

H
s )−1, (2.15)

assuming that (HsH
H
s ) is non-singular and, therefore, invertible.

Figure 2.7 shows the sound power estimated using the radiation resistance matrix as

the number of structural sensors was reduced, plotted along with the directly evaluated

sound power.
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Figure 2.7: Sound power estimated using the radiation resistance matrix as the num-
ber of structural sensors used in the identification is decreased. The blue solid line
shows the directly evaluated sound power, the black solid, dot-dashed, dashed and
dotted black lines show the sound power estimate when seven, five, three and one
structural sensors per the shortest acoustic wavelength were used in the identification

of the radiation resistance matrix, respectively.

It can be seen from Figure 2.7, that reducing the number of structural sensors used

to calculate the radiation resistance matrix to 7 per the shortest acoustic wavelength

has negligible effect on the estimated sound power over the presented frequency range.

Reducing the number of structural sensors to 5 per the shortest acoustic wavelength

begins to introduce some small errors at the upper end of the presented frequency range.

As the number of structural sensors reduces further, to approximately 3 per the shortest

acoustic wavelength, it can be seen from the results that errors begin to appear at higher

frequencies. The results in this case are still accurate up to around 400 Hz, where the

structural sensor arrangement provides around 8 sensors per the acoustic wavelength

at this frequency. Reducing the number of sensors further, to approximately 1 per the

shortest acoustic wavelength, leads to the errors becoming much larger and occurring at

lower frequencies.

Next, the number of forces used to identify the radiation resistance matrix was reduced

and the number of structural and acoustic sensors used remained fixed at 8 per the

shortest acoustic wavelength. Again, as the matrix Hs is not square, the inverse problems

must be solved via the pseudo-inverse as defined by Eqs. 2.14. In this case, the number

of forces will be less than the number of structural sensors and, therefore, the matrix Hs

will be full column rank. This means that the solution to the inverse problem should be
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obtained using the left sided pseudo-inverse, which is given as

H†s = (HH
s Hs)

−1HH
s . (2.16)

assuming that (HH
s Hs) is non-singular and, therefore, invertible.

It should be reiterated at this point, that if the primary disturbance were to be included

in the force distribution, the the sound power estimate would be perfect, no mater

how many or few other forces were used in the identification. However, as no prior

knowledge of the primary disturbance is assumed, it is omitted from the identification.

The following thus investigates how many evenly distributed point forces are needed in

order to excite the plate sufficiently such that all the resonances excited, within a given

frequency range, by any given primary disturbance will be included in the identification.

Figure 2.8 shows the radiated sound power calculated using the estimated radiation

resistance matrix as the number of forces used in the estimation is reduced, plotted

along with the directly evaluated sound power. From these results it can clearly be seen

that as the number of forces used to identify the radiation resistance matrix is reduced,

the accuracy of the sound power estimate decreases. In particular, it can be seen that

with 7 forces per the shortest acoustic wavelength the sound power estimate is accurate

over the full frequency range presented. When the number of forces is reduced to 5 per

the shortest acoustic wavelength, a similar level of accuracy is obtained, but with some

small errors at higher frequencies. However, when reducing the number of forces used in

the identification to 3 per the shortest acoustic wavelength, the accuracy of the sound

power estimate is limited at higher frequencies. When the number of forces per the

shortest acoustic wavelength is reduced to approximately 1, more errors are introduced

across the entire frequency range, as expected. It is also interesting to note that the

sound power is generally underestimated as the number of identifying forces is reduced,

whereas a general overestimate was observed when the number of structural sensors was

reduced.
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Figure 2.8: Sound power estimated using the radiation resistance matrix as the num-
ber of forces used in the identification is decreased. The blue solid line shows the
directly evaluated sound power, the black solid, dot-dashed, dashed and dotted black
lines show the sound power estimate when seven, five, three and one forces per the
shortest acoustic wavelength were used in the identification of the radiation resistance

matrix, respectively.

Finally, the effect of reducing the number of acoustic sensors has been investigated. In

the following simulation results, the number of structural sensors and forces was fixed at 8

per the shortest acoustic wavelength, whilst the number of uniformly distributed particle

velocity and acoustic pressure measurements was decreased. In this case, the matrix Hs

is square and, therefore, the direct inverse solution can be used. Figure 2.9 shows the

sound power calculated using the proposed radiation resistance matrix identification

procedure as the number of acoustic measurements is reduced. From these results it

can be seen that the accuracy of the sound power estimate is largely unaffected as the

number of acoustic measurements is decreased. That said, some errors are introduced

into the sound power estimate when there are only 1.5 sensors per acoustic wavelength.

This observation is consistent with the Nyquist sampling theorem and it is evident that

an accurate estimation is provided when there are at least 2 acoustic sensors per the

shortest acoustic wavelength. This is in contrast to the results presented in Figs. 2.7

and 2.8, because the speed of sound in the structure is much higher than in air and

the associated wavelengths are thus much shorter. This means that a larger number of

forces and structural sensors is required in relation to the acoustic wavelength.
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Figure 2.9: Sound power estimated using the radiation resistance matrix as the num-
ber of acoustic measurements used in the identification is decreased. The blue solid
line shows the directly evaluated sound power, the solid, dot-dashed, dashed and dot-
ted black lines show the sound power estimate when seven, five, three and one acoustic
measurements per the shortest acoustic wavelength were used in the identification of

the radiation resistance matrix, respectively.

As mentioned previously, the aim of the work in this thesis is to design a practical ASAC

system, therefore, the number of forces, which are to be provided by inertial actuators,

and sensors used in the identification procedure must be practical. It is obvious that for

the most accurate sound power estimate, a very large number of forces and sensors should

be used, however, this would increase the cost of conducting the procedure. On the

other hand, using less forces and sensors would reduce the cost of the procedure but at a

detriment to the accuracy of the sound power estimation. Therefore, to strike a balance

between an overly populated system, in which the number of actuators, sensors and

cabling required would make the system extremely costly, and the accuracy of the sound

power estimate, the desired frequency range for the ASAC system must be considered.

From Figure 2.6, it can be seen the first three resonances dominate the radiated sound

power, of which the highest frequency resonance is at approximately 250 Hz. In order

to accurately identify the radiation resistance matrix over this range and thus provide

a useful sound power estimate, three forces and structural and acoustic sensors per

the shortest acoustic wavelength at 1 kHz has been chosen, as according to the results

presented in Figures 2.7, 2.8 and 2.9, this arrangement provides an accurate estimation

up to and above this frequency. The proposed configuration corresponds to 12 forces

and 12 structural and acoustic sensors uniformly distributed over the plate. To assess

the impact of reducing both forces, and structural and acoustic sensors simultaneously,
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the accuracy of the sound power estimate achieved when using this arrangement to

identify the radiation resistance matrix for the simulated plate is shown in Figure 2.10.

These results show that the estimate identifies the majority of the radiating modes

of the plate across the given frequency range, however, above approximately 400 Hz

errors appear in the level of the sound power estimate. This is as expected from the

investigation presented above and provides two clear frequency ranges, one where the

estimation is expected to be accurate (f < 400 Hz) and one where it will suffer from

errors (f > 400 Hz), at this transition frequency the acoustic wavelength corresponds

to approximately 8 times force and sensor spacing. These two regions also happen to

correspond to two regions where active control would be effective and where it would

become less effective and passive techniques may be more effective at controlling the

structure, respectively.
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Figure 2.10: Sound power radiated by the simulated plate when acoustically excited
with broadband noise. The solid line shows the measured sound power and the dashed
line shows the sound power calculated using the proposed radiation resistance matrix,
R̂, identified with a (4× 3) distribution of forces, and structural and acoustic sensors.
This setup provides approximately 8 forces and sensors per acoustic wavelength at

400 Hz.
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2.3.3 Experimental validation

In this section, the proposed radiation resistance matrix identification method is val-

idated experimentally. Firstly, the experimental setup is described, followed by the

experimental results.

2.3.3.1 System Identification

Based on the simulation study carried out in Section 2.3.2, an experimental rig has been

built to validate the proposed method of identifying the radiation resistance matrix.

In the experimental setup, shown in Figure 2.11, the forces have been provided by 12

lightweight (29.6 g) inertial actuators, the structural sensors have been provided by 12

accelerometers, approximately collocated with each actuator. The acoustic pressure and

particle velocity have been measured using a Microflown p-u probe, shown in Figure 2.12,

which is 90 mm long, has a diameter of 13 mm and a diaphragm of 2.54 mm. All of the

equipment used is detailed in Appendix C. To measure the transfer responses required

for the estimation of the radiation resistance matrix, each of the inertial actuators was

driven independently with broadband noise to excite the plate. The structural response

was then measured by the array of accelerometers and the acoustic pressure and particle

velocity responses were measured above each accelerometer position, approximately 0.1

m from the surface of the plate.

(a) (b)

Figure 2.11: Photographs of the experimental setup used to measure the radiation
resistance matrix. Shown is the plate which has dimensions 0.314m× 0.414m with 12
actuators approximately collocated with 12 accelerometers fixed to the surface. The

loudspeaker primary disturbance can be seen below the plate in Figure 2.11(a).
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(a) (b)

Figure 2.12: Photograph of PU probe used to measure the particle velocity and
acoustic pressure.

A loudspeaker enclosed in the sealed cavity below the plate, shown in Fig. 2.11(a), was

employed as the primary disturbance to excite the plate acoustically with broadband

noise. The radiated sound power was then calculated directly using the measured pres-

sure and particle velocities as in Eq. 2.7, and using the radiation resistance matrix,

which was estimated using the proposed method formulated in Section 2.3.1.

As mentioned in Section 2.3.1, the radiation resistance matrix does not require the

structurally measured quantities to be velocity. For this reason, the directly measured

accelerometer signals have been used to calculate the structural transfer responses, Hs,

for the experimental system. Figure 2.13 shows the magnitude, phase and coherence

of the transfer response between the actuator at position 5 and the accelerometer at

position 8 and Figures 2.14 and 2.15 show the same for the transfer responses between

the actuator at position 5 and the acoustic pressure and particle velocity measured at

position 8, respectively. From these plots the modal behaviour of the plate can clearly

be seen and a coherence of close to 1 has been achieved across the frequency range

above approximately 50 Hz. The poor coherence below approximately 50 Hz is due to

limitations of the actuators, as this is below their resonance frequency of approximately

66 Hz, therefore, the force at below this frequency is limited. These plots also show that

the response of the plate used in the experimental setup is much more heavily damped

than the response of the simulated plate. The differences between the responses are

due, in part, to the addition of the actuators and accelerometers, as well as the plates

different boundary conditions, clamped, and the coupling to the enclosure.
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Figure 2.13: The magnitude and phase of the transfer response and the coherence
between the actuator driven with white noise at position 5 and the accelerometer at

position 8.
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Figure 2.14: The magnitude and phase of the transfer response and the coherence
between the actuator driven with white noise at position 5 and the acoustic pressure

measured 0.1 m above the surface of the plate at position 8.
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Figure 2.15: The magnitude and phase of the transfer response and the coherence
between the actuator driven with white noise at position 5 and the particle velocity

measured 0.1 m above the surface of the plate at position 8.

2.3.3.2 Results

Figure 2.16 shows the sound power estimate plotted along with the directly evaluated

sound power. It should be noted that for this plate the breathing mode is at approxi-

mately 100 Hz, the peak at approximately 42 Hz is due to the resonance of the primary

disturbance and the trough at approximately 66 Hz is due to the resonance of the actu-

ators (see Appendix C for equipment specifications). From these results it can be seen

that at frequencies below around 400 Hz, the experimentally identified radiation resis-

tance matrix is able to estimate the radiated sound power relatively accurately. The

four lowest radiating modes, which are within this bandwidth, are identified in both

frequency and amplitude. At 400 Hz and above, the accuracy of the estimation reduces,

as expected from the simulation results presented in Figure 2.10. Above 400 Hz, the

resonance frequencies are identified, but the level of the sound power estimation is in-

accurate and off-resonance above this frequency, the sound power becomes very poorly

estimated.
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Figure 2.16: Sound power radiated by the plate when acoustically excited with broad-
band noise. The solid line shows the sound power measured using particle velocities, u,
and acoustic pressures, p, and the dashed line shows the sound power calculated using

the estimated radiation resistance matrix, R̂.
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2.4 Inverse estimation of the radiation resistance matrix

using pressure and structural velocity measurements

In the previous section it has been shown that the radiation resistance matrix can

be identified using a measure of structural response along with particle velocity and

acoustic pressure measurements. However, for practical applications, it may be beneficial

to avoid the requirement to measure the acoustic particle velocity, as this requires a

costly measurement probe. In the following, this is achieved by assuming that the

velocity of the vibrating structure is equal to the acoustic particle velocity immediately

in front of it. Based on this assumption, an alternative approach to identifying the

radiation resistance matrix using only near-field acoustic pressure and structural velocity

measurements has been proposed. In this section, the formulation of the proposed

estimation method is presented and a simulation based investigation is carried out to

determine the distance at which the particle velocity can no longer be approximated by

the structural velocity. Following this, the presented method is validated experimentally

using the setup described in Section 2.3.3.1.

2.4.1 Formulation

As in Section 2.3.1, the acoustic pressure can be related to the response of the struc-

ture via the transfer response matrix H̃p. In order to illustrate the differences between

this method and the one presented in Section 2.3.1 the relationships between the trans-

fer responses and the vectors of forces, structural velocities and acoustic pressures are

shown in the block diagram in Figure 2.17. For clarity, it is important to note that the

distinction between the pressures measured here and the pressures used in Section 2.1.1

is that the pressures here are measured a small distance in front of the structure, whilst

those in the theoretical development represented by Eq. 2.1 are assumed to be at the

surface of the radiating structure.

As the structural quantity measured now must be velocity, the equations for acoustic

pressure and particle velocity defined in Eq. 2.8 may be re-written in terms of the

structural velocities as

p = H̃pv and u = Iv = v, (2.17)

where I is an identity matrix. By substituting Eq. 2.17 into Eq. 2.7, the radiated sound

power may be written as,

W =

(
Ae
2

)
IRe{vHH̃pv}, (2.18)

=

(
Ae
4

)
vH{H̃

H

p + H̃p}v = vHR̂pv, (2.19)
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where the radiation resistance matrix in this case is

R̂p =

(
Ae
4

)
IRe{H̃p}, (2.20)

and, as in Section 2.3.1, the transfer response matrix, H̃p, cannot be directly measured

and must be estimated via the solution of the inverse problem given in Eq. 2.14.
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~

Figure 2.17: Block diagram illustrating how the quantities f, v and p, for the for-

mulation of R̂p, relate to one another using the transfer response matrices, when it is
assumed that particle velocity is equal to structural velocity.

It should also be noted that the approximation in Eq. 2.18 relies on the assumption that

the structural velocities are equivalent to the particle velocities measured at the same

points as the acoustic pressures. Thus, if it were possible to measure the pressures on the

surface of the structure, as assumed in the theoretical formulation in Section 2.1.1, then

this assumption would be perfectly accurate. However, in practice, the pressures will be

measured at a finite distance from the surface of the structure and this assumption will

only be approximate. The effect this approximation has on the accuracy of the sound

power estimate will be investigated in the following section.

2.4.2 Simulation based investigation

The performance of the radiation resistance matrix identified using the approach pre-

sented in Section 2.4.1, has been validated using the simulation environment described in

Section 2.3.2. This investigation is only presented using a single arrangement of forces

and sensors, because the same trends are observed for this method as were shown in

Section 2.3.2. Therefore, in this case, the 10 × 8 arrays of forces, structural velocities

and acoustic pressures are used to estimate the radiation resistance matrix. As the

acoustic pressures cannot be measured directly at the surface of the plate, the radiation

resistance matrix is identified using pressures evaluated at a number of distances from

the surface in order to investigate the effect that measuring the velocity and pressure at

increasingly different locations has on the accuracy of the sound power estimate.
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Figure 2.18 shows the sound power radiated by the plate, along with the sound power

estimated using the proposed radiation resistance matrix, R̂p, when the array of pressure

measurements are evaluated at a number of distances from the plate. When the pressures

are evaluated at 0.01 m from the surface of the plate, it can be seen that the estimated

radiation resistance matrix, R̂p, provides an accurate measure of the radiated sound

power over the presented frequency range. Therefore, in this case the approximation

that the structural velocity is equal to the acoustic particle velocity is reliable over

the frequency range presented. As the array of pressure sensors is moved away from the

surface of the plate, however, the accuracy of the sound power estimate reduces, initially

at higher frequencies, but as the distance increases the errors in the estimates appear

at lower frequencies. This indicates that the approximation becomes increasingly less

accurate as the pressure measurements are moved away from the radiating surface and

the upper frequency at which the approximation is reliable can be related to the acoustic

wavelength.
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Figure 2.18: Sound power radiated by the plate when excited by an incident acoustic
plane wave. The blue solid line shows the directly evaluated sound power, the solid,
dot-dashed, dashed and dotted black lines show the sound power estimated using the
estimated radiation resistance matrix, R̂p, when the pressures are measured at 0.01,

0.2, 0.4 and 0.6 m respectively.

2.4.3 Experimental validation

In order to validate the approach proposed in Section 2.4.1, the radiation resistance

matrix, R̂p, has been identified for the plate described in Section 2.3.3.1, using the

same 4 × 3 array of actuators and accelerometers, with the array of acoustic pressures
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measured at a distance of 0.01 m from the surface of the plate. To obtain the structural

velocity, the measured acceleration was integrated using the inbuilt MATLAB function

cumtrapz. Figure 2.19 shows the sound power estimated using the radiation resistance

matrix, R̂p, and the structural velocities, plotted along with the directly evaluated

sound power. These results show that the estimated sound power, again, is reasonably

accurate. In this case, the majority of the resonance frequencies have been identified,

however, the level of the sound power estimate, across the presented frequency range,

is slightly less accurate than when calculated using the radiation resistance matrix that

utilises the particle velocity in the identification process, R̂, a shown in Figure 2.16.

This is due to the approximation used in the present method, which assumes that the

structural velocity is equal to the acoustic particle velocity. It should also be noted that

for this identification approach, the measurement location and therefore, room acoustics

will also affect the radiation resistance matrix, R̂p. These experiments were carried out

in a semi-reverberant rectangular laboratory of approximate dimensions (4.2×7.2×2.3),

as a result many of the dominant room modes occur below the frequencies considered

and will therefore, have no significant effect on the measurements.
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Figure 2.19: Sound power radiated by the plate when acoustically excited with broad-
band noise. The solid line shows the measured sound power and the dashed line shows

the sound power calculated using the proposed radiation resistance matrix R̂p.
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2.5 Robustness of the sound power estimate

It has been assumed in the sound power estimations presented in the previous sections,

that there is no uncertainty in the response measurements used to calculate the radiation

resistance matrix. For the majority of practical systems, it is likely that the nominal

measured responses used to identify the radiation resistance matrix will be subject to

some level of uncertainty since, for example the physical responses will change over time

depending on the operating conditions and this could affect the accuracy of the sound

power estimate. Therefore, in this section, the robustness of the proposed radiation

resistance matrix to uncertainties in the transfer responses used in the identification

procedure, is investigated.

Typically, there are two types of uncertainty that may affect the robustness of the sound

power estimate; structured and unstructured uncertainty [21]. The former refers to un-

certainty introduced as a result of changes in the internal parameters of the plant, for

example, changes in pressure, temperature or the operating conditions. This type of

uncertainty is often application specific and will lead to correlated changes in the ele-

ments of the plant matrix. The latter, unstructured uncertainty, refers to changes in the

elements of the plant matrix which are random in nature and, therefore, uncorrelated.

