EP 4 261 821 A1

(19) Europdisches

: Patentamt

European
Patent Office

Office européen
des brevets

(11) EP 4 261 821 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
18.10.2023 Bulletin 2023/42

(21) Application number: 22275045.7

(22) Date of filing: 11.04.2022

(51) International Patent Classification (IPC):

G10K 11/178(2006.01) B63G 8/34 (2006.01)

B63G 13/02 (2006.01)

(52) Cooperative Patent Classification (CPC):

G10K 11/17815; G10K 11/17853; G10K 11/17857;
G10K 11/17881; B63G 8/34; B63G 2013/022;
G10K 2210/1082; G10K 2210/128

(84) Designated Contracting States:
AL ATBE BG CH CY CZDE DKEE ES FIFRGB
GRHRHUIEISITLILTLULVMC MKMT NL NO
PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA ME
Designated Validation States:
KH MA MD TN

(71) Applicant: BAE SYSTEMS plc
London SW1Y 5AD (GB)

(72) Inventor: The designation of the inventor has not

yet been filed

(74) Representative: BAE SYSTEMS plc

Group IP Department

Warwick House

P.O. Box 87

Farnborough Aerospace Centre
Farnborough Hampshire GU14 6YU (GB)

(54) ACTIVE ACOUSTIC CONTROL SYSTEMS

(67)  The present disclosure relates to an active
acoustic control system comprising: a first sensor ar-
rangement arranged to sense an acoustic signal in the
region of an object, the acoustic signal having a scattered
acoustic pressure component and a total acoustic pres-
sure, the first sensor arrangement being arranged to
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based on the filtered output signal from the filter; and a
control source arrangement operable to control the scat-
tered acoustic pressure component based on the esti-
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Description
FIELD

[0001] The present invention relates to active acoustic control systems, methods of active acoustic control, a regular-
isation parameter determination system and a method of determining a regularisation parameter for use in operation of
an active acoustic control system.

BACKGROUND

[0002] When an acoustic wave impinges on an object, there is an interaction between the acoustic wave and the
object known as "acoustic scattering”. This interaction can take multiple forms. One form is "backscatter", wherein the
acoustic wave is reflected from the object. Another form is "shadowing", wherein the object blocks the acoustic wave
and prevents it from travelling further. Another form is "refraction”, wherein the acoustic wave "bends" around the object.
The term "scattered acoustic pressure” includes contributions from all of these forms of interaction.

Figure 1 is an illustrative schematic of acoustic scattering. In Figure 