In this thesis, unstructured uncertainty has been used to assess the robustness of the

sound power estimate and active control strategies as this provides an initial and general

indication of the robustness. Therefore, using the responses measured from the experi-

mental system detailed in Section 2.3.3.1, differing levels of bounded random error have

been introduced into the structural and acoustic transfer response matrices and their

effects on the sound power estimate have then been evaluated.

In the following, the investigation will only consider the frequency range between 60

and 400 Hz, as it has been shown in Section 2.3.2, that for the 4 × 3 arrangement of

actuators and structural and acoustic sensors, this is the accurate frequency range. This

investigation will also only consider the method proposed in Section 2.3, as it provides a

slightly more accurate sound power estimate under the assumption of no uncertainty and

using the directly measured accelerometer signals will save computational effort when

designing the ASAC system as they do not need to be integrated to provide a velocity

response.

It has been assumed here that a transfer response with uncertainties in both its magni-

tude and phase can be expressed as

hlm = ∆nh0lme
jφn , (2.21)

where h0lm is the nominal transfer response between actuator m and the acceleration,

particle velocity or acoustic pressure measured at position l. ∆n and φn are both
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bounded normally distributed random numbers used to introduce a level of uncertainty

into the magnitude and phase of the response respectively.

In the following, three different levels of random uncertainty have been introduced into

the structural and acoustic transfer responses, as per Eq. 2.21. For each level of uncer-

tainty, this process was repeated 100 times to enable a statistical analysis of how random

uncertainties influence the sound power estimation and in the subsequent chapter, the

control performance. Table 2.2 shows the upper and lower bounds of the normally dis-

tributed noise introduced into the magnitude and phase of the transfer response for each

level of uncertainty along with the standard deviation, σ, of each distribution.

Table 2.2: Table showing the upper and lower bounds of the normally distributed
noise and their standard deviation, σ.

Uncertainty, n Magnitude, ∆ (dB) σ Phase, φ (◦) σ

1 ± 1 0.2 ± 5 1.0

2 ± 3 0.7 ± 15 3.3

3 ± 6 1.4 ± 30 6.6

In order to illustrate how the assumed uncertainties influence the nominal responses,

Figure 2.20 shows the magnitude and phase of the nominal transfer response between

actuator 8 and accelerometer 5 with the shaded regions around the nominal response

showing the upper and lower limits of the perturbed responses based on 100 iterations

of the random uncertainties. Independent uncertainty was also added to the acoustic

pressure and particle velocity transfer responses using the same process and bounds as

for the structural response uncertainties and corresponding plots are shown in Figures

2.21 and 2.22.

Figure 2.23 shows the directly evaluated sound power plotted along with three shaded

regions which represent the error in the sound power estimate due to the 100 iterations

of added uncertainties up to the 75th percentile range.
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Figure 2.20: Magnitude and phase of the transfer response between actuator eight
and accelerometer five. The nominal response is shown by the thin black line and the
upper and lower limits of 100 responses with added uncertainty is shown by the shaded

regions.
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Figure 2.21: Magnitude and phase of the transfer response between actuator eight
and the pressure measured 0.1 m above accelerometer five. The nominal response is
shown by the thin black line and the upper and lower limits of 100 responses with added

uncertainty is shown by the shaded regions.
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Figure 2.22: Magnitude and phase of the transfer response between actuator eight
and the particle velocity measured 0.1 m above accelerometer five. The nominal re-
sponse is shown by the thin black line and the upper and lower limits of 100 responses

with added uncertainty is shown by the shaded regions.
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Figure 2.23: Directly evaluated sound power (black line) plotted with three shaded
regions showing up to the 75th percentile range of errors introduced into the sound
power estimate when 100 normally distributed uncertainties of three differing levels

were introduced into the three transfer response matrices.

For the lowest level of uncertainty, (±1 dB and 5◦), it can be seen that the sound power

estimate is robust to the uncertainties in the transfer responses up to approximately

320 Hz. As the sound power estimate then approaches 350 Hz, nearing the upper fre-

quency limit at which the nominal sound power estimate is accurate, the range of error

in the estimate increases. At frequencies above this limit, the sound power estimate is

extremely inaccurate. As the level of uncertainty is increased to 3 dB and 15◦, the range

of the errors in the sound power estimate at lower frequencies increases, however, the

estimate remains accurate up to approximately 250 Hz and does not exceed approxi-

mately 2 dB error. Above 250 Hz the range of the sound power estimate over the 100

iterations widens and the estimation error above around 300 Hz is in excess of 10 dB.

Increasing the level of uncertainty in the transfer responses further results in a wider

error range in the sound power estimate across the presented frequency range and the

frequency at which the estimation errors begin to exceed 10 dB is reduced to around

250 Hz. This shows that the sound power estimate is more robust to uncertainties of

the assumed form in the transfer responses at lower frequencies. At higher frequencies,

as the sound power estimate approaches the upper frequency limit defined by the source

and sensor spacing, uncertainties in the transfer responses will have a greater effect on

the accuracy of the sound power estimate. Larger levels of uncertainty in the transfer

responses result in larger errors in the sound power estimate and a decrease in the upper

frequency at which the sound power estimate is reasonably accurate.
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2.6 Summary

In this chapter the potential of two inverse identification procedures for the estimation

of the radiation resistance matrix from experimentally measured responses has been

proposed and investigated. Using an elemental model of a flat plate in an infinite baffle,

the performance of the proposed identification approaches was investigated in simula-

tion and limits based on the number of uniformly distributed structural and acoustic

variables used to identify each radiation resistance matrix, when the structure is excited

by a distribution of independent forces, have been determined. Using these limits, the

radiation resistance matrix was then identified and validated experimentally using the

responses measured on and around an acoustically excited plate.

In order to determine practical limits for the first of the proposed identification methods,

a series of simulations for a flat rectangular plate have been carried out. The independent

numbers of forces and structural and acoustic sensors required to accurately identify the

radiation resistance matrix was investigated by incrementally reducing the number in

each array whilst the other two arrays remained constant at 8 per the shortest acoustic

wavelength. In each case, the accuracy of each radiation resistance matrix was then

assessed via comparison of the estimated sound power to the directly evaluated sound

power. From the results, it has been shown that as the number of structural sensors

used is decreased, the sound power level is overestimated at higher frequencies. As the

number of forces used is decreased, the sound power level is underestimated at higher

frequencies and as the number of acoustic sensors is decreased, the sound power estimate

remains accurate over the presented frequency range, since the acoustic wavelengths

within this range are much larger than the bending wavelengths in the plate and so

sampling resolution limits are not met.

The second proposed method showed equivalent trends during the same simulation study

to the former method, however, it has been shown that the second method, which makes

the assumption that the structural velocity is equal to the particle velocity, has added

sensitivity to the distance of the acoustic sensor array from the structure. Specifically,

as the acoustic pressure sensors are moved further away from the radiating surface, the

accuracy of this identification method reduces and the sound power at frequencies where

the distance between the surface and the acoustic pressure sensors is comparable to the

acoustic wavelength is underestimated.

To validate the simulation-based studies, an experimental rig was set up to measure

the radiation resistance matrix for a flat rectangular plate mounted on an enclosure.

Based on the investigations, 3 forces, structural sensors, and acoustic sensors per the

shortest acoustic wavelength were used to identify the radiation resistance matrix, when

the upper frequency of interest was 1 kHz. This arrangement was chosen as it provides

a practicable configuration, but also provides insight into the practical accuracies and

limitations of the proposed methods, which according to simulation results will provide
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an accurate estimate up to approximately 400 Hz, above which the accuracy begins

to reduce. The results of the experimental studies validate both proposed identification

approaches providing two clear frequency ranges; one where the estimations are accurate

(f < 400 Hz) and one where the estimations suffer from errors (f > 400 Hz). The

experimental arrangement provides approximately 8 forces and sensors per the shortest

acoustic wavelength at the transition frequency of 400 Hz. Based on this, and the

results from the simulation study, it has been concluded that to accurately estimate the

radiation resistance matrix for the flat plate example, at least 8 forces and structural

sensors per acoustic wavelength are required in the identification and at least 2 acoustic

sensors per the shortest acoustic wavelength are also required, which is consistent with

the Nyquist sampling theorem.

Finally, to investigate the robustness of sound power estimate to uncertainties in the

identification procedure, three different levels of bounded normally distributed noise

were introduced into both the magnitude and phase of the transfer response matrices

used for the identification. It was shown that the sound power estimate is robust to

uncertainties of 1 dB and 5◦ up to approximately 250 Hz, above this, the error in the

estimate increases, but does not exceed 5 dB. Above 320 Hz the errors in the estimate

exceed 10 dB as the upper frequency limit of the radiation resistance matrix identi-

fication procedure is approached. Increasing the level of the uncertainties introduced

into the transfer responses has the effect of widening the range of errors in the sound

power estimate across the given frequency range and also reduces the upper frequency

at which the errors in the estimate exceeds 10 dB. The significance of such errors on the

performance of the ASAC system will be investigated in Section 3.3.1.





Chapter 3

Active structural acoustic control

of a flat plate using the radiation

resistance matrix

As mentioned in Chapter 2, ASAC is an effective means of controlling unwanted struc-

turally radiated sound and is typically implemented using structurally located control

actuators that are driven with a signal, estimated from structural error sensors, that is

calculated to minimise the radiated sound field. One of the main challenges when design-

ing such systems is defining the structural error sensing strategy, so that a minimisation

of the error signals results in a reduction of the radiated sound field. Previously pub-

lished literature has approached this problem by controlling an estimate of the radiated

sound field, or a quantity that directly minimises radiated sound power obtained via

measurement of the structural response [30, 32, 33, 60, 62, 65]. A number of these ap-

proaches include the use of the radiation resistance matrix [30, 60, 65] which, as shown

in Chapter 2, is able to map the structural response of a radiating structure to the

acoustic response in terms of its radiation modes [6].

In this chapter, an ASAC strategy that uses the experimentally identified radiation

resistance matrix derived in Chapter 2 is proposed. To begin with, an AVC strategy is

formulated in order to provide and equivalent control system against which the proposed

ASAC strategy can be compared. The proposed ASAC strategy is then formulated and

a procedure to enforce positive semidefiniteness on the radiation resistance matrix is

presented. The optimal solutions for the two control strategies are then calculated for a

tonal implementation and their performance is compared in terms of the attenuation of

the structural response and radiated sound power estimate. Following this, a robustness

study is carried out to provide insight into how the performance of each optimal solution

is affected by random uncertainties in the system. Using the responses measured on a

flat plate, an adaptive offline simulation of each control strategy is carried out at four

53
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different frequencies and finally, the proposed ASAC strategy is validated experimentally

in real-time and the investigation is summarised.

An earlier version of this work has been published in the conference proceedings of

the 26th International Congress on Sound and Vibration [55] and was awarded The Sir

James Lighthill Paper for Best Student Paper. A subsequent, more detailed version of

this work has also been published in The Journal of The Acoustical Society of America

(JASA) [52].

3.1 Active vibration control

In this section the formulation of a tonal feedforward AVC system is presented. This

will act as the control strategy against which the performance of the proposed ASAC

strategy will be compared, as it can be implemented using the same control hardware

as the proposed ASAC strategy.

3.1.1 Active vibration control formulation

The AVC system is assumed to be made up of an array of structural error sensors and

an array of structural control actuators. The aim of the AVC system in this case is

to minimise the cost function given by the sum of the squared structural error signals

measured on the surface of the vibrating structure. This can be expressed at a single

frequency as

Js = eHe + βuHu, (3.1)

where e is the vector of structurally measured error signals, β is a regularisation term

that introduces a limit on the control effort, uHu. This can be expressed by the linear

superposition of the response due to the primary disturbance, d, and the contribution

due to the controllers, Gu, which can be written as

e = d + Gu, (3.2)

where G is the plant response matrix, and u is the vector of control signals. By sub-

stituting eq. 3.2 into eq. 3.1 and expanding, the cost function for the AVC system

becomes

Js = (d + Gu)H(d + Gu) + βuHu, (3.3)

= uHGHGu + dHGu + uHGHd + dHd + βuHu. (3.4)

If the matrix GHG is assumed to be positive definite, which is generally the case [21],

then the vector of optimal control signals, uopt, that minimise the cost function, Js, are
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obtained by setting the derivative of eq. 3.4, with respect to the real and imaginary

parts of u, to zero. The vector of optimal control signals is then

uAVC
opt = −

[
GHG + βI

]−1
GHd, (3.5)

where I is an identity matrix. In practice, since the disturbance signals are not known

in advance, an iterative algorithm is required to minimise the cost function given in eq.

3.1 in real-time. In addition, the plant response will not be perfectly known and is,

therefore, approximated by the plant model, Ĝ. In this case, the method of steepest

decent has been used to adapt the control signals towards the optimal solution that

minimises the sum of the squared error signals. This update algorithm is given by

u(n+ 1) = γu(n)− αĜ
H

e(n), (3.6)

where n represents the current iteration step of the algorithm, γ is the leakage factor

applied to the algorithm and α is the convergence gain. Figure 3.1 shows the block

diagram of the feedforward AVC system.

G

e(n)
∑

d(n)

Reference signal

G
H

u(n)

Adaptive

controller

Figure 3.1: Block diagram of the feedforward AVC system given by Eq. 3.6.

The convergence gain and leakage factor are set individually for each system based on

the convergence time and stability of the system. The effect of the leakage factor is to

add robust stability to the system [21], and its value is set between 0 and 1 to reach

a trade-off between performance under ideal conditions and robustness to uncertainty.

Increasing the leakage in the system results in increased robustness and a wider band of

attenuation, however, the overall level of attenuation decreases. In order to increase or

decrease the convergence speed of the system, one may alter the convergence gain. The

speed of convergence is dependant on the eigenvalues of the correlation matrix which,

in this case, is Ĝ
H

Ĝ. The optimum convergence of the steepest decent algorithm is

achieved when [21],

|1− αλm| < 1, (3.7)
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where λm is the m-th eigenvalue of the matrix Ĝ
H

Ĝ. The range of the convergence gain

is

0 < α <
2

λm
. (3.8)

To ensure the convergence of all components of the filter coefficients, eq. 3.7 must be

true for all λm, and as the condition is most stringent for the largest eigenvalue, λmax,

the stability condition derived from the convergence of the mean value of the filter

coefficients can be written as [21]

0 < α <
2

λmax
, (3.9)

where λmax is the maximum eigenvalue of the matrix Ĝ
H

Ĝ. The fastest convergence

however, is achieved when the convergence coefficient is limited to

0 < α <
1

λmax
. (3.10)

This limit has been derived from eq. 3.2 which assumes all transients in the error signal

have died away. This, however, is not the case unless the speed of adaption is very slow,

since the adaption itself will introduce transients into the error signals. Therefore, the

convergence gain for the practical AVC system has been set according to

α = ϕ

(
1

λmax

)
, (3.11)

where ϕ is a positive variable, less than unity, that is adjusted to reduce the convergence

coefficient to ensure the system remains stable in the presence of transients; this also

has the effect of reducing the maximum practical convergence speed of the algorithm

compared to the theoretical optimum. The leakage factor, convergence coefficient and

regularisation coefficient in Eq. 3.5 can be related as [21]

β =
(1− γ)

α
. (3.12)

3.2 Active structural acoustic control

In the following, the proposed ASAC system that utilises the experimentally identified

radiation resistance matrix to estimate and control structurally radiated sound power is

formulated. The condition that the radiation resistance matrix, identified in the previous

section, must be positive semidefinite is discussed and a procedure that enforces positive

semidefinitness is presented.
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3.2.1 Active structural acoustic control formulation

The proposed ASAC strategy utilises the experimentally identified radiation resistance

matrix along with structural error measurements to minimise a cost function that es-

timates the structurally radiated sound power. Using the radiation resistance matrix

along with the vector of structural error signals measured on the surface of the plate,

the cost function in this case is given following Eq. 2.10 as

JW = eHR̂e + βuHu. (3.13)

Whilst the radiation resistance matrix, R̂, can be used to estimate the radiated sound

power from an excited structure [51], as in Eq. 2.10, it is not guaranteed to be positive

definite. For a matrix to be positive definite all eigenvalues of the matrix are required

to be positive and greater than zero, when this is the case, for all non-zero values of

e, the cost function in Eq. 3.13 will converge to a global minimum. Should any of the

eigenvalues of the weighting matrix be negative, the matrix will not be positive definite

and the cost function defined in Eq. 3.13, is not guaranteed to have a global minimum

and may diverge. For this reason, further steps must be taken in order to enforce positive

definiteness on the radiation resistance matrix.

3.2.2 The nearest positive semidefinite approximant of the radiation

resistance matrix

The problem of finding a positive definite weighting matrix that maps from the structural

response to the radiated sound power has previously been approached for a broadband

control system by Baumann et al. [60] for the ‘radiation filter’ of a beam and Janda

et al. [33] for the Power Transfer Matrix of a flat plate. In [33], a positive definite

weighting matrix is obtained by calculating a linear time invariant (LTI) model of the

Power Transfer Matrix via a non-convex optimisation procedure, followed by further

optimisation to ensure positive definiteness. However, for tonal control, this method is

not required and is likely to limit the performance and stability of the control system

when excited off-resonance, due to limitations in the accuracy of the LTI model. For the

tonal radiation problem considered here, these limitations can be overcome via direct

calculation of the nearest positive semi-definite matrix approximation of the radiation

resistance matrix from the frequency response data. The nearest positive semi-definite

matrix approximant will suffice for this application as positive semi-definiteness only

requires that the eigenvalues of the matrix be non-negative, when this is the case, con-

vergence to a global minimum is still possible as the zero eigenvalues of the weighting

matrix do not contribute to the convergence or divergence of the cost function. This

approximant can then be used in place of R̂ in Eq. 3.13, so that the cost function has

a single global minimum. The nearest positive semi-definite matrix that approximates
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the radiation resistance matrix can be found using one of two methods, which use either

the 2-norm or Frobenius norm method [66]. In this study, the latter method has been

used as it provides a unique nearest positive semidefinite matrix approximant and is

less computationally demanding than the former [55]. The nearest positive semi-definite

matrix is given according to the Frobenius norm by minimising

||R̂− R̃||2F , (3.14)

where ||...||F is the Frobenius norm [67] and R̃ is the positive semi-definite approximant

of the radiation resistance matrix, R̂. The solution in this case is [66]

R̃ =
B + H

2
, (3.15)

where the symmetric part of R̂ is given by B = (R̂ + R̂H)/2 and the positive Hermitian

matrix, H, is given by the polar decomposition of B, which is given as B = UH, where

UTU = 1 and HTH ≥ 0. Alternatively, the symmetric positive semi-definite radiation

resistance matrix, R̃, can also be calculated from the eigenvalue decomposition of B,

which is given as [66]

B = ZΛZ−1 (3.16)

where Z is the matrix of eigenvectors and Λ is the diagonal matrix of eigenvalues, λi.

The positive semi-definite approximant of the radiation resistance matrix, R̂, is then

R̃ = ZYZ−1 (3.17)

where Y is the diagonal matrix formed from the eigenvalues of Λ according to the rule

yi = λi, if λi ≥ 0 and yi = 0, if λi < 0. (3.18)

That is, Y contains the positive eigenvalues of R̃ and the negative eigenvalues are set to

zero. Figure 3.2 shows the number of negative eigenvalues, out of a maximum of 12, that

have been set to zero, plotted against frequency. These results show that the number of

negative eigenvalues set to zero increases with frequency. One might, therefore, expect

that the accuracy of the sound power estimate calculated using the radiation resistance

matrix approximant to reduce in the same fashion, when compared to the original sound

power estimate.

The sound power estimate calculated using the radiation resistance matrix approximant

is shown in Figure 3.3, plotted along with the directly measured sound power and the

sound power estimate calculated using the radiation resistance matrix. These results

show that the sound power estimated using the radiation resistance matrix approximant

is consistent with the sound power estimated using the radiation resistance matrix, up to

approximately 350 Hz. Above 350 Hz, where the radiation resistance matrix approaches

its upper limit, the difference between sound power estimates increases.
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Figure 3.2: Number of negative eigenvalues in the radiation resistance matrix, R̂,

that have been set to zero in the radiation resistance matrix approximant, R̃.

It would appear from the results in Figure 3.3 that the accuracy of the sound power

estimate is not significantly affected by the loss of, especially at higher frequencies, what

appears to be a relatively large amount of data. However, looking at the magnitude of

the eigenvalues set to zero, relative to the magnitude of the eigenvalues that remain goes

someway to explain this retention of accuracy; this is shown in Figure 3.4. These results

show that, between approximately 100 and 350 Hz, the eigenvalues of the experimental

radiation resistance matrix match expectation when compared to the eigenvalues of

the theoretical radiation resistance matrix, shown in Figure 2.3. Below approximately

100 Hz, the results appear to be affected by noise and above approximately 350 Hz,

it is thought that aliasing may be influencing the accuracy. Additionally, the sharp

peak at 100 Hz, which can also be clearly seen in Figure 3.7 is probably due to mains

hum. However, across the presented frequency range, the sum of the magnitudes of the

positive eigenvalues is always greater than the sum of the magnitudes of the negative

eigenvalues, despite in some cases up to 10 eigenvalues being negative. This clearly

indicates that using the positive semi-definite approximant of the radiation resistance

matrix, as derived above, is a valid approximation for this example.

Using the positive semi-definite approximant of the radiation resistance matrix, the cost

function defined in Eq. 3.13 can be re-written to ensure that is has a single global

minimum as

JW = eHR̃e + βuHu, (3.19)
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Figure 3.3: Sound power radiated from the plate shown in Figure 2.11 when acousti-
cally excited using white noise. The solid black line shows the directly measured sound
power and the dashed and dotted lines show the sound power estimates calculated using
the radiation resistance matrix, R̂, and the positive semi-definite approximant of the

matrix, R̃, respectively

where R̃ is the positive semi-definite approximant of the radiation resistance matrix. By

substituting Eq. 3.2, for the structural error signals, into Eq. 3.19 and expanding, the

cost function becomes

JW = (d + Gu)HR̃(d + Gu) + βuHu, (3.20)

= uHGHR̃Gu + dHR̃Gu + uHGHR̃d + dHR̃d + βuHu. (3.21)

As for AVC, the vector of optimal control signals in this case, u
(ASAC)
opt , is obtained by

setting the derivative of Eq. 3.21, with respect to the real and imaginary parts of u to

zero, which gives the vector of optimal control signals as

u
(ASAC)
opt = −

[
GHR̃G + βI

]−1
GHR̃d, (3.22)

where the regularisation term has again been introduced to limit the control effort and

increases robustness. As in Section 3.1, in practice, since the disturbance signals are

not generally known in advance, an iterative algorithm is required to minimise the cost
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Figure 3.4: Sum of the magnitudes of the positive eigenvalues of the radiation resis-
tance matrix (solid line), plotted along with the sum of the magnitudes of the negative

eigenvalues of the radiation resistance matrix (dashed line).

function. The steepest decent update algorithm in this case is given as

u(n+ 1) = γ u(n)− α ĜHR̃ e(n), (3.23)

where it can be seen that the approximant of the radiation resistance matrix operates

as a complex weighting on the vector of error signals. Figure 3.5 shows a block diagram

of the feedforward ASAC algorithm defined in Eq. 3.23.

G ∑

RG
H

e(n)

d(n)

u(n)

Adaptive

controller

Reference signal

Figure 3.5: Block diagram of the feedforward ASAC system given by Eq. 3.23.
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It should be noted that the convergence gain, α, in the ASAC update algorithm is

also scaled according to Eq. 3.11 adjusting ϕ, however, in this case it it the maximum

eigenvalues of ĜHR̃Ĝ rather than ĜHĜ that are considered.

3.3 Offline control of the plate using the optimal solution

In this section, the performance of the optimal tonal solutions for the proposed ASAC

system are compared to those of the equivalent AVC system, in simulation. A robustness

study is then presented in order to show how the two control systems are affected when

random uncertainty is introduced between the physical and estimated plant responses.

The flat plate mounted above the loudspeaker and arrays of accelerometers and actu-

ators, used in Chapter 2, has been employed here to investigate the proposed control

strategy. Driving the loudspeaker and distribution of actuators individually with white

noise, primary and plant response paths were measured, respectively. Using these re-

sponses, the optimal control signals for the tonal AVC and ASAC systems were calculated

according to Eqs. 3.5 and 3.22, respectively, over the frequency range 60 - 400 Hz. In

each solution, the regularisation term, β, was set using values for γ and α that ensure

the fastest, stable convergence for the real-time adaptive controllers defined by Eqs. 3.6

and 3.23.

Figure 3.6 shows the sum of the squared error sensor signals measured on the surface of

the plate when excited by the primary disturbance, before and after implementing the

two control strategies. This plot shows that, for all frequencies in the presented frequency

range, AVC achieves a greater reduction in the structural response than ASAC, which

at some higher frequencies actually increases the level of the structural response.

Figure 3.7 shows the radiated sound power estimated when the plate was excited by

the primary disturbance, both before and after implementing the two control strategies.

It can be seen that, in terms of the sound power estimate, at lower frequencies, where

the coupling between the structural response and the radiated sound power is stronger,

ASAC and AVC achieve a similar level of sound power control. However, above ap-

proximately 175 Hz, ASAC achieves a much higher level of attenuation in the radiated

sound power estimate than AVC. Above 255 Hz AVC in fact struggles to achieve more

than approximately 5 dB and at some frequencies actually increases the radiated sound

power estimate.

Figure 3.8 shows the directly evaluated sound power when the plate was excited by

the primary disturbance, both before and after implementing the two control strategies.

These results show that the level of directly evaluated sound power attenuation, achieved

by the AVC system, is comparable to the level of attenuation achieved in the estimated

sound power across the presented frequency. The level of actual sound power attenuation
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Figure 3.6: Sum of the squared error sensor signals measured on the surface of the
plate when uncontrolled (solid line), controlled using the AVC optimal solution (dashed

line) and controlled using the proposed ASAC optimal solution (dotted line).

achieved by the ASAC strategy, however, differs from the estimated level. These results

show that at lower frequencies, below approximately 150 Hz, the level of sound power

attenuation achieved by ASAC reduces by approximately 3 dB, however, it still achieves

a similar level of sound power attenuation as the AVC strategy. Above this frequency, the

reduction in the level sound power attenuation is greater, up to 20 dB in places. Then

above approximately 360 Hz, around the upper frequency the sound power estimate is

accurate, the ASAC strategy increases the sound power level. However, these results

also show that the sound power attenuation achieved by the proposed ASAC strategy

is greater than that of the AVC system across the majority of the presented frequency

range.

3.3.1 Robustness of the optimal control solutions

The robustness of each control strategy to uncertainties in the system response is in-

vestigated for three increasing levels of uncertainty, introduced into the magnitude and

phase of the measured transfer responses. For AVC, the uncertainties were introduced

into the structural plant estimate, Ĝ, shown in the block diagram in Figure 3.1. In the

proposed ASAC system, the uncertainties were introduced into both the structural plant

estimate and the transfer responses that were used to identify the radiation resistance

matrix, R̃, as in Section 2.5.

Figure 3.9 shows the uncontrolled structural response of the plate plotted along with

the controlled responses for both AVC and ASAC. Figures 3.10 and 3.11 show the sound
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Figure 3.7: Estimated sound power radiated from the plate when uncontrolled (solid
line), controlled using the AVC optimal solution (dashed line) and controlled using

the proposed ASAC optimal solution using the radiation resistance matrix, R̃, (dotted
line).
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Figure 3.8: Directly evaluated sound power radiated from the plate when uncontrolled
(solid line), controlled using the AVC optimal solution (dashed line) and controlled using

the proposed ASAC optimal solution using the radiation resistance matrix, R̃, (dotted
line).

power estimate and the directly evaluated sound power, respectively, before and after the

AVC and ASAC strategies were implemented. The shaded regions in each plot show the

range up to the 75th percentile of the attenuation achieved when control was simulated
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for 100 iterations of the perturbed plant responses and radiation resistance matrix, for

the three levels of uncertainty detail in Table 2.2.
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(a) AVC - Structural response
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(b) ASAC - Structural response

Figure 3.9: The sum of the squared error signals before (solid black line) and after
(dashed black line) optimal control, for both AVC and the proposed ASAC strategy.
The shaded regions indicate the range of optimal control achievable when differing levels

of uncertainty were introduced into the structural plant response Ĝ and R̂.
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(a) AVC - Sound power estimate
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(b) ASAC - Sound power estimate

Figure 3.10: The estimated sound power before (solid black line) and after (dashed
black line) optimal control, for both AVC and the proposed ASAC strategy. The
shaded regions indicate the range of optimal control achievable when differing levels of

uncertainty were introduced into the structural plant response Ĝ and R̃.
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(a) AVC - Directly evaluated sound power
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(b) ASAC - Directly evaluated sound power

Figure 3.11: The directly evaluated sound power before (solid black line) and after
(dashed black line) optimal control, for both AVC and the proposed ASAC strategy.
The shaded regions indicate the range of optimal control achievable when differing levels

of uncertainty were introduced into the structural plant response Ĝ and R̃.

From the results presented in Figures 3.9, 3.10 and 3.11, it can be seen that AVC is

robust to 1 dB and 5◦ of uncertainty across the presented frequency range, losing no more

than approximately 3 dB attenuation in either the structural response or the estimated

or directly evaluated sound power. For the proposed ASAC strategy, 1 dB and 5◦ of

uncertainty also reduces the estimated and directly evaluated sound power attenuation

performance at frequencies lower than 250 Hz by no more than approximately 3 dB

and the overall level of sound power attenuation remains greater than that of AVC. As

the control frequency approaches the upper frequency limit of the radiation resistance

matrix, a greater reduction in the sound power attenuation performance is shown and

the range of the attenuation level over the 100 iterations of control widens, resulting in an

enhancement in the sound power level at frequencies above around 350 Hz. Although the

ASAC system loses a greater level of performance, the level of sound power attenuation

achieved is greater than that of AVC up to 350 Hz. Above 350 Hz, the approximate limit

of the radiation resistance matrix identification procedure, ASAC results in an increase

in the estimated sound power. For AVC, as the level of uncertainty is increased to

3 dB and 15◦ and then 6 dB and 30◦, the range of variation in the controlled structural

response and sound power estimate increase slightly and the overall level of attenuation

decreases, apart from above approximately 280 Hz where there is little to no variation

in the controlled sound power estimate. Increasing the uncertainty in the proposed

ASAC system also widens the range of the controlled sound power, both estimated and

directly evaluated, and reduces the overall level of attenuation, however, the increase in

range and decrease in overall attenuation is greater than that of AVC. This is because

uncertainties are introduced via both the structural plant response, Ĝ, and the radiation

resistance matrix, R̂, and these uncertainties compound to reduce the performance to

a greater extent. It is clear from this investigation that uncertainties in the practical

system should be considered and minimised when designing a practical ASAC system.
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In particular, it is clear that the performance rapidly decreases at frequencies greater

than the upper limit of the radiation resistance matrix identification method detailed in

Chapter 2 and in [51] and, therefore, the proposed ASAC strategy should not be applied

at frequencies outside of its intended operating range.

3.4 Offline adaptive control of the plate

In this section, the practical performance of the proposed ASAC system is compared to

that of the standard AVC system, via offline simulations using responses measured on

the plate shown in Figure 2.11.

Using the MATLAB system modelling software Simulink, the performance of each con-

trol algorithm is simulated using 1024 coefficient finite impulse response (FIR) filters to

model the primary and secondary path responses. Based on the sound power radiated

from the plate, shown in Figure 3.3, four frequencies were selected to implement the

tonal control algorithms; 106 Hz which is a resonance that corresponds to the breath-

ing, (1,1) mode shape of the plate, 186 Hz and 297 Hz which are both resonances that

correspond to the (1,3) and (3,1) mode shapes of the plate, respectively and one off-

resonance frequency of 275 Hz. Figure 3.12 shows the mode shapes of the plate that

radiate at the three resonance frequencies.

(a) 106 Hz - (1,1) (b) 186 Hz - (1,3) (c) 297 Hz - (3,1)

Figure 3.12: Mode shapes of the plate at the selected resonance frequencies.

To understand how each control system affects both the structural and acoustic re-

sponses, the cost functions Js and JW have been plotted, which correspond to the sum

of the squared structural error sensors signals and the sound power estimate, respectively.

Figures 3.13 and 3.14 show the attenuation in the structural responses and sound power

estimates, respectively, at the four frequencies, when both AVC and the proposed ASAC

system are implemented. It can be seen from these results that there are two modes

of convergence, an initial fast convergence, where the cost functions change rapidly to

reach a relatively steady state, followed by a slow convergence where the steady cost

functions continue to converge gradually towards the optimal level of attenuation. In

this case, the convergence gain and leakage factor for the AVC system were set to en-

sure the quickest, stable fast convergence time at each frequency. The convergence gain
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and leakage factor for the ASAC system were then set so that it achieved an equal fast

convergence time to that of the AVC system, at each frequency.
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Figure 3.13: Attenuation of the structural cost function, Js, when the plate is
controlled tonally at 106, 186, 275 and 297 Hz. In each plot the convergence of the
AVC system is shown by the black line and the convergence of the proposed ASAC

system is shown by the grey line

At t = 0, the plots in Figures 3.13 and 3.14 show the normalised level of the uncontrolled

primary disturbance for Js and JW at each frequency so that, at t = 0 each cost function

has a level of 0 dB. At t = 1, the controllers are switched on and the level of the cost

functions rapidly change in the initial fast convergence. Following this, the relatively

steady cost functions begin the gradual slow convergence to the optimal solution. The

results show that once both controllers reach t = 50, AVC achieves approximately 8,

10, 16 and 18 dB more attenuation in the structural vibration than the proposed ASAC

strategy, at each frequency. In contrast, it can be seen that the proposed ASAC strategy

reduces the sound power estimate by approximately 4, 1, 25 and 26 dB more than AVC

at each frequency. These simulations are relatively consistent with the optimal control

results presented in Section 3.3. However, it is clear that not all cost functions reach

the optimal solutions in the presented time window, this offers an explanation for the

differences between the two sets of simulated results. It is again important to note that

at the two higher frequencies, 275 and 297 Hz, the proposed ASAC strategy increases

the level of vibration in order to reduce the sound power estimate and that off-resonance,

at 275 Hz, AVC increases the level of the sound power estimate. It is well known that
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Figure 3.14: Attenuation of the sound power cost function, JW , when the plate is
controlled tonally at 106, 186, 275 and 297 Hz. In each plot the convergence of the AVC
system is shown by the black line and the convergence of the proposed ASAC system

is shown by the grey line

the structural response of a plate is closely coupled to the acoustic radiation at lower

frequencies, in particular, the breathing mode of a plate is known to be the largest

contributor to the radiated sound field [26, 62], therefore, it is not surprising that the

two strategies reduce the sound power estimate at the two lower frequencies by a similar

level. Whereas, the difference in the sound power attenuation achieved by each strategy

at the two higher frequencies is much more significant, which demonstrates the potential

of the proposed ASAC system and highlights the advantages of such a strategy over AVC

in terms of reducing radiation, especially at higher frequencies where the radiating mode

shapes are more complex.
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3.5 Real-time control of the plate

In this section, the proposed ASAC system is validated in real-time, via experimental

implementation using the plate shown in Figure 2.11. As in the offline investigations, the

proposed ASAC strategy has been compared to AVC when controlling the acoustically

excited plate at the four disturbance frequencies of 106, 186, 275 and 297 Hz.

A schematic of the experimental setup used to implement the control systems is depicted

in Figure 3.15. The controller inputs and outputs were managed using a dSpace DAQ

interface connected to a laptop computed running ControlDesk. The structural error

signals, inputs, were measured using a sampling rate of 2 kHz, by 12 accelerometers

fixed to the surface of the plate and were passed through suitable anti-aliasing and

reconstruction filters. All equipment used is listed Appendix C. As the tonal control

algorithms were implemented in the frequency domain, these signals were multiplied

by e−jωt, where ωt was taken from the reference signal. These error signals were then

used to generate the control signals for both AVC and ASAC using Eqs. 3.6 and 3.23,

respectively. These control signals, outputs, were then multiplied by ejωt and the real

part of each signal was taken. These were then low-pass filtered and amplified before

being used to drive the 12 control actuators on the surface of the plate.

Computer 
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interface 
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ut
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tsInputs
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Figure 3.15: Block diagram of the experimental setup used to implement the active
control systems.

Figure 3.16 shows the convergence of the sum of the squared error signals, at each

frequency, for each control strategy and Figure 3.17 shows the corresponding convergence

of the sound power estimate for each. These results show that once both controllers have

fully converged, AVC achieves approximately 6, 6, 14 and 18 dB more attenuation in the

structural vibration cost function than the proposed ASAC strategy at each frequency



Chapter 3 Active structural acoustic control of a flat plate using the radiation
resistance matrix 71

0 5 10 15 20 25 30 35 40 45 50

Time, s

-40

-30

-20

-10

0

10

J
s
, 
d
B

(a) 106 Hz

0 5 10 15 20 25 30 35 40 45 50

Time, s

-40

-30

-20

-10

0

10

J
s
, 
d
B

(b) 186 Hz

0 5 10 15 20 25 30 35 40 45 50

Time, s

-40

-30

-20

-10

0

10

J
s
, 
d
B

(c) 275 Hz

0 5 10 15 20 25 30 35 40 45 50

Time, s

-40

-30

-20

-10

0

10

J
s
, 
d
B

(d) 297 Hz

Figure 3.16: Attenuation of the structural cost function, Js, when the plate is
controlled tonally at 106, 186, 275 and 297 Hz. In each plot the convergence of the
AVC system is shown by the black line and the convergence of the proposed ASAC

system is shown by the grey line

and the proposed ASAC strategy reduces the sound power estimate by approximately 3,

3, 18 and 11 dB more than AVC at each frequency. These experimental results validate

the offline results in Section 3.4, showing the same trends at each frequency. These

results also show that at the two higher frequencies, 275 and 297 Hz, the proposed

ASAC strategy actually increases the level of vibration in order to reduce the level of

the sound power estimate.

It has been demonstrated above that the proposed ASAC strategy is able to achieve a

greater level of attenuation in the sound power estimate than AVC at all frequencies,

however, it is important to validate the performance in the measured sound power.

Therefore, the sound power was measured over a virtual surface in front of the plate,

according to Eq. 2.7 before and after implementing both control strategies, at each

frequency. In each case, the proposed ASAC strategy reduced the level of the measured

sound power further than AVC, Table 3.1 shows the difference in the sound power

attenuation between AVC and the proposed ASAC strategy for the both the measured

results and the results predicted using the optimal solution. At each frequency, ASAC

achieves a significant performance advantage over AVC and thus validates the proposed

control strategy as well as the sound power estimation method. The differences between
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Figure 3.17: Attenuation of the sound power cost function, JW , when the plate is
controlled tonally at 106, 186, 275 and 297 Hz. In each plot the convergence of the AVC
system is shown by the black line and the convergence of the proposed ASAC system

is shown by the grey line

the measured and predicted results are thought to be related, in part, to the errors

inherent in the estimation of the radiation resistance matrix that is used in the controller.

Table 3.1: Table showing the difference between the sound power attenuation both
predicted and measured by the proposed ASAC strategy and the AVC strategy, at each

frequency.

Frequency
Measured performance
advantage using ASAC

Predicted performance
advantage using ASAC

106 Hz 9 dB 3 dB

186 Hz 9 dB 10 dB

275 Hz 13 dB 23 dB

297 Hz 23 dB 20 dB
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3.6 Summary

In this chapter an ASAC strategy that employs the experimentally identified radiation

resistance matrix, proposed in Chapter 2, in order to control an estimate of structurally

radiated sound power has been proposed and investigated. The performance of the

proposed ASAC strategy was compared to that of AVC, an active structural control

strategy using the same hardware, for the attenuation of the structural response and

sound radiation of a flat plate. Firstly, the optimal solutions for tonal control using

both the proposed ASAC strategy and AVC were investigated, this was followed by a

robustness study for each strategy. An adaptive implementation of each strategy followed

this, initially, using offline simulations and then this was validated experimentally in

real-time.

Initially, the optimal control solutions were calculated offline for both AVC and ASAC

using the structural plant response and radiation resistance matrix for a flat plate. The

results from this study demonstrated that at lower frequencies, where the structural

response of the plate is more directly coupled to the acoustic radiation, AVC and the

proposed ASAC system provide a similar level of sound power attenuation performance.

However, at higher frequencies, above approximately 170 Hz, the mode shape of the plate

is more complex and minimising vibration does not necessarily minimise the radiated

sound power, the proposed ASAC strategy is able to achieve a much greater level of

sound power control.

The robustness of the control strategies to uncertainties in the plant response estimate,

and radiation resistance matrix in the case of the proposed ASAC system, was then

investigated. This investigation demonstrated that when uncertainties were introduced

into the AVC and ASAC systems, the performance of ASAC was more significantly

affected than that of AVC. This result was due to the compounding of the uncertainties

in the ASAC system, as they affected both the plant response estimate and the radiation

resistance matrix in this case, but are only present in the plant response estimate used in

the AVC system. That said, the sound power attenuation performance of the proposed

ASAC system exceeds that of AVC over the frequency range for which the identified

radiation resistance matrix is valid.

Four frequencies, three on-resonance and one off-resonance, were then selected at which

to implement control and assess the performance of the proposed ASAC strategy. Ini-

tially, via offline simulations using adaptive FXLMS implementations of the control

strategies, it was demonstrated that the proposed ASAC strategy is able to achieve a

greater level of sound power control than AVC at each frequency. It was also demon-

strated that as the control frequency and therefore, order of the radiating modes in-

creases, the difference between the performance of the AVC and ASAC systems increases.

This is a result of the radiating mode shapes becoming more complex at higher frequen-

cies and simply minimising the level of vibration across the plate becoming less effective
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than manipulating the vibration response of the radiating structure; this is exemplified

by the increase in vibration at 275 and 297 Hz when using the proposed ASAC strategy.

Finally, to validate the off-line studies, the proposed control strategy was implemented

in real-time to control the sound power estimate for the flat plate excited tonally by

an acoustic disturbance. The results of the real-time implementations demonstrated

that, at the four selected frequencies, the proposed ASAC strategy was able to achieve

a greater level of attenuation than AVC. The proposed ASAC strategy using an ex-

perimentally identified radiation resistance matrix has thus been demonstrated to be

an effective method for controlling the structural radiation from an acoustically excited

plate, where it is not straightforward to relate the structural response of the plate to the

radiated acoustic response. This method thus offers potentially significant advantages

for practical, complex and large-scale structural radiation control problems, which will

be investigated further in Chapter 5.



Chapter 4

Identification of the radiation

resistance matrix for a cylindrical

shell

In Chapter 2, the proposed experimental procedure for identifying the radiation resis-

tance matrix was investigated for a simple flat plate. Whilst the plate example has

provided a good basis to investigate the efficacy of the proposed identification proce-

dure, the aim of this thesis is to develop an ASAC strategy, using the radiation resistance

matrix, for large-scale and practical structures where the radiation is not as straight-

forwardly related to the structural response. Therefore, it is necessary to investigate

the application of the proposed identification procedure for a more complex structure.

In this chapter, the efficacy of the proposed radiation resistance matrix identification

procedure will be investigated for an open-ended cylinder. Whilst the work in Chapter

2 has presented an in depth analysis of the radiation resistance matrix and the proposed

identification procedure for a flat plate, the aim of the work in this chapter is to provide

a preliminary study which briefly highlights the potential of proposed approach as well

considerations for the continuation of this work.

In this chapter a simulation based study, in which a model of an open-ended cylinder

is defined, is first presented. Using this model, the radiation resistance matrix identifi-

cation procedure is validated along with the force and structural sensor limits defined

in Chapter 2. The identification procedure is then validated experimentally using two

different types of structural excitation to provide the force distribution, an impulse de-

livered by an impact hammer and inertial actuators. Following this, a robustness study

is carried out to provide insight into how the accuracy of the sound power estimate is af-

fected when, firstly, random uncertainty is introduced into the measured responses used

to estimate the radiation resistance matrix and then, the robustness of the radiation

resistance matrix estimate to practical modifications to the system.

75
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4.1 Simulation based study

In this section, the radiation resistance matrix identification procedure, presented in

Section 2.3, is validated in simulation for an open-ended cylinder. To begin with, the

model employed for the investigation is fully described and characterised in terms of

its structural and acoustic responses. Following this, the radiation resistance matrix is

then identified for the cylinder using a sensor and force distribution defined based on

the limits specified in Chapter 2. The accuracy of the radiation resistance matrix and

identification method are then investigated via comparison of the sound power estimate

to the directly evaluated sound power, when the cylinder is subject to a broadband,

structural excitation. Finally, the practicality of the identification procedure is consid-

ered given the limitations of the equipment available and the accuracy of the simulated

sound power estimate is investigated as the number of structural sensors and forces are

reduced to a practical level.

4.1.1 System identification

In order to validate the proposed radiation resistance matrix identification procedure for

an open-ended cylinder, it is necessary to first build a model of the radiating structure.

To do this, the modelling software COMSOL Multiphysics was employed, due to its

ability to readily couple acoustic and structural physics.

To model the structural physics, the Finite Element Method (FEM) was utilised and an

unbounded, open-ended cylindrical shell, constructed of aluminium was modelled, using

a free tetrahedral mesh of at least six mesh elements per wavelength1. Then, using the

Boundary Element Method (BEM), which calculates the radiated field at a given point

from a meshed boundary, in the case the FEM shell, the structural and acoustic physics

were coupled. Table 4.1 defines the dimensions and material properties of the modelled

cylinder and Figure 4.1 shows the mesh of the modelled cylinder which contains a total

of 296 boundary elements and 68 edge elements.

Table 4.1: Table defining the dimensions and material properties of the cylinder
modelled in COMSOL Multiphysics.

Dimensions Value Material properties Value

Length 0.8 [m] Young’s Modulus, E 68.9 [GPa]

Radius 0.127 [m] Density, ρ 2700 [kg/m3]

Material thickness 1.6× 10−3 [m] Poisson’s ratio, ν 0.33

1The accuracy of using six elements per wavelength has been validated and the convergence study is
presented in Appendix B.2.
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Figure 4.1: Diagram of the cylinder mesh modelled in COMSOL Multiphysics.

Initially, the structural dynamics of the cylinder were characterised through an eigen-

frequency analysis of the cylinder model. From this study the modal frequencies and

their corresponding mode shapes can be identified. Considering a lower frequency limit

of 40 Hz, as the actuators used for the experimental identification of the radiation re-

sistance matrix and subsequently control cut-on at approximately 50 Hz, Figure 4.2

shows the structural mode shapes of the six lowest order modes of the cylinder, their

corresponding modal frequencies and their mode number described in terms of their

circumferential and axial nodal patterns, nc and na, respectively [68].
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(a) 66 Hz, (nc = 2, na = 1) (b) 72 Hz, (nc = 2, na = 2)

(c) 188 Hz, (nc = 3, na = 1) (d) 196 Hz, (nc = 3, na = 2)

(e) 366 Hz, (nc = 4, na = 1) (f) 372 Hz, (nc = 4, na = 2)

Figure 4.2: Six cylinder structural modes labelled with modal frequencies and mode
numbers.

The results of the modal analysis have shown that the first six modal frequencies range

between 66 and 372 Hz. In order to include these six modal frequencies in the sound

power estimate, a nominal frequency range of 40 - 380 Hz was chosen as the basis for

the design of the radiation resistance matrix identification force and sensor arrange-

ments. The investigation into the force and sensor arrangements on a plate presented in

Chapter 2 concluded that to provide an accurate sound power estimate, at least eight

forces and structural sensors are required per the shortest acoustic wavelength and at

least two acoustic sensors per wavelength. Therefore, in the following, an arrangement of

seven evenly distributed structural sensors and collocated forces are evaluated in seven

evenly distributed rings along the length of the cylinder, providing 49 evaluation points.

This is expected to provide an accurate sound power estimate up to approximately

380 Hz based on the results of the plate-based study, but this will be confirmed for the

cylinder in the following sections. Each ring of forces and sensors was rotated 2π/7 from

the last, in order to avoid a row of sensors lying along a nodal line when the na = 1 mode

shapes are excited. The particle velocity and acoustic pressure was evaluated 0.1 m in
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front of each position, with one additional evaluation point at 0.1 m from each end of

the cylinder. A single point force structural excitation located at a point one sixth of

the length of the cylinder from the open end will act as the primary disturbance, this

does not coincide with any of the identification forces. The arrangement of the forces

and sensors with respect to the cylinder is shown in Figure 4.3.

Figure 4.3: Diagram showing the positions of the primary disturbance (red asterisk),
the collocated structural sensors and forces (black asterisks) and acoustic pressure and
particle velocity measurement positions (black circles) and their orientation around the

cylinder (arrows).

The structural response and radiated sound power when the cylinder is excited by the

primary disturbance with broadband noise, are shown in Figure 4.4. The structural

response was calculated as the sum of the squared structural sensor signals and the

sound power was calculated according to Eq. 2.7. These plots clearly show the modal

nature of the structural and acoustic responses. It can be seen that the resonances in

the structural response align with the resonances in the acoustic response in terms of

frequency, however, the level of the structural response is not obviously correlated to

the strongest acoustic radiators. The resonances can also be related back to the mode

shapes shown in Figure 4.2.

4.1.2 Cylinder sound power estimate

In this section, the validity of the radiation resistance matrix identification approach,

presented in Section 2.3, is assessed for the cylinder described in Section 4.1.1. Using

the 49× 49 structural sensor and force arrangement, the radiation resistance matrix has

been identified for the cylinder.

In this case, the structural response matrix, Hs, which is inverted in the calculation of the

radiation resistance matrix, is poorly conditioned and therefore, requires regularisation.

Depending on the dimensions of the matrix Hs(Ls × Lf ), regularisation was added to
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(a) Structural response
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(b) Sound power

Figure 4.4: Structural and acoustic response of the modelled cylinder to the pri-
mary disturbance driven with broadband noise. Figure 4.4(a) shows the sum of the
squared sensor signals measured on surface of the cylinder and Figure 4.4(b) shows the

corresponding sound power.

either the direct matrix inversion or the pseudo-inverses in Eqs 2.15 and 2.16 as,

H†s = (Hs + κf2I)−1 for Lf = Ls, (4.1)

H†s = HH
s (HsH

H
s + κf2I)−1 for Lf > Ls, (4.2)

H†s = (HH
s Hs + κf2I)−1HH

s for Lf < Ls, (4.3)

where κ is the regularisation term, f is the frequency at which the regularisation is

added, I is an identity matrix and Ls and Lf are the number of structural sensors

and forces, respectively. The regularisation term was selected in order to minimise

the error between the estimated and directly evaluated sound powers, averaged over

the presented frequency range. Figure 4.5, shows the error in the sound power estimate,

averaged over frequency, plotted against the regularisation term. This plot clearly shows

that regularising the inverted matrix using a value for κ of 3 × 10−4 will result in the

least amount of error in the system. Defining regularisation in this way would obviously

require a priori measurement of the primary disturbance, therefore, further work should

investigate potential ways of defining the level of regularisation without such information,

for example, defining the regularisation in terms of the condition number of the matrix

to be inverted or regularising according to one, or several, of the identification forces.
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Figure 4.5: Error in the sound power estimate, averaged over frequency, plotted
against increasing levels of κ.

Using the radiation resistance matrix, the structurally radiated sound power was then

estimated for a broadband excitation, provided by the primary disturbance, and com-

pared to the directly evaluated sound power. This is shown in Figure 4.6. From this plot

it can be seen that the sound power estimate is fairly consistent with the directly evalu-

ated sound power. The estimate is able to identify the resonance frequencies accurately

within the presented frequency range and the off resonance estimate is relatively accu-

rate up to approximately 380 Hz, which corresponds to an acoustic wavelength of eight

times the sensor spacing. Above this frequency the sound power estimate drops off as

was expected, validating the structural sensor and force limits established in Chapter 2,

of at least eight per the shortest acoustic wavelength under consideration.
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Figure 4.6: Sound power radiated by the cylinder when structurally excited using
broadband noise. The solid black line shows the directly evaluated sound power and
the dashed blue line shows the sound power estimated using the radiation resistance

matrix.

As mentioned previously, the aim of the work in this thesis is to design a practical

procedure to identify the radiation resistance matrix and utilise it in an ASAC system.

Whilst the study carried out above has begun to validate the approach for a cylinder,

the practicality of the arrangement must also be considered. In simulation, as above,

the sensor and force cost is nil, however, in reality the cost and practicability may limit

the number of sensors and forces available for the identification process. For example,

the weight of the additional equipment or the number of acquisition channels available

may limit this number. Therefore, in the following, the number of structural sensors

and forces used to identify the radiation resistance matrix is investigated, as was done in

Chapter 2 for the plate, in order to establish a working frequency range given practical

equipment limitations. The number of acoustic sensors is not altered, as the acoustic

transfer matrices do not affect accuracy of the inverse problem, and provided that an

accurate measure of the radiated sound power is obtained, according to ISO 9614 and

the Nyquist spatial sampling theorem, the number of acoustic sensors will have no effect

on the accuracy of the sound power estimate, as was shown in Section 2.3.2.
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4.1.3 Designing a practical structural sensor and force arrangement

for the identification of the radiation resistance matrix

In the following, firstly, the accuracy of the sound power estimate is investigated as

the number of structural sensors is reduced and the number of forces is kept constant

at 49. Following this, the accuracy of the estimate will be investigated as the number

of forces is reduced whilst the number of structural sensors is kept constant at 49.

Three different evenly distributed arrangements of forces and structural sensors will be

investigated. Each arrangement is defined using partial information from the original

dataset containing the 49 positions. Firstly, selecting every other position from the

original 49 (25 positions), then every third position (17 positions) and finally, selecting

every fourth position (13 positions). These arrangements should provide approximately

8 structural sensors per the shortest acoustic wavelength and therefore, accurate sound

power estimates up to approximately 190, 140 and 95 Hz, respectively.

Figure 4.7 shows the sound power estimate plotted along with the directly evaluated

sound power, as the number of structural sensors used to identify the radiation resistance

matrix is reduced and the number of forces is kept constant at 49. These results show

that as the number of structural sensors decreases, the upper frequency at which the

sound power estimate is accurate also decreases, as expected. The estimate is assumed to

have “broken down” when the difference between the directly evaluated and estimated

sound power becomes greater than 1 dB. Using 25 structural sensors, the estimate

breaks down at approximately 185 Hz, when using 17 structural sensors the estimate

breaks down at approximately 136 Hz, and finally, when when using 13 structural sensors

the estimate breaks down at approximately 80 Hz. However, using each arrangement

the resonances at 188 and 372 Hz are still accurately identified, looking at the sensor

positions around the cylinder for each arrangement, it appears that the higher level of

accuracy at these frequencies is because a large number of sensors, in each case, are

located in antinodes for these two mode shapes. The resonance at 196 Hz is identified in

terms of frequency using 25 and 17 structural sensors, however, the level is overestimated

in each case. This resonance is not identified when using 13 structural sensors. All

three arrangements identify the frequency of the 366 Hz resonance, however, none of the

arrangements accurately estimate the level of this resonance. The reductions observed

in the upper frequency limit are in agreement with the observation made in Chapter 2,

for the flat plate, that the procedure requires approximately 8 structural sensors per the

shortest acoustic wavelength in order give an accurate estimate of the radiated sound

power.
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Figure 4.7: Sound power radiated by the cylinder when structurally excited using
broadband noise. The solid blue line shows the directly evaluated sound power and
the dashed, dot-dashed and dotted lines show the sound power estimated using the
radiation resistance matrix identified using 25, 17 and 13 evenly distributed structural

sensors, respectively.

Next the number of forces used in the identification of the radiation resistance matrix is

reduced whilst the number of structural sensors is kept constant at 49. Figure 4.8 shows

the sound power estimate plotted along with the directly evaluated sound power as the

number of forces used to identify the radiation resistance matrix is reduced to 25, 17

and then 13. As above, these results show that as the number of forces decreases, the

accuracy of the sound power estimate also decreases. However, the sound power estimate

is accurate in each case up to approximately 200 Hz. In the off-resonance range between

approximately 200 and 350 Hz, the estimate suffers from errors, however, the resonance

at 372 Hz is still accurately identified. All force arrangements identify the frequency

of the resonance at 366 Hz, however, all overestimate the level of the sound power at

this frequency. The resonance at 196 Hz is identified using the 17 force arrangement

however, the level is overestimated and the 25 and 13 force arrangements miss this

resonance. It is thought that the higher level of accuracy achieved when reducing the

forces on the cylinder, when compared to the plate, is due to the similarity between the

structural primary disturbance and the structural force distribution, therefore, fewer

forces may be required to replicate the primary disturbance excitation, in this case. In

many practical applications, it is more likely that the primary disturbance would be due

to a force distribution and, therefore, care should be taken not to draw overly optimistic

conclusions on practical identification force requirements based on these results.
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Figure 4.8: Sound power radiated by the cylinder when structurally excited using
broadband noise. The solid blue line shows the directly evaluated sound power and
the dashed, dot-dashed and dotted lines show the sound power estimated using the
radiation resistance matrix identified using 25, 17 and 13 evenly distributed forces,

respectively.

In order to demonstrate that the similarity between the identification forces and the pri-

mary disturbance is a likely cause of the higher performance than expected, the cylinder

was excited using a distribution of 20 point forces. Figure 4.9 shows the sound power

radiated from the cylinder when the primary disturbance is a result of multiple point

forces. These results show that, as the number of forces is decreased, in the same manner

as in Figure 4.8, the accuracy of the sound power estimate decreases. When the radiation

resistance matrix was identified using 25 identification forces, the sound power estimate

breaks down at approximately 180 Hz and the resonances at 190 and 194 Hz are iden-

tified in terms of frequency, however, are under and over estimated, respectively. When

the radiation resistance matrix was identified using 17 identification forces, the sound

power estimate also breaks down at approximately 180 Hz, however, the resonance at

190 Hz is not identified and the resonance at 194 Hz is over estimated. When identified

using 13 identification forces, the sound power estimate breaks down at approximately

121 Hz and the resonances at 190 and 194 Hz are identified in terms of frequency, how-

ever, are also under and over estimated, respectively. For each arrangement, however,

the strongly radiating 376 Hz resonance is estimated accurately, indicating that this

resonance was successfully excited by one or more of the identification forces in each ar-

rangement. Thus, from these and the previous results, it can be assumed that when the

identification forces excite the structure in a similar manner to the primary disturbance,

less may be needed to accurately estimate the radiated sound power.
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Figure 4.9: Sound power radiated by the cylinder when structurally excited by a
distribution of point forces. The solid blue line shows the directly evaluated sound
power and the dashed, dot-dashed and dotted lines show the sound power estimated
using the radiation resistance matrix identified using 25, 17 and 13 evenly distributed

forces, respectively.

It is obvious from the results of the investigations presented above, that for the most

accurate sound power estimate, with the widest frequency range, the maximum number

of structural sensors should be used. However, the practical investigation is limited

by the number of accelerometers and DAQ channels available. For this reason, the

experimental investigation will use an arrangement of 25 structural sensors in order

to try and capture the strongly radiating 188 Hz resonance. It is also clear from the

results that the maximum number of forces should be used to obtain the most accurate

sound power estimate. However, depending on the type of excitation used, again, the

practicality of the system must be considered. If the forces are provided by actuators,

the additional weight to the system would increase significantly and alter the structural

dynamics. On the other hand, if the forces are provided by an impact hammer, then the

structural dynamics of the cylinder will not change, but the time taken to measure the

responses would be extremely lengthy. This would take a long time as multiple impacts

at each position would be required to allow for averaging to obtain clean responses and

the response due to each impact would need to be recorded until the transient had fully

died out. An arrangement of 24 forces has been chosen as, in the initial experimental

investigation, an impact excitation will be used for the identification and therefore, time

is the limiting factor. This arrangement of forces and sensors will use the 49 positions

described in Section 4.1.1, alternating between sensor and force at each position. Figure
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4.10 shows the locations of the structural sensors and forces on an unwrapped diagram

of the cylinder.
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Figure 4.10: Diagram showing the positions of the structural sensors (circles) and
forces (asterisks) on the unwrapped cylinder.

For completeness, Figure 4.11 shows the sound power estimate calculated using the

radiation resistance matrix identified using the simulated responses and the practical

arrangement of structural sensors and forces proposed above. From this result, it can

be seen that the sound power estimate breaks down at approximately 170 Hz, above

this frequency the off-resonance sound power estimate suffers with large errors. The

resonance frequencies at 188, 196, 366 and 372 Hz are all identified, however, the sound

power level is overestimated at each of these resonances. This overestimation is consis-

tent with the trend observed for the plate study at resonance frequencies, where less than

8 structural sensors and forces per the structural acoustic wavelength were used in the

identification. This estimate is slightly less accurate than the studies carried out above

would suggest, for the proposed force-sensor arrangement as, in this case, the radiation

resistance matrix contains less information about the radiating structure. It is clear that

this arrangement provides a relatively limited accurate frequency range. Thus, further

work should investigate the potential of including a structural remote sensing strategy

in the identification method, in order to widen the accurately estimated sound power

frequency range.
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Figure 4.11: Sound power radiated by the cylinder when structurally excited using
broadband noise, the solid black line shows the directly evaluated sound power and
the dashed blue line shows the sound power estimated using the radiation resistance

matrix.
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4.2 Experimental validation

In this section, the proposed radiation resistance matrix identification method is vali-

dated experimentally for an aluminium open-ended cylinder with dimensions consistent

with the simulated cylinder in the previous section. Firstly, the accuracy of the sound

power estimate will be investigated when the radiation resistance matrix is identified

using force input via impact hammer excitation. This will be followed by an investiga-

tion identifying the radiation resistance matrix using permanent structural actuators.

In each case the experimental setup is described, followed by the results and a discus-

sion of the study, after which the two methods are compared. The robustness of the

sound power estimate is then investigated when random error is introduced into the

measured responses and finally, the practical robustness of the radiation resistance ma-

trix is investigated when the response of the cylinder is altered, however, the change is

not reflected in the radiation resistance matrix which is estimated via the solution to

the underdetermined inverse problem.

4.2.1 Identification of the radiation resistance matrix using impulse

excitation

As mentioned previously, the addition of inertial actuators to larger-scale structures,

in the numbers specified in Chapter 2, could significantly increase the cost and weight

of a system and, for the relatively lightweight structure under investigation here, con-

siderably alter the structural response. Therefore, in this section, identification of the

radiation resistance matrix is investigated for an open-ended cylinder using impact ham-

mer excitations in place of the previously used actuator force distribution. In this study,

an impact hammer has been used to strike the cylinder at each of the 24 force positions

in order to excite the structural and acoustic responses of the cylinder. The radiation

resistance matrix was then calculated according to the formulation presented in Section

2.3 and the accuracy of the radiated sound power was assessed.

4.2.1.1 System identification

Based on the simulation study carried out in Section 4.1, an experimental rig has been

built to validate the proposed radiation resistance matrix identification procedure for an

open-ended cylinder. The experimental setup is shown in Figure 4.12. The open-ended

cylinder was made by bending a large aluminium sheet into a cylinder and welding along

the adjoining edges. The cylinder weighs approximately 2.8 kg and has dimensions as

follows, radius - 0.127 m, length - 0.8 m and material thickness - 1.6 mm. The structural

sensors were provided by 25 accelerometers arranged in 7 rings along the length of the

cylinder; the number of sensors in each ring alternated between 4 and 3, giving 4 rings



90 Chapter 4 Identification of the radiation resistance matrix for a cylindrical shell

of 4 and 3 rings of 3, as shown in Figure 4.10. The measure of structurally radiated

sound power was provided by 22 uniformly distributed acoustic pressure and particle

velocity measurements taken over a virtual surface fully enclosing the cylinder, using a

Microflown PU probe. The distribution of forces in this case was provided by an impact

hammer striking the cylinder at 24 positions, distributed in 7 rings along the length of

the cylinder; the number of forces in each ring alternated between 3 and 4, giving 3 rings

of 4 and 4 rings of 3, as shown in Figure 4.10. This was done 10 times at each position

in order to average the responses. The primary disturbance was provided by a relatively

lightweight (130 g) actuator fixed to the inner surface of the cylinder at 0.267 m from

the mid point. Two small holes were drilled at either end of the cylinder and string was

threaded through and tied off in order to suspend the cylinder and provide relatively

consistent boundary conditions to the free condition assumed in the numerical model.

See Appendix C for a complete list of the equipment used.

Figure 4.12: Photograph of the open-ended cylinder with 25 accelerometers fixed to
the outer surface.

The structural response of the cylinder and radiated sound power, when excited by the

primary disturbance driven with broadband noise, are shown in Figure 4.13. The struc-

tural response was calculated here as the sum of the squared structural sensor signals

and the sound power was calculated according to Eq. 2.7. Comparing these experimen-

tal responses to the simulated responses in Figure 4.4, it can be seen that the resonant

behaviour of experimental structure is comparable to that of the simulated structure.

However, whilst the exact mode shapes of the cylinder could not be clearly extracted

with the sensor setup, the resonances appear to be shifted slightly down in frequency.

The first two resonances, which appear in the simulations at 66 and 72 Hz, are closer

together in the experimental responses, occurring at 62 and 65 Hz, respectively. The
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next two resonances, which appear in the simulations at at 188 and 196 Hz, also get

closer together and appear to shift down to approximately 173 and 176 Hz in the exper-

imental responses. The two highest frequency resonances contribute less to the radiated

sound field and are shifted from 366 and 372 Hz in the simulations down to 333 and

344 Hz in the experiments, respectively. The differences observed between the measured

responses and the simulated responses are due, in part, to the additional mass of the

accelerometers, cabling and primary actuator and possibly the weld along the length of

the cylinder. Additionally, the forces on the two points suspending the cylinder may

have a stiffening effect on the cylinder thus further altering the experimental response

from the simulated response.
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(a) Structural response
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(b) Sound power

Figure 4.13: Structural and acoustic response of the cylinder to a broadband struc-
tural excitation. Figure 4.13(a) shows the sum of the squared sensor signals measured
on surface of the cylinder and Figure 4.13(b) shows the corresponding sound power.

4.2.1.2 Structurally radiated sound power estimate

The structural and acoustic responses to the distribution of individual hammer strikes

were recorded until the responses after each strike had fully decayed. The radiation

resistance matrix was then identified, according to the formulation in Section 2.3, and

the radiated sound power was estimated using the structural responses recorded when

the primary disturbance was driven with broadband noise.

Figure 4.14 shows the sound power estimate plotted along with the directly evaluated

sound power. From these results it can be seen that below approximately 200 Hz, the

radiation resistance matrix is able to estimate the radiated sound power with relative

accuracy. Above this frequency, the accuracy of the sound power estimate greatly re-

duces, especially off-resonance. Like the simulation results presented in Figure 4.11, the

strongly radiating resonance frequencies are identified, in this case at 333 and 344 Hz,

although their levels are overestimated. Whilst these results are not in exact agreement
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with the results from the simulation study similar trends can be seen. It is also inter-

esting to note that rather than an over estimation of the sound power off-resonance, as

in the simulation results, the sound power is underestimated in the experimental sys-

tem and this difference is perhaps related to the accuracy of the response measurements

off-resonance.
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Figure 4.14: Sound power radiated by the cylinder when structurally excited using
broadband noise, the solid black line shows the directly evaluated sound power and the
dashed blue line shows the sound power estimated using the radiation resistance matrix

identified using impulse excitations.

In order to determine whether the accuracy of the off-resonance response measurements

contributes to the errors in the sound power estimate, the average ‘coherence’ between

the impact forces and the structural, pressure and particle velocity responses has been

considered. This has be used as it provides an indication as to the overall accuracy of the

response measurements at each frequency. To calculate this metric, the structural and

acoustic responses to each impact were truncated to include only the response data. The

truncated responses to each impact were then concatenated for each position, as were

the series of recorded hammer impacts. The coherence between each impact position and

the measured responses was then calculated using Matlab’s inbuilt function mscohere,

and averaged over all positions. Figure 4.15 shows the average coherence between the 24

impacts and the 25 accelerometer and 22 pressure and particle velocity measurements.

From these plots it can be seen that the average coherence between the impacts and

the measured structural response and acoustic pressure, in general, is poor. At the

resonance frequencies coherence ranges between 0.5 - 0.8, however, off-resonance the

coherence doesn’t exceed approximately 0.45 and drops as low as 0.2 in places. A higher
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average coherence is observed between the impacts and the measured particle velocity

as it is close to 0.8 up to approximately 250 Hz, dropping to no less than 0.4 at 50

and 150 Hz. Between approximately 250 and 330 Hz the average coherence drops to

between 0.6 and 0.7, then increases back to around 0.8 around the resonance frequencies

333 and 344 Hz, above which it drops down to between 0.5 and 0.6. These ranges of

poor coherence in the cylinder responses coincide with the off-resonance ranges in the

sound power estimate, where the estimate is less accurate. Thus, offering an explanation

to the reduced accuracy of the sound power estimate off-resonance.
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(c) Structural coherence

Figure 4.15: The average coherences calculated between the impact forces and the
acoustic pressure (Figure 4.15(a)), particle velocity (Figure 4.15(b)) and structural

response (Figure 4.15(c)) measurements.

Whilst using an impact hammer allows for the radiation resistance matrix to be measured

with minimal alteration to the system dynamics, the lengthy measurement procedure

means that for larger scale structures, this approach may become impractical. One way

to significantly decrease the radiation resistance matrix identification measurement time

would be to use actuator excitation, as was used for the plate in Chapter 2. Using

the proposed distribution of forces, however, would significantly increase the weight of
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the system and alter its dynamics. However, considering that the aim of identifying

the radiation resistance matrix is to implement an ASAC strategy on the cylinder, it is

assumed that some control actuators will already be in place. Therefore, the following

will investigate the effect of reducing the number of excitation forces used in the experi-

mental identification of the radiation resistance matrix to a more practical number, that

could also possibly be used as control forces.

Figure 4.16 shows the sound power estimate plotted along with the directly evaluated

sound power as the number impact positions used to identify the radiation resistance

matrix is reduced. From these results is can be seen that the overall error in the sound

power estimate remains equivalent whether using 24, 12 or 6 impacts in the identification

of the radiation resistance matrix. The first and second resonances are identified with

similar accuracy to the full force distribution. Above approximately 180 Hz the off-

resonance estimate is very poor for the reduced force distributions, as was the case

using the full force distribution, and the two upper resonances at 333 and 344 Hz are

identified with comparable accuracy. As previously discussed, it is thought that a higher

level of accuracy, than would be expected based on the observations from the plate study

in Chapter 2, is achieved using less force positions because of the similarity between the

identification forces and the single point force used to provide the primary disturbance.

It has, therefore, been decided that the following study will investigate the accuracy of

the radiation resistance matrix identification using six actuators.
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Figure 4.16: Sound power radiated by the cylinder when structurally excited using
broadband noise. The solid blue line shows the directly evaluated sound power and the
solid, dashed and dotted black lines show the sound power estimated using the radiation
resistance matrix identified using distributions of 24, 12 and 6 impulse excitations,

respectively.
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4.2.2 Identification of the radiation resistance matrix using inertial

actuators

In the following, the accuracy of the sound power estimate is investigated when the

radiation resistance matrix is identified using a distribution of six actuators to provide

the excitation forces. It is assumed that these actuators will then be used to provide

the control forces for the AVC and ASAC systems in Chapter 5, thus not altering the

structural response of the system more than would be necessary to provide active control

and avoiding the lengthy impact-based identification procedure.

4.2.2.1 System identification

Based on the study in the previous section, six lightweight (29.6 g) inertial actuators

were fixed to the inner surface of the cylinder. The actuators were arranged in a twisted

line along the length of the cylinder and were consistent with the six impact positions

used in the previous study. The arrangement of the six actuators is shown in Figure

4.17. When not active, these actuators will alter the structural and radiated response

of the cylinder, acting as additional mass below their resonance frequency, as tuned

mass dampers at their resonance frequency and stiffeners above this. In order to see

how the addition of these actuators affects the response of the cylinder, the primary

disturbance was driven with broadband noise and the acoustic and structural responses

were measured.

Figure 4.17: Photograph of the inside of the cylinder. The lightweight (29.6 g)
actuators, labelled 1-6, are used for the identification and the larger (130 g) actuator,

labelled 7, is the primary disturbance.

Figure 4.18 shows the structural response and the sound power radiated from cylin-

der with the six, inactive actuators in place, plotted along with the cylinder response
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without the actuators in place. From these plots it can be seen, in both the structural

response and radiated sound power, that the addition of the actuators has damped the

responses at approximately 65 Hz by approximately 10 dB, as this frequency coincides

with the shaker resonance and when not driven, the actuators effectively act as tuned

mass dampers. The first two resonances are then split and have been shifted to approx-

imately 52 and 80 Hz, respectively. The two resonances at 173 and 176 Hz appear to

have moved and instead a single, resonance has appeared at 174 Hz. This resonance

has been damped slightly in the structural response, however, enhanced in the radiated

sound power. Finally, the two highest order resonances in the frequency range have both

shifted from 333 and 344 Hz to 330 and 339 Hz, respectively, and also appear to have

been enhanced by approximately 5 dB in both, the structural response and the radiated

sound power.
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(a) Structural response
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(b) Sound power

Figure 4.18: Structural and acoustic response of the cylinder to a broadband struc-
tural excitation. Figure 4.18(a) shows the sum of the squared sensor signals measured
on surface of the cylinder and Figure 4.18(b) shows the corresponding sound power.
The solid and dashed lines in each plot show the responses when the actuators are in

place and not in place, respectively.

4.2.2.2 Structurally radiated sound power estimate

In the following, the radiation resistance matrix has been identified for the cylinder,

according to the formulation in Section 2.3, using the six actuators to provide the iden-

tification forces. The radiated sound power was then estimated when the primary dis-

turbance was driven with broadband noise.

Figure 4.19 shows the estimated sound power radiated by the cylinder, with the actuators

in place, plotted along with the directly evaluated sound power. These results shows that

the sound power estimate is accurate over the range 40 to 345 Hz. Above 345 Hz, the

accuracy of the sound power estimate decreases off-resonance, however, the resonance at
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395 Hz is also identified accurately. Small errors can be seen in the off-frequency ranges

between 140 to 160 Hz and 190 to 320 Hz, however, these do not exceed 2 dB.
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Figure 4.19: Sound power radiated by the cylinder when structurally excited using
broadband noise, the solid black line shows the directly evaluated sound power and the
dashed blue line shows the sound power estimated using the radiation resistance matrix

identified using the six control actuators.

It is clear from these results that the radiation resistance matrix identified using the six

control actuators is much more accurate that the radiation resistance matrix identified

using the impact hammer. This increased accuracy is thought to be due, in part, to

the nature in which the control actuators excite the cylinder, and their similarity to the

primary actuator excitation, as was demonstrated by the study in Section 4.1.2. It is

also thought that the increased accuracy can be related to the accuracy of the measured

responses, therefore, the average coherence between the actuators and the structural,

pressure and particle velocity responses has, again, been considered.

Figure 4.20 shows the average coherence between the 6 actuators and the 25 accelerome-

ter, and 22 pressure and particle velocity measurements. From these plots it can be seen

that the average coherence between the actuators and the measured responses is much

better than the average coherence between the impacts and the measured responses.

The average coherence between the actuators and the measured pressure responses is

greater than 0.8 at the cylinder resonances and drops to around 0.6 off-resonance. The

average coherence between the actuators and the measured particle velocities is greater

than 0.8 in the frequency ranges 50 to 240 Hz and 320 to 345 Hz, but between 240 to
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320 Hz and above 345 Hz the coherence drops, however, only to around 0.7. The av-

erage coherence between the actuators and the measured structural responses is good,

around 0.9, in the ranges 50 to 95 Hz, 150 to 250 Hz and above 310 Hz. Elsewhere, in

the range 95 to 150 Hz, the coherence drops, however, not below 0.6 and in the range,

250 to 310 Hz, the coherence drops further, ranging between 0.35 and 0.8.

These results go some way to explaining why this sound power estimate, calculated

using the radiation resistance matrix identified with actuator forces, is more accurate

than the sound power estimate calculated using the radiation resistance matrix identified

with impact forces. It can also be seen that, in general, the coherences are reduced in

the off-resonance ranges, which indicates that the errors in the sound power estimate,

observed off-resonance, are due to the reduced accuracy of the measured responses.

0 100 200 300 400

Frequency, Hz

0

0.2

0.4

0.6

0.8

1

C
o
h
e
re

n
c
e

(a) Pressure coherence

0 100 200 300 400

Frequency, Hz

0

0.2

0.4

0.6

0.8

1

C
o
h
e
re

n
c
e

(b) Particle velocity coherence
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(c) Structural coherence

Figure 4.20: The average coherences calculated between the six actuators and the
acoustic pressure (Figure 4.20(a)), particle velocity (Figure 4.20(b)) and structural
response (Figure 4.20(c)) measurements. The solid line shows the coherences between
the actuators and the responses and the dashed line shows the coherences between the

impacts and the responses.

As this identification method has provided a more accurate estimate of the radiated

sound power, in the following, this radiation resistance matrix will be used to investigate
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the ASAC strategy. However, it should be reiterated that for an unknown primary

disturbance, the limits set in Chapter 2 will give the most accurate radiation resistance

matrix and, therefore, the most accurate sound power estimate.

4.2.3 Robustness of the radiation resistance matrix to random error

As in Section 2.5, the robustness of the radiation resistance matrix will be investigated

when uncertainties are introduced into the transfer responses used to identify the radi-

ation resistance matrix.

The three different levels of uncertainty shown in Table 4.2 were introduced into the

magnitude and phase of the structural and acoustic transfer responses of the cylinder.

These transfer responses with uncertainties can be expressed as

hlm = ∆nh0lme
jφn , (4.4)

where h0lm is the nominal transfer response between actuator m and the acceleration,

particle velocity or acoustic pressure measured at position l. ∆n and φn are both

bounded normally distributed random numbers used to introduce a level of uncertainty

into the magnitude and phase of the response respectively. As before, for each level of

uncertainty this process was repeated 100 times to enable a statistical analysis of how

the random uncertainties influence the sound power estimation.

Table 4.2: Table showing the upper and lower bounds of the normally distributed
noise and their standard deviations.

Uncertainty, n Magnitude, ∆ (dB) σ Phase, φ (◦) σ

1 ± 1 0.2 ± 5 1.0

2 ± 3 0.7 ± 15 3.3

3 ± 6 1.4 ± 30 6.6

Figure 4.21 shows the directly evaluated sound power plotted along with three shaded

regions, which represent the error in the sound power estimate due to the 100 iterations

of added uncertainties up to the 75th percentile range. From these results is can be seen

that for the lowest level of uncertainty, (1 dB and 5◦), the sound power estimate is fairly

robust up to approximately 345 Hz, as the error range for the uncertain sound power

estimate is approximately 1 dB. Above 345 Hz, where Figure 4.19 shows the estimate

breaks down, much larger errors are introduced into the sound power estimate. For

the higher levels of uncertainty, (3 dB and 10◦) and (6 dB and 15◦), the same trend

is observed; on-resonance the error range in the uncertain sound power estimates does

not exceed approximately 2 and 3 dB, respectively, however, off-resonance these errors

increase up to 8 and 10 dB, respectively. This shows that larger levels of uncertainty

in the transfer responses result in larger errors in the sound power estimate, especially
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off-resonance where poorer coherence already effects the accuracy of the sound power

estimate.

Figure 4.21: Directly evaluated sound power (black line) plotted with three shaded
regions showing up to the 75th percentile range of errors introduced into the sound
power estimate when 100 normally distributed uncertainties of three differing levels

were introduced into the three transfer response matrices.

4.2.4 Practical robustness of the radiation resistance matrix

In this section, the robustness of the estimated radiation resistance matrix to practical

changes in the structural response is investigated. In Sections 4.2.1 and 4.2.2 two struc-

tural responses to the primary disturbance have been measured for the same cylinder

using exactly the same structural sensor array, however, the structural dynamics of the

cylinder have been altered through the addition of six inertial actuators. In order to

see how such a change in the structural response may affect the sound power estimate,

the sound power radiated from the cylinder has been estimated using the radiation re-

sistance matrix identified using the six control actuators and the structural response

measured before the actuators were fixed to the cylinder.

The estimated and measured sound power are shown in Figure 4.22. From these results

it can be seen that the resonance frequencies at 62, 65 and 333 Hz are identified, however,

their levels are under estimated. The resonance frequencies at 173 and 176 Hz are also

identified, however, their levels are over estimated and off-resonance, the estimate suffers

from large errors, up to 10 dB in places. Whilst the resonance frequencies of the cylinder

have been identified, it is clear, from Figure 4.18, that the system is quite different after
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the addition of the control actuators and the radiation resistance matrix struggles to

accurately estimate the radiated sound power. Such structural modifications should have

no effect on the radiation resistance matrix, however, in this case, the radiation resistance

matrix has been estimated using many more structural sensors than forces, resulting

in an under-determined inverse problem. When solving the under-determined inverse-

problem using Eq. 2.16, the contributions of the structural response only cancel in a least

squares sense and therefore, when estimating the radiation resistance matrix, as above,

there is no guarantee the structural response will not affect the radiation resistance

matrix. Thus, for an accurate estimate of radiated sound power, the radiation resistance

matrix should be re-identified after such modifications when using more sensors than

forces.
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Figure 4.22: Sound power radiated from the cylinder without the control actuators
fixed to the inner surface, when excited by primary disturbance. The black line shows
the directly measured sound power and blue dashed line shows the sound power estimate
calculated using the cylinder response with actuators mounted to it and the radiation

resistance matrix identified for the cylinder without actuators mounted to it.

4.3 Summary

This chapter has investigated the validity of the radiation resistance matrix identification

procedure proposed in Chapter 2, for an open-ended cylinder. Using a model of an

aluminium cylinder, the identification method and force-sensor limits defined in Chapter

2 were validated in simulation. Following this, the identification method for the radiation

resistance matrix was investigated experimentally using two different types of structural
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excitation during the identification procedure. Finally, an assessment of the practical

robustness of the radiation resistance matrix was carried out.

In order to validate the limit on the number of structural sensors required per acoustic

wavelength, as defined in Chapter 2, but for a more complex structure, a series of sim-

ulations have been carried out whereby the number of structural sensors was reduced.

The accuracy of the radiation resistance matrix was then assessed via comparison of

the estimated sound power to the directly evaluated sound power, when the cylinder

was excited by a point force. From the results of this study, the limit of approximately

eight structural sensors per the shortest acoustic wavelength was validated for the cylin-

der. Specifically, it was shown that as the number of structural sensors used in the

identification was decreased, the accuracy of the sound power estimate decreased at the

frequency with an acoustic wavelength corresponding to approximately eight times the

shortest structural sensor spacing.

Next, to validate the limit on the number of forces required to accurately estimate the

radiated sound power, a series of simulations have been carried out whereby, the number

of forces was reduced. The accuracy of the radiation resistance matrix estimate was,

again, assessed via comparison of the directly evaluated and estimated sound power ra-

diated by the cylinder when excited by a single point force. It was shown that as the

number of forces used in the identification was decreased, the accuracy of the sound

power estimate decreased in the off-resonance range between 200 to 350 Hz, however,

all the resonance frequencies were still identified up to the 372 Hz resonance, exceeding

the expected accuracy. It was thought that a higher level of accuracy, than expected,

was achieved due to the similarity between the primary and identification excitations,

as both were provided by point forces. In order to validate this assumption, the same

investigation was carried out when the primary disturbance was provided by a distri-

bution of forces, rather than a single point force. In this case, it was shown that as

the number of forces used in the identification was decreased, the accuracy of the sound

power estimate decreased at the frequency with an acoustic wavelength corresponding to

approximately eight times the shortest force spacing. Thus, validating this assumption

and the limit of approximately eight forces per the shortest acoustic wavelength.

Following this, the simulation study was validated experimentally by identifying and

evaluating the radiation resistance matrix for an aluminium, open-ended cylinder. Ini-

tially, the study investigated the use of impulse excitations, provided by an impact ham-

mer, as the structural excitation forces used during the identification measurements, as

this would not add significantly to the cost or weight of the system. Based on the sim-

ulated study, a distribution of 24 impact positions was used to excite the structure and

arrays of 25 accelerometers and 22 particle velocity and acoustic pressure measurements

were used to measure the structural and acoustic responses, respectively. This arrange-

ment was chosen because, according to simulation results, it will provide an accurate

sound power estimate up to approximately 190 Hz, providing eight structural sensors
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and forces per acoustic wavelength at this frequency. The results of this experimental

study validate the proposed identification method and the limits on the number of struc-

tural sensors and forces. The estimate accurately identified the radiated sound power

up to approximately 200 Hz, above which the accuracy was significantly reduced.

Whilst identifying the radiation resistance matrix using an impulse excitation reduces

the potential cost and weight of the system, it requires a relatively lengthy measurement

procedure and also a high level impact force to excite off-resonance radiation, which due

to the method of suspension, may introduce large rigid body displacement and damage

the structure. Considering that the intended application for the sound power estimate

will ultimately be for use in an ASAC system, it is obvious that a number of structural

transducers will be required in any case. Therefore, the radiation resistance matrix was

identified for the cylinder using an array of six actuators, evenly distributed along the

length and around the circumference of the cylinder. The results of this experimental

study showed that the sound power estimate can more accurately be identified using

the distribution of six inertial control actuators, than the distribution of 24 impact

excitations. By comparing the average coherences between the impacts and the measured

responses to the average coherences between the actuators and the measured responses,

it was shown that a likely cause for the more accurate estimate was due to the increased

accuracy of the measured responses achieved when exiting the structure using actuators

rather than impacts.

It should be noted that a number of the limitations discussed in this investigation are

due to the small scale of the experiments. Considering larger, heavier structures the

addition of transducers is expected to have less effect on the structural response and

it may be possible to impose high amplitude impact excitation without damaging the

structure. That said, it is clear that further work is required to evaluate and develop

the proposed methods on larger scale systems.

An initial robustness study investigated the effect that introducing differing levels of

random uncertainty into the identification procedure has on the sound power estimate.

Three different levels of bounded normally distributed noise were introduced into both

the magnitude and phase of the transfer response matrices used for the identification.

It was shown that, for the considered system and levels of uncertainty the sound power

estimate is robust to uncertainties on-resonance. Off-resonance, however, the sound

power estimate is less robust to the uncertainty and the range of errors increases with

the level of uncertainty.

Finally, to investigate the practical robustness of the sound power estimate to practical

differences between the responses used in the identification of the radiation resistance

matrix and a different physical response, the sound power estimate was calculated for

the cylinder without actuators in place, however, using the radiation resistance matrix

identified using the six control actuators. The results of this investigation showed that
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the five lowest order resonance frequencies were identified, however, their levels were

wrongly estimated and the sound power estimate off-resonance was unable to accurately

identify the radiated sound power.





Chapter 5

Active structural acoustic control

of an open-ended cylinder using

the radiation resistance matrix

In Chapter 2 an experimental procedure for identifying the radiation resistance matrix

of a structure was proposed and investigated for use on a flat plate. Following this, in

Chapter 3 the experimentally identified radiation resistance matrix was employed by an

ASAC system to provide a control metric that, when minimised resulted in a reduction

in the radiated noise. In Chapter 4, the experimental radiation resistance matrix iden-

tification procedure was extended to consider a more complex radiation problem and

investigated the procedure for an open-ended cylinder. Therefore, it follows that the

performance of the proposed ASAC strategy that utilises the experimentally identified

radiation resistance matrix is investigated for the open-ended cylinder. It should again

be re-iterated that the work carried out on the open-ended cylinder aims to provide a

preliminary study to demonstrate potential of proposed approach and is by no means

and exhaustive study.

In this chapter, the performance of the ASAC strategy proposed in Chapter 3 is vali-

dated for a different, more complex radiating structure, an open-ended cylindrical shell.

The sound power attenuation performance of the proposed ASAC strategy is, again,

compared to that of an AVC system that employs identical control hardware. To begin

with, using measured responses, the optimal solutions for the AVC and ASAC strategies

are calculated and the resulting structural and sound power attenuation performance

is compared. The relative robustness of each control system to increasing levels of re-

sponse uncertainty is then investigated. Following this, the adaptive performance of the

two strategies is compared offline using an FxLMS algorithm, which is used to control

tonal radiation at three frequencies, two on-resonance and one off-resonance. Finally,

107
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radiation resistance matrix

the off-line study will be validated in real-time by implementing the adaptive algorithms

to control a single strongly radiating resonance.

A version of this work had been prepared for submission to the 27th International

Congress on Sound and Vibration, however, due to COVID 19 the conference has been

postponed and the work in this chapter is being prepared for submission to the Journal

of The Acoustical Society of America.

5.1 System description

In the following, the cylinder described in Section 4.2 will be employed to validate the

ASAC strategy proposed in Chapter 3, for a larger, more complex structure. Using

identical control hardware, the performance of the proposed ASAC strategy will be

assessed against the performance of an AVC system in terms of sound power attenuation.

Each control strategy will employ the 25 accelerometers and six actuators, shown in

Figures 4.12 and 4.17, that were used to identify the radiation resistance matrix in

Section 4.2.2.

As presented in Sections 3.1 and 3.2, the AVC and proposed ASAC systems aim to

minimise the cost functions defined by Eqs. 3.1 and 3.19, respectively, which correspond

to the sum of the squared structural measurements, Js, and the radiated sound power

estimate, JW . As before, in order to ensure that the cost function related to the es-

timated sound power has a single global minimum, it is necessary to enforce that the

radiation resistance matrix, R̂, is positive semidefinite. This is achieved by setting the

negative eigenvalues of the matrix to zero. Figure 5.1 shows the directly measured sound

power plotted along with the two sound power estimates calculated using the radiation

resistance matrix and the positive semidefinite approximant of the radiation resistance

matrix.

It can be seen from the results presented in Figure 5.1 that where the sound power

estimate is highly accurate, mainly within the range 40 - 130 Hz, the sound power

estimate calculated using the radiation resistance matrix approximant is also accurate.

Above this frequency, where the accuracy of the sound power estimate reduces slightly,

the sound power estimate calculated using the approximant is less accurate in estimating

the sound power. However, it can be seen that the resonance frequencies at 174, 330 and

339 Hz are still identified, although their levels are over-, under- and over-estimated,

respectively. Above 345 Hz, where the sound power estimate begins to break down,

the sound power estimate calculated using the radiation resistance matrix approximant

suffers from large errors and is unlikely to be effective.
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Figure 5.1: Sound power radiated from the cylinder shown in Figure 4.12 when struc-
turally excited by an actuator driven by white noise. The solid line shows the directly
measured sound power and the dashed and dot-dashed lines show the sound power esti-
mates calculated using the radiation resistance matrix, R̂, and the positive semi-definite

approximant of the matrix, R̃, respectively

5.2 Offline control of the cylinder using the optimal solu-

tion

In this section, the performance and the limits of the proposed ASAC strategy are

investigated, via simulation, using the optimal solution. As in Chapter 3, in order to

understand how the ASAC strategy affects both the structural and acoustic responses of

the cylinder, the attenuation performance of the ASAC strategy is compared to that of an

AVC system that uses the same control hardware. The performance of the two strategies

will be assed in terms of the attenuation of the structural response cost function, Js,

sound power estimate cost function, JW and the directly evaluated sound power, W .

Using the plant response matrices measured between the six control actuators and the

25 accelerometers, the optimal control signals were calculated for the AVC and ASAC

systems, according to Eqs. 3.5 and 3.22, respectively. As in Chapter 3, the regularisation

term, β, was set in each case using values for the convergence gain, α, and leakage, γ,

that ensure the fastest, stable convergence for the adaptive controllers defined by Eqs.

3.6 and 3.23. Figure 5.2 shows the sum of the squared error sensor signals measured on

the surface of the cylinder when excited by the primary disturbance, before and after

implementing AVC and the proposed ASAC strategy. These results show that, across
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the majority of the presented frequency range AVC achieves a greater reduction in the

structural response than ASAC. However, within the range 220 to 280 Hz, both AVC

and ASAC achieve comparably low levels of attenuation. It is thought that this is due

to a low level of controlability in this range due to the number and positioning of the

actuators.
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Figure 5.2: The sum of the squared error signals measured on the cylinder before
(solid line) and after optimal control, for both AVC (dashed line) and the proposed

ASAC strategy (dotted line).

Figure 5.3 shows the estimated sound power radiated when the cylinder was excited by

the primary disturbance, both before and after implementing the optimal solutions for

the two control strategies. These results show that the proposed ASAC strategy atten-

uates the sound power estimate more than AVC, across the entire frequency range, as

would be expected. At the 52, 80, 174, 330 and 339 Hz resonances, the estimate predicts

that ASAC will provide up to 5, 7, 8, 4 and 1 dB more sound power attenuation than

AVC, respectively. Off-resonance, these results show that ASAC reduces the radiated

sound power estimate by up to 20 dB more than AVC.
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Figure 5.3: The estimated sound power radiated from the cylinder when uncontrolled
(solid line), and controlled using the optimal AVC (dashed line) and optimal ASAC

(dotted line) strategies.

Figure 5.4 shows the directly evaluated sound power radiated from the cylinder when

excited by the primary disturbance, both before and after implementing the optimal

solutions for each control strategy. These results show that the actual sound power

attenuation achieved by the proposed ASAC strategy is also greater than that of the AVC

system across the majority of the presented frequency range. However, in the frequency

ranges between 130 to 150 Hz, 190 to 210 Hz and 310 to 325 Hz, AVC appears to either

match the level of attenuation achieved using ASAC or reduce the directly evaluated

sound power slightly further than ASAC. At the 52, 80, 174, 330, 339 Hz resonances,

ASAC achieves 4, 4, 7, 2 and 6 dB more sound power attenuation than AVC. From

these results it can also be seen that the estimated and directly evaluated sound power

attenuation achieved by AVC is consistent. However, for ASAC, up to approximately

210 Hz and above 310 Hz, it is clear that a lower level of sound power attenuation is

achieved than was estimated. Between 210 and 310 Hz, the level of directly evaluated

sound power attenuation is comparable to the estimated sound power attenuation. The

differences between estimated and directly evaluated sound power attenuation achieved

by ASAC can be related to the errors in the sound power estimate that is used in the

controller. As was demonstrated by the average coherences in Section 4.2.2, the errors in

the sound power estimate can be related to the poor coherence between the identification

forces and measured responses, which align with these frequency ranges.
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Figure 5.4: The directly evaluated sound power radiated from the cylinder when un-
controlled (solid line), and controlled using the optimal AVC (dashed line) and optimal

ASAC (dotted line) strategies.

5.2.1 Robustness of the control systems

In this section, the robustness of each control strategy to uncertainties in the system

responses is investigated. Using the three levels of uncertainty defined in Table 4.2,

random error has been introduced, according to Eq. 4.4, into the magnitude and phase

of the structural transfer response, Ĝ, which provides the plant model to both the

controllers and the measured transfer responses used to calculate the radiation resistance

matrix, R̃, for the ASAC system.

Figures 5.5, 5.6 and 5.7 show the uncontrolled structural response, sound power estimate

and directly evaluated sound power plotted along with the controlled responses for AVC

and ASAC, respectively. The shaded regions in each plot show the range up to the 75th

percentile of the attenuation achieved when control was simulated for 100 iterations of

the perturbed plant responses and radiation resistance matrix, for the three levels of

uncertainty.
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(a) AVC - Structural response
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(b) ASAC - Structural response

Figure 5.5: The sum of the squared structural error signals before (solid black line)
and after (dashed black line) optimal control, for both AVC and the proposed ASAC
strategy. The shaded regions indicate the range of optimal control achievable when
differing levels of uncertainty were introduced into the structural plant response Ĝ and

R̂.
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(a) AVC - Sound power estimate
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(b) ASAC - Sound power estimate

Figure 5.6: The estimated sound power before (solid black line) and after (dashed
black line) optimal control, for both AVC and the proposed ASAC strategy. The
shaded regions indicate the range of optimal control achievable when differing levels of

uncertainty were introduced into the structural plant response Ĝ and R̃.

From the results presented in Figures 5.5, 5.6 and 5.7 it can be seen that AVC is robust

to 1 dB and 5◦ uncertainty across the presented frequency range loosing no more than

1 dB in the structural, sound power estimate or directly evaluated sound power attenu-

ation. The ASAC strategy is similarly robust to this level of uncertainty in terms of the

structural response with errors ranging up to approximately 3 dB above 160 Hz, and

less than 1 dB below this frequency. This level of uncertainty has a greater effect on the

sound power estimate, which looses up to 6 dB above approximately 100 Hz, below this

frequency the errors range by no more than 3 dB. Fortunately, the performance lost in

the sound power estimate does not correspond to a similar loss in the directly evaluated
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sound power as the performance reduces by no more than 3 dB across the frequency

range.
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(a) AVC - Directly evaluated sound power
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(b) ASAC - Directly evaluated sound power

Figure 5.7: The directly evaluated sound power before (solid black line) and after
(dashed black line) optimal control, for both AVC and the proposed ASAC strategy.
The shaded regions indicate the range of optimal control achievable when differing levels

of uncertainty were introduced into the structural plant response Ĝ and R̃.

Considering 3 dB and 10◦ uncertainty, it has been shown that the AVC system is robust

over the presented frequency range as no more than 2 dB error in the structural response

or the estimated and directly evaluated sound power is observed. The range of error

in the structural response when controlled using the ASAC strategy is no more than

3 dB across the majority of the frequency range, however, between 210 - 220 Hz this

does increase up to approximately 6 dB. In terms of the sound power estimate, at the

80 and 174 Hz resonances, the performance of the ASAC system drops by up to 2 and

10 dB, respectively. Off-resonance this increases further up to approximately 15 dB.

However, this again does not correspond to such a large drop in performance in the

directly evaluated sound power. At the 80 and 174 Hz resonances, the performance

of the ASAC system drops by up to 2 and 5 dB, respectively, and off-resonance the

reduction in attenuation does not exceed 8 dB.

Finally, for the largest level of uncertainty, 6 dB and 15◦, the performance of the AVC

system reduces. In the structural response a reduction in attenuation of 0 and 5 dB

is observed at the first two resonances, across the majority of the frequency range, off-

resonance, the performance does not reduce by more than 3 dB except for in the small

frequency range between 75 and 100 Hz, where the performance is reduced by up 7 dB.

In terms of both the estimated and directly evaluated sound power attenuation, the

performance of AVC at the first two resonances drops by approximately 0 and 5 dB.

Between approximately 75 and 100 Hz the sound power attenuation performance is

reduced by up 7 dB, however, across the rest of the frequency range, the sound power

attenuation performance of the AVC system does not reduce by more than 3 dB. For

this level of uncertainty in the ASAC system, the difference between the controlled and
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uncontrolled structural responses is no more than 4 dB over the given frequency range

except for in the narrow band between 210 - 220 Hz where this increases to 6 dB. At

the 80 Hz resonance, a 4 dB reduction in the attenuation performance of the ASAC

system is observed in both the estimated and directly evaluated sound power. At the

174 Hz resonance this reduction in performance increases to approximately 12 dB in the

sound power estimate and 7 dB in the directly evaluated sound power. Off-resonance,

this increases further to proximately 20 dB in the sound power estimate and 13 dB in

the directly evaluated sound power.

In summary, these results show that, as in Section 3.3.1, the proposed ASAC strategy

is less robust to the form of uncertainties introduced into the responses than the AVC

system. This is again because, in the ASAC system, the uncertainties are present in

both the plant model and the radiation resistance matrix and compound to reduce the

performance further than AVC where the uncertainties are only present in the plant

model. However, with the exception of the largest level of uncertainty which is probably

impractically large, although this requires further investigation, ASAC is still able to

achieve more attenuation of the directly evaluated sound power than AVC.
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5.3 Offline adaptive control of the cylinder

In this section, the performance of the adaptive implementation of the proposed ASAC

system is investigated offline, using the responses measured on the cylinder shown in

Figure 4.12. The performance of the proposed ASAC strategy is again assessed via

comparison to the performance of an AVC system that utilises the same sensing and

actuation hardware as the ASAC strategy. As in Section 3.4, using the MATLAB system

modelling software Simulink, each control algorithm is simulated, using 1024 coefficient

FIR filters to model the primary and secondary path responses. Three frequencies were

selected to implement the adaptive tonal control algorithms, two resonances at 80 and

174 Hz and one off-resonance frequency at 100 Hz. As the resonance frequency of the

control actuators is around 65 Hz, the 50 Hz cylinder resonance has been omitted from

this simulation study as the force realisable below this frequency will be limited.

Figure 5.8 shows the attenuation in the structural responses and sound power estimates,

at the three control frequencies, when both AVC and the proposed ASAC system are

implemented. The convergence gain and leakage factor for the AVC system was again

set to ensure the fastest, stable convergence time at each frequency. The convergence

gain and leakage factor for the ASAC system were then set so that it achieved an equal

convergence time to that of the AVC system, at each frequency.

The plots presented in Figure 5.8 show the level of Js and JW at each frequency, nor-

malised to the uncontrolled level when excited by the primary disturbance. This means

that when the controllers are not active, at t = 0, each cost function has a level of 0

dB. At t = 1, the controllers are switched on and the level of the cost functions rapidly

change and converge to a steady state. The results of this study show that once each con-

troller has fully converged, AVC achieves a greater level of structural attenuation than

ASAC at each frequency and ASAC achieves a greater level of attenuation in the sound

power estimate at each frequency, as expected. AVC reduces the structural response by

17, 13 and 13 dB at each frequency and the sound power estimate by 17, 13 and 7 dB.

Whereas, ASAC reduces the structural response by 16, 7 and 7 dB and the sound power

estimate by 20, 19 and 10 dB. This gives a performance benefit of 3, 6 and 3 dB in the

sound power estimate, at each frequency, when using ASAC rather than AVC. These

results validate the results of the control achieved using the optimal solutions for each

control strategy presented in Section 5.2, as each strategy achieves a comparable level

of attenuation in the structural response of the cylinder and the radiated sound power

estimate. Again, demonstrating the potential of the proposed ASAC strategy, but it is

necessary to evaluate the sound power directly to ensure that control has been achieved

and this will be presented in the following section.



Chapter 5 Active structural acoustic control of an open-ended cylinder using the
radiation resistance matrix 117

0 10 20 30 40 50

Time, s

-20

-15

-10

-5

0

J
s
, 
d
B

(a) Js - 80 Hz

0 10 20 30 40 50

Time, s

-20

-15

-10

-5

0

J
W

, 
d
B

(b) JW - 80 Hz

0 10 20 30 40 50

Time, s

-20

-15

-10

-5

0

J
s
, 
d
B

(c) Js - 100 Hz

0 10 20 30 40 50

Time, s

-20

-15

-10

-5

0

J
W

, 
d
B

(d) JW - 100 Hz

0 10 20 30 40 50

Time, s

-20

-15

-10

-5

0

J
s
, 
d
B

(e) Js - 174 Hz
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Figure 5.8: Attenuation in the structural and sound power cost functions, Js and
JW , when the cylinder is controlled tonally at 80, 100 and 174 Hz. In each plot the
convergence of the AVC system is shown by the black line and the convergence of the

proposed ASAC system is shown by the grey line
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5.4 Real-time control of the cylinder

In this section, the proposed ASAC strategy is validated in real-time, via experimental

implementation, controlling the cylinder shown in Figure 4.12. The performance of the

ASAC strategy is again compared to that of an AVC system which utilises identical

hardware.

Due to a number of practical limitations it has only been possible to investigate the

performance of the ASAC strategy, using the experimental setup described in Section

5.1, at a single frequency, the resonance at 174 Hz. Both the primary and control

actuators employed in this setup are relatively small in size, as such, the low frequency

force they are able to deliver is limited. As a result, when excited at the 80 Hz resonance,

insufficient force was produced by the actuators to control the cylinder. Furthermore,

using the primary actuator it was not possible to force sufficient radiation off-resonance

as the level of sound power control could not be accurately measured due to the proximity

of the generated levels to the acoustic noise floor. In order to force the cylinder to

radiate sufficiently off-resonance a stinger actuator was used to excite the cylinder, as in

[69]. Using this primary disturbance it was possible to force a higher level of radiation,

however, the force required to control the cylinder in this case was greater than the fitted

control actuators could deliver. Therefore, given the experimental setup used, control

was only realisable at a single resonance, at 174 Hz and for consistency the inertial

actuator was used to deliver the primary disturbance.

In the following, the real-time results for the tonal control of the cylinder are presented.

As in the offline investigation, the proposed ASAC strategy has been compared to AVC

when controlling the structurally excited cylinder. Figure 5.9 shows the convergence

of the structural and sound power estimate cost functions, Js and JW , respectively, for

each control strategy, when controlling the cylinder at 174 Hz. The convergence gain and

leakage factor for the AVC system was again set to ensure the fastest, stable convergence

time. It should be noted that in real-time, AVC required slightly more leakage than in

simulation as it appeared closer to instability, presumably due to perturbations in the

system response between identification and control implementation. The convergence

gain and leakage factor for the ASAC system were then set so that it achieved an equal

convergence time to that of the AVC system.
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Figure 5.9: Attenuation of the structural and sound power cost functions, Js and
JW respectively, when the cylinder is controlled tonally 174 Hz. In each plot the
convergence of the AVC system is shown by the black line and the convergence of the

proposed ASAC system is shown by the grey line

These results presented in Figure 5.9 show that once both controllers have fully con-

verged, AVC achieves approximately 7 dB attenuation in the structural vibration cost

function, whereas ASAC achieves approximately 6 dB of attenuation. In terms of the

sound power estimate, AVC achieves 4 dB attenuations in the radiated sound power,

whereas ASAC achieves 11 dB of attenuation. These experimental results validate the

results of the simulations in Section 5.3, with the convergence of the ASAC system show-

ing the same trends as the offline study. However, due to the need for a slight increase in

leakage in the real-time AVC system, the attenuation performance is reduced compared

to the predicted levels.

In order to validate this result in terms of the actual sound power, the sound power

was measured over a virtual surface fully enclosing the cylinder when excited tonally

at 174 Hz. This was done both before and after implementing each control strategy.

The levels of sound power attenuation achieved were 8 and 15 dB for AVC and ASAC,

respectively. The small differences in the attenuation of the estimated sound power

and measured sound power in each case are thought to be related to the small errors

inherent in the estimation of the radiation resistance matrix which resulted in a slightly

different level in the sound power estimate, at this frequency, as shown in Figure 5.1.

Nevertheless, this study has demonstrated the potential of using the experimentally

identified radiation resistance matrix in an ASAC system to control the sound power

radiated from the open-ended cylinder.
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5.5 Summary

In this chapter the potential of the ASAC strategy proposed in Chapter 3 has been inves-

tigated for an open-ended cylinder, which represents a more complex radiating structure

than the plate considered in Chapter 3. This has been achieved by comparing the struc-

tural and sound power attenuation performance of the proposed strategy to an AVC

system that utilises the same structural sensor and actuator arrays, and the potential

benefit of using the proposed strategy has been demonstrated. To begin with, the limits

on performance have been investigated for the cylinder using the optimal tonal control

formulations. This was then followed by a robustness study for each strategy. The

performance of a tonal adaptive implementation of each strategy was then investigated,

initially in simulation at three different control frequencies, ant then via a real-time

implementation at the most strongly radiating resonance.

Initially, the optimal control solutions were calculated offline for both AVC and the

proposed ASAC strategy using the structural plant response matrix and the radiation

resistance matrix for the cylinder. The results from this study showed that AVC achieves

a greater reduction in the structural response compared to the proposed ASAC strategy,

as would be expected. It was also shown that the sound power estimate, the cost function

used by the ASAC strategy, predicted a much greater level of sound power attenuation

by the ASAC strategy compared to AVC. However, in terms of the directly evaluated

sound power, it was shown that whilst ASAC was able to maintain a high level of

sound power control on resonance, off-resonance the attenuation performance of the

ASAC strategy significantly reduces. This is due to the limited accuracy of the sound

power estimate off-resonance which, in this case is likely a result of the poor coherence

between the radiation resistance matrix identification forces and the measured responses

at these frequencies, as demonstrated in Chapter 4. Nevertheless, the performance of

the proposed ASAC strategy remained better than AVC.

Using the results from the optimal control study, the robustness of each control strategy

to uncertainties in the plant response estimate and radiation resistance matrix was then

investigated. This investigation resulted in a similar outcome to the robustness study

carried out in Section 3.3.1, showing that when uncertainties were introduced into the

AVC and ASAC systems, the performance of ASAC was more significantly affected than

that of AVC due to the compounding of the uncertainties in the ASAC system. However,

with exception to the largest level of uncertainty, which may be unrealistically high for

many practical implementations, the sound power attenuation performance of the ASAC

strategy remained greater than that of AVC.

The practical performance of an FxLMS adaptive implementation of the proposed ASAC

strategy was then assessed. At three frequencies, two on-resonance and one off-resonance,

the attenuation performance of the proposed ASAC strategy was compared to that of

the AVC system, with both controllers setup to achieve convergence at the same rate.
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This demonstrated that the proposed ASAC strategy was able to achieve a greater level

of sound power control than AVC at all three frequency, validating the previously pre-

sented optimal control results. It was also shown that ASAC had less effect on the

level of the structural response than AVC, demonstrating, as in Chapter 3, that simply

minimising the level of vibration on the structure is less effective than manipulating the

vibration response in order to minimise an estimate of the radiated sound power.

Finally, a real-time implementation of the proposed ASAC strategy was investigated.

Due to several limitations as a results of the experimental setup, it was only possible

to implement the proposed ASAC strategy at a single frequency corresponding to the

dominant radiating resonance at 174 Hz. When exciting the cylinder structurally at this

frequency, both AVC and ASAC were used to the implement control using an identical

sensing and actuator arrangement. The results of this study demonstrated that the

proposed ASAC strategy was able to achieve a greater level of attenuation than AVC

in the directly measured sound power, thus validating the proposed strategy. It should

be noted, however, that the performance of the proposed strategy is dependant on the

accuracy of the sound power estimate and, therefore, the radiation resistance matrix.

Therefore, to implement an ASAC strategy using the proposed method it is important to

select the actuators and their positions in order to effectively couple into the structural

modes that are strongly radiating within the bandwidth of interest.





Chapter 6

Conclusions and further work

6.1 Conclusions

The work in this thesis can be split into two main parts: Firstly, an approach for

experimentally identifying the radiation resistance matrix has been proposed. The im-

plementation and limits of the proposed approach have been investigated, via simulation

and experimentally, for two different radiating structures. Secondly, an ASAC strategy

that utilises the experimentally identified radiation resistance matrix to minimise an

estimate of structurally radiated sound power has been proposed. The performance of

the proposed ASAC strategy has been investigated for two different radiating structures,

in simulation and experimentally, via comparison to an AVC strategy utilising identi-

cal control hardware. The main conclusions from each area are separated into the two

following sections.

6.1.1 Radiation resistance matrix identification

ASAC has been shown to be an effective and lightweight solution to structure-borne

sound radiation problems [6]. A fundamental aspect that needs to be considered when

designing an ASAC system, is how to accurately define and sense a quantity using real-

time structural sensors that, when controlled, will result in a reduction in the radiated

sound field. A number of structural control metrics for ASAC, which aim to reduce the

radiated sound field, have been investigated in the past, including minimising vibration

at a strategic point [27] or minimising the volume velocity [28, 29] of the radiating

structure. More recently, several ASAC strategies have been proposed that aim to

minimise an estimate of the radiated sound power, or a structural quantity that when

minimised directly reduces the radiated sound power [30, 31, 32, 33, 34]. A number

of these approaches utilise the radiation resistance matrix along with a measure of the

structural response to obtain an estimate of the structurally radiated sound power for

123
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use in an ASAC system [30, 31, 34]. The radiation resistance matrix completely describes

the radiation from a structure in terms of its radiation modes [6] and has previously been

estimated using a variety of methods including analytical and numerical modelling using

an elemental lumped parameter approximation for example [30, 57, 58]. These model

based methods, however, often rely on specific assumptions about the radiating structure

which, may lead to inaccuracies when considering complex and practical structures. In

order to overcome these difficulties, other approaches have been proposed that identify

the radiation resistance matrix experimentally [31, 34], however, these approaches also

have limitations, such as requiring the radiating structure to be positioned in a free-field

acoustic environment, as discussed in the literature review at the start of Chapter 2.

Another related approach overcomes the reliance on controlling the acoustic environment

through the use of intensity measurements, however, this approach is limited due to the

fact that an identical force to those excitations which will occur during operation of

the system is required during the identification [33]. Therefore, this thesis has focused

on the investigation of a novel approach for experimentally identifying the radiation

resistance matrix, which uses a distribution of structural forces and arrays of structural

and acoustic sensors and does not require a priori knowledge of the primary disturbance

or the structure to be located in a highly controlled acoustic environment [51, 54].

Firstly, a thorough study of the proposed radiation resistance matrix identification

method was carried out, via simulation, for a flat plate radiating into half space. Com-

paring the sound power estimated using the radiation resistance matrix to the directly

evaluated sound power, it was shown that the radiation resistance matrix, identified

using the proposed approach, could accurately map the structural response of the plate

to the radiated sound power, provided that at least 8 forces and sensors per the shortest

acoustic wavelength were used in the identification. In order to determine limits for

the number of forces and sensors required to accurately identify the radiation resistance

matrix, the number of forces and structural and acoustic sensors used for the identifi-

cation were independently reduced. From this study, it was shown that as the number

of independent forces and structural and acoustic sensors was reduced, the upper fre-

quency at which the sound power is accurately estimated also reduces. The relationship

between this frequency and the number of forces and structural and acoustic sensors can

be defined in terms of the shortest acoustic wavelength radiated from the plate. It was

shown that at least 8 structural sensors, 8 forces and 2 acoustic sensors per the shortest

acoustic wavelength were required to accurately identify the radiation resistance matrix

for the simulated plate.

In order to validate the limits determined by the simulation study, the radiation resis-

tance matrix was then identified experimentally for a flat aluminium plate using the

proposed method. In this experimental study, the excitation forces were provided by a

distribution of inertial actuators, accelerometers were used to measure the structural re-

sponse and a PU probe was used to measure the radiated acoustic response. The results
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of this investigation validated the limits determined in the simulation study, providing

an accurate sound power estimate for the plate when acoustically excited up to a fre-

quency corresponding to an acoustic wavelength of 8 times the force and accelerometer

spacing.

Following the study using the flat plate, the radiation resistance matrix identification

procedure was investigated using a more complex radiating structure. Initially, a FEM-

BEM model of an open-ended cylinder was used to investigate the proposed identification

procedure. The results from this investigation were consistent with the previous study

carried out on the plate, validating the limits determined for the number of forces and

structural sensors per the shortest acoustic wavelength. As was done for the plate, the

identification procedure was then validated experimentally, for an open-ended cylinder.

Once more, this experimental study validated the proposed identification procedure and

a coherence study highlighted the importance of using accurate response measurements

in the identification. It was shown that, at frequencies where the sound power estimate

suffered from errors, a lower coherence between the forces and measured responses was

observed than at frequencies where the sound power estimate was more accurate. Low

coherence can be a result of a poor signal to noise ratio and, as will be discussed in the

following, noise in the responses limits the accuracy of the estimate.

For each structure, the robustness of the sound power estimate obtained using the ex-

perimentally identified radiation resistance matrix was investigated. To do this, differing

levels of random uncertainty were introduced into the magnitude and phase of the re-

sponses used to calculate the radiation resistance matrix. The results of this study

showed that as the level of uncertainty increases, the accuracy of the sound power es-

timate decreases, as would be expected. It was also shown that where the accuracy

of the radiation resistance matrix is already low, for example, when close to the upper

frequency limit or as a result of poor coherence in the measured responses, inclusion of

the random uncertainty has a greater affect on the accuracy of the sound power esti-

mate. This robustness study goes beyond the analyses presented in the literature for

alternative radiation resistance matrix identification procedures and builds toward the

use of this strategy in practical applications that inherently have uncertainty.

Finally, to summarise the outcomes of radiation resistance matrix identification pro-

cedure investigation, it was shown that, to accurately identify the radiation resistance

matrix with no prior knowledge of the primary disturbance, at least 8 structural sensors

and 8 forces per the shortest acoustic wavelength are required along with an accu-

rate measure of the sound power measured according to the Nyquist spatial sampling

theorem. Whilst an advantage of the proposed identification method over previously

proposed approaches is that measurements do not require a highly controlled acoustic

environment, these investigations also highlighted that care must be taken when mea-

suring the required responses in order to maximise the accuracy and robustness of the

sound power estimate and this provides new insight into the application of the radiation
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resistance matrix procedure to practical problems with uncertainty and limitations in

terms of the response measurements accuracy.

6.1.2 Active Structural acoustic control

In addition to proposing a new method of experimentally identifying the radiation re-

sistance matrix, the work in this thesis has demonstrated the potential of utilising this

radiation resistance matrix in an ASAC system to map the real-time structural response

of a vibrating structure to the radiated sound power and control this metric [52, 55].

This required an approximation of the radiation resistance matrix to ensure that the

optimisation problem is convex and this approach provides a novel contribution over the

more heuristic approach presented in Janda et al [33]. The performance of the proposed

ASAC strategy has been investigated for two radiating structures, both in simulation

and in real-time. Performance was assessed via comparison of the sound power attenu-

ation achieved using the proposed ASAC strategy, to that of an AVC system utilising

identical control hardware.

Initially, the performance of the optimal solution of the proposed ASAC strategy was

assessed offline, using the responses measured on and in the radiated sound field of an

acoustically excited, flat aluminium plate. The results from this study demonstrated

that at lower frequencies, where the structural response of the plate is more directly

coupled to the acoustic radiation, AVC and the proposed ASAC system provide a similar

level of sound power attenuation. However, at higher frequencies where the coupling

between the structural and radiated responses of the plate is more complex, it was

shown that the proposed ASAC strategy is able to achieve a greater level of sound power

control than AVC. It was also shown that, at some higher frequencies it was necessary to

increase the level of the structural response in order to reduce the radiated sound power

and conversely, it was shown that reducing the structural response at these frequencies

led to an increase in the radiated sound power. Following the offline investigation, a

tonal adaptive implementation of the proposed ASAC strategy was used to minimise an

estimate of the sound power radiated from the plate in real-time. The results of this

experimental investigation were consistent with the results of the offline study and thus,

validated the proposed ASAC strategy.

The investigation was then extended to consider the control of the sound radiated from

an open-ended cylinder. As with the previous study, to begin with, the performance

of the optimal solution of the proposed ASAC strategy was assessed offline, using the

responses measured on and in the radiated sound field of a structurally excited cylindrical

shell. From this study it was shown that, at resonance frequencies, the proposed ASAC

strategy was able to achieve a much greater level of sound power control than the

AVC strategy. However, off-resonance the sound power attenuation performance of the

ASAC strategy significantly reduced. It was determined that this was likely due to the
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reduced accuracy of the radiation resistance matrix and, therefore, sound power estimate

off-resonance. Nevertheless, the performance of the proposed ASAC strategy remained

greater than that of AVC. Following the offline investigation, a real-time implementation

of the proposed ASAC strategy validated its potential, however, due to limitations of the

experimental setup this was only realisable at a single frequency. In the following section,

suggestions for further work that will aim overcome these limitations are discussed.

For each of the radiating structures, the robustness of the optimal solution for the pro-

posed ASAC strategy was investigated via the introduction of random uncertainties into

the plant response estimates and radiation resistance matrices. The results from these

investigations showed that the proposed ASAC strategy is less robust to uncertainty

at frequencies where the accuracy of the sound power estimate is limited; for example,

where the radiation resistance matrix approaches its upper frequency limit or the mea-

sured responses used in the identification suffer from poor coherence. Furthermore, these

results also demonstrated that, in general, the proposed ASAC strategy is less robust

to these types of uncertainty than the AVC strategy; this is consistent with the broader

control literature. However, the uncertainty introduced in this thesis is unstructured

and its bounds are not based on empirical data and, therefore, it is not straightforward

to draw conclusions as to the importance of this increased sensitivity in various practical

applications. To determine how uncertainties would impact the performance of the pro-

posed ASAC strategy in real life, further work will be required to determine the practical

uncertainties and the robustness of the strategy to these uncertainties and extensions

to the controller design that could improve its robustness. Nevertheless, the presented

robustness investigation highlights the need for careful design of the calibration process

in practice in order to maximise model accuracy and, therefore, robustness.

Whilst the work carried out in this thesis has demonstrated the potential of the pro-

posed ASAC strategy, there are also several areas of interest that would require further

investigation for practical implementation of the strategy on a larger scale. These areas

are highlighted in the following section and suggestions for further work are discussed.
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6.2 Suggestions for further work

The work presented in this thesis has highlighted a number of areas for potential further

work. The suggestions for further work are separated into the two main areas of focus

in the following two sections.

6.2.1 Radiation resistance matrix identification

• Whilst an exhaustive investigation has been carried out for the identification proce-

dure for a flat plate, as well as the extension to the larger more complex cylinder,

these are both relatively fundamental structures and are both composed of the

same, relatively thin, aluminium. Further investigation should be carried out us-

ing structures of different materials, shapes and sizes in order to confirm that the

limit of 8 structural sensors and forces per the shortest acoustic wavelength can

be applied as a universal rule.

• One of the limitations of the proposed radiation resistance matrix identification

method highlighted in Chapter 4 was that poor coherence in the measured re-

sponses results in a reduction in the accuracy of the sound power estimate. This

problem is related to the excitation provided by the distribution of identification

forces, which in these studies were provided by either small inertial actuators or

hammer impacts. The main issue was that these excitation methods were not ca-

pable of delivering sufficient force off-resonance to generate a high coherence and,

therefore, sufficiently accurate responses to provide a reliable radiation resistance

matrix. In order to overcome this problem, it is likely that a trade off will be re-

quired. Larger actuators would be able to deliver more force and thus improve the

coherence in the response measurements, however, this would obviously increase

the weight of the system. Another potential solution could be to use bespoke ac-

tuators which are designed to provide high levels of force over narrow bandwidths

if there is a particularly problematic bandwidth.

• The robustness of the radiation resistance matrix has been highlighted as an area

for further investigation. The robustness study in this thesis has considered the

introduction of random uncertainties into the measured responses. Whilst this

allows the relative robustness of the estimate to be assessed in relation to the

identified frequency limit and the resonant behaviour of each system, these per-

turbations do not necessarily relate to practical uncertainties. Therefore, further

work should include experimental trials that investigate realistic uncertainty, for

example, the effect of pressurising the plate/box setup. Following this, further

work should investigate methods for improving the robustness of the estimate.

• The matrix inversion required to calculate the radiation resistance matrix in this

thesis was regularised, where needed, in order to minimise the error between the
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estimated and directly evaluated sound powers, averaged over the frequency range,

when the structure was excited by the primary disturbance. Whilst it may be pos-

sible to obtain a sound power measurement for the primary disturbance, removing

the reliance on having a priori knowledge of the primary disturbance would make

the procedure more scalable. Therefore, future work could investigate ways to

regularise the inverse problem using the measured data, for example, relating the

regularisation term in some way to the condition number of the matrix.

6.2.2 Active Structural acoustic control

• The work in this thesis has demonstrated the potential of the proposed ASAC

strategy, however, for practical implementation on a larger scale it is evident that

the number of structural sensors required has the potential to increase significantly

when in scaling up. Therefore, further work could investigate the use of structural

remote sensing techniques, similar to the ones used in [53], which could be used to

reduce the number of permanent structural sensors required by the system.

• In order to generalise the number of forces required to provide the force distribution

for the identification of the radiation resistance matrix, even distributions were

used. Inertial actuators were used to provide these forces and were fixed to the

structure at the selected evenly distributed positions. These actuators were also

then utilised to provide the secondary sources for the active control systems. An

advantage of utilising the same distribution of actuators for both the identification

of the radiation resistance matrix and active control is that the setup, calibration

and implementation of the control strategy can be relatively quick and no prior

knowledge of the structure needs to be assumed. However, it was shown in Chapter

5 that, when using the same distribution of actuators for active control that were

used for the identification of the radiation resistance matrix, the controllability of

the cylinder was limited. Designing the secondary source and sensor arrangements

so that they couple into the structural response better could allow more efficient

delivery of the control forces where required, therefore, increasing controllability.

Additionally, one would presume that improvements in controllability, achieved by

optimising the actuator placement in this way, would lead to improved delivery

of the excitation forces required for the radiation resistance matrix estimation

procedure and, therefore, improve the accuracy of the measured responses and

thus, the sound power estimate.

• The work in this thesis has only considered the implementation of tonal control

using the proposed ASAC strategy, however, the broadband problem is also an

area of interest. To extend the proposed ASAC strategy to the broadband control

problem, it would be necessary to ensure that the radiation resistance matrix could

be approximated using a causal filter response and this is not a trivial step since
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enforcing causality reduces the accuracy of the estimate. This problem has been

approached previously in [33] for the power transfer matrix, however, further work

is required to improve the accuracy and stability of this estimation approach for

control.

• The final area that has been identified for further investigation is the robustness

of the proposed ASAC strategy. It is well known that the introduction of an

observer into a control problem introduces instability and will, therefore, affect

the robustness of the system [70]. Currently, the robustness study in this thesis

has considered the introduction of random noise into the plant response estimate

and radiation resistance matrix. Whilst this allows for the robustness of the ASAC

strategy to be assessed relative to an AVC system, which utilises identical control

hardware and is regularised to achieve the same convergence speed, it is not obvious

how the considered errors relate to practical uncertainties. Therefore, further

investigations are required to understand how realistic uncertainties, which may

be application specific, would effect the robustness of the ASAC strategy. This

investigation could potentially be facilitated by implementing the proposed ASAC

strategy using a feedback architecture so that the performance of the strategy

could be assessed using the robust stability criteria and design procedures that are

relatively well established within a feedback framework [71]. Furthermore, it is

also possible to improve the robustness of an observer-based feedback system via a

design adjustment procedure. By adjusting certain free parameters of the observer,

it is possible to recover or approximate the full-state loop transfer characteristics so

that the same tolerance to disturbances and uncertainties can be achieved [70, 72].

Investigating such a design adjustment procedure for the proposed control system

could be a useful direction for further work.



Appendix A

Modal model of a flat plate

The structural-acoustic response of a baffled plate can be simulated by dividing it into a

number of elements. At the centre of each element the structural velocity and acoustic

pressure can be calculated, and by combining these responses an overall elemental modal

model can be produced. The structural responses can be represented by a summation

of the structural modes of the plate and the steady state complex velocity distribution,

when excited at a given frequency, ω, this can be written as [19, 21, 73]

v(x, y, ω) =
∞∑
n=0

an(ω)Ψn(x, y), (A.1)

where an(ω) is the amplitude of the n-th mode of vibration and Ψn(x, y) is the mode

shape in the x, y plane. Figure 2.2 shows the geometry of the modelled plate, divided

into a grid of 10 × 8 elemental radiators positioned in a rigid infinite baffle. The mode

shapes of the lx × ly plate at the n− th mode can be written as

Ψn(x, y) = 4 sin

(
n1πx

lx

)
sin

(
n2πy

ly

)
, (A.2)

where n1 and n2 are the modal integers corresponding to the order of the mode in the

x and y directions, respectively. When excited by a point force, f , at position (x0, y0),

the amplitude of the n-th mode can be written as

an(ω) =
An(ω)Ψ(x0, y0)

M
f, (A.3)

where M is the total mass of the plate and An is the modal resonance term which is

given by

An(ω) =
ω

Bnω + j(ω2 − ω2
n)
. (A.4)
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The term Bn in eq. A.4 is the modal bandwidth which, when assuming viscous damping

is given by

Bn = 2ωnξn (A.5)

where ξn is the modal damping ratio. The final terms required to model the motion of

the plate are the natural frequencies, these are given by the equation

ωmn =

√
Eh2

12ρ(1− υ2)

(
π

lx

)2

qmn, (A.6)

where E, h, ρ and υ are the Young’s modulus, plate thickness, material density and

Poisson’s ratio respectively and the variable qmn is given by

qmn =

√
G4
x(m) +G4

y(n)

(
lx
ly

)4

+ 2

(
lx
ly

)2

[υHx(m)Hy(n) + (1− υ)Jx(m)Jy(n)],

(A.7)

where Gx, Gy, Hx, Hy, Jx and Jy are all defined in Table A.1 for given boundary condi-

tions.

Boundary Conditions m Gx,y Hx,y Jx,y

Simply supported 1 1, 2, 3, 4, ... m m2 m2

Clamped 1 1.506 1.248 1.248

2, 3, 4, ... m+ 1
2

(
m+ 1

2

)2 [
1− 4

(2m+1)Π

] (
m+ 1

2

)2 [
1− 4

(2m+1)Π

]

Table A.1: Table showing the values of the variables required to solve eq. A.7, for
given boundary conditions.

Using the complex structural velocities, v, at each element, the radiated acoustic pres-

sure, p, and particle velocity, u, can be calculated by approximating the radiation from

each element as a monopole source in free space [6]. According to this, the complex

acoustic pressure radiated from each element can be defined as

p(xi, yi) =
jωρ0Aev(xj , yj)

2πRij
e−jkRij . (A.8)

The complex particle velocities associated with the complex acoustic pressures can then

be recovered by applying the momentum conservation equation

ρ0
δu(xi, yi, t)

δt
+
δp(xi, yi, t)

δRij
= 0, (A.9)

where the complex acoustic pressures can be defined as p(xi, yi, t) = IRe{p(xi, yi)e−jωt}
and the complex particle velocities can be defined as u(xi, yi, t) = IRe{u(xi, yi)e

−jωt}.
1The boundary conditions used for this study
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Equation A.9 can then be reduced to relate the acoustic pressures and particle velocities

as

ρ0jωu(xi, yi) = −δp(xi, yi)
δRij

(A.10)

The complex particle velocity can then be calculated by differentiating Eq. A.8 with

respect to Rij , substituting into Eq. A.10 and rearranging

u(xi, yi) =
Aev(xj , yj)

2π

[
jk

Rij
+

1

R2
ij

]
e−jkRij . (A.11)

A.1 Plate model excitation

The primary disturbance exciting the plate is assumed to be an acoustic plane wave

incident at 45◦ in the horizontal plane and 45◦ in the vertical plane, as shown in Fig. A.1.

This has been used as the primary disturbance as it approximates a diffuse excitation

and ensures all modes are excited.

(a) (b)

Figure A.1: Diagram showing the angle of the acoustic plane wave incident on the
plate in the horizontal and vertical planes.

The excitation due to the acoustic plane wave is modelled according to the elemental

model in Appendix A as a force acting at the centre of each element of the plate. The

acoustic pressure incident on the plate as a result of the plane wave at co-ordinate

position (xi, yi) and at a single frequency is given by

p(xi, yi) = p̂e−j(kxixi+kyiyi), (A.12)

where p̂ is the amplitude of the incident wave and the wave numbers in the x and y

directions are given by

kxi =
ω

c0
sin(θ)sin(φ), (A.13)
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kyi =
ω

c0
sin(θ)sin(φ), (A.14)

where θ is the angle of incidence in the horizontal plane and φ is the angle of incidence

in the vertical plane. The force produced by the pressure wave at the i-th element on

the plate is then given by

fp(xi, yi) = 2Aep(xi, yi), (A.15)

where the multiplication of 2 is due to the doubling in pressure on the surface of the

plate due to the assumption of blocked forces on the plate surface [6].



Appendix B

Convergence study of the

numerical models

A large amount of the work in this thesis relies upon numerical modelling to investigate

the accuracy of the proposed radiation resistance matrix identification procedure for

both structures under investigation. In order to ensure the accuracy of the data collected

using these models, a convergence study has been carried out for each of the models used,

these are presented in the following.

B.1 Convergence study of the flat plate model

In Chapter 2, an elemental model of a flat plate, derived according to Appendix A,

was used to investigate the requirements, performance and limitations of the proposed

radiation resistance matrix identification procedure. For elemental models, a common

rule of thumb is to use six elements per wavelength [6]. To confirm that this is the case,

a convergence study has been implemented by solving the model with an increasing

mesh resolution from 1 element per wavelength to 18 elements per wavelength. For ease,

the convergence study was carried out at 829 Hz because at this frequency, the largest

length of the plate is equal to one acoustic wavelength.

The elemental plate model was excited by the primary disturbance used in the investiga-

tion, a force acting at the centre of each element resulting from an incident plane wave.

The radiated sound power was then calculated according to Eq. 2.7 for each iteration

of increasing mesh density. Figure B.1 show the radiated sound power plotted against

the number of elements per wavelength. These results show that up to 6 elements per

wavelength, the sound power level is inconsistent. At 6 elements per wavelength and

above the sound power level converges to a consistent value and, therefore, it can be

assumed that the number of elements used in the elemental model in Chapter 2, of 8
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per wavelength at the upper frequency of interest, provides an accurate model of a flat

plate radiating into half space.
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Figure B.1: Sound power radiated from the elemental plate model as a result of a plane
wave excitation at 829 Hz plotted along with the number of elements per wavelength

used in the model.

B.2 Convergence study of BEM/FEM open-end cylinder

model

In Chapter 4, a BEM/FEM model of an open-ended cylinder was used to validate the

requirements, performance and limitations of the proposed radiation resistance matrix

identification procedure for a cylinder. As above, in order to ensure that the model data

is accurate a mesh refinement study has been carried out.

As the maximum frequency investigated in Chapter 4 is 400 Hz, the convergence study

has been implemented at this frequency. The cylinder model was excited by a point force

applied radially at one sixth of the way along the cylinder. The sound power radiated

by the cylinder was then evaluated according to Eq. 2.7 for each iteration of increasing

mesh density from 0.1 elements per wavelength to 10 elements per wavelength.

Figure B.2 show the radiated sound power plotted against the number of elements per

wavelength. These results show that up to approximately 6 elements per wavelength,

the sound power level is inconsistent. At 6 elements per wavelength and above the

sound power level converges to a consistent value. It can therefore, be assumed that the
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number of elements used in the BEM/FEM cylinder model in Chapter 4, of 6 per wave-

length, provides an accurate model of the radiating cylinder without adding unnecessary

computational cost.
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Figure B.2: Sound power radiated from the BEM/FEM cylinder model as a result
of a point force excitation at 400 Hz plotted along with the number of elements per

wavelength used to solve the model.





Appendix C

Details of equipment used

C.1 Equipment list

• Laptop PC running Matlab/Simulink 2010a and DSpace Control Desk 3.7

• dSpace 1005 system, Double Autobox break-out boards (DAC - DS2103 / ADC -

DS2002)

• 1 × Microflown Technologies 1/2” PU regular, sound intensity probe with MFPA2

signal conditioner

• 2 × KEMO Benchmaster 21M filter banks

• 2 × Monacor STA1508 amplifiers

• 1 × Fylde MA32/40 MicroAnalog signal conditioner with low pass filter

• 1 × Volume velocity source, constructed using KEF B110 SP1057 driver (custom

built enclosure)

• TECTONIC elements actuator - TEAX19C01-8

Identification forces and control sources for both the plate (x12) and cylinder (x6).

• TECTONIC elements actuator - TEAX32C30-4B

Primary disturbance for cylinder study.

• Kistler 9726A impact hammer
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C.2 Equipment specifications

Characterisation of the actuators used in this thesis was carried by Dr Mattia Dal Borgo

during his PhD project using the techniques detailed in [74].

C.2.1 TECTONIC elements actuator - TEAX19C01-8

Parameter Base mass Proof mass
Transductions
coefficient

Natural
frequency

Damping
ratio

Coil
resistance

Coil
inductance

Symbol mb mp Bl fn ζ R L

Value 0.006 0.024 2.94 66.2 5.2 % 8.7 270

Unit kg kg n/a Hz - Ω µH

C.2.2 TECTONIC elements actuator - TEAX32C30-4B

Parameter Base mass Proof mass
Transductions
coefficient

Natural
frequency

Damping
ratio

Coil
resistance

Coil
inductance

Symbol mb mp Bl fn ζ R L

Value 0.013 0.127 4.02 87.3 21.9 % 3.7 221

Unit kg kg n/a Hz - Ω µH
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C.2.3 KEF B110B SP1057 drivers datasheet

KEF B110 SP1057 data sheet
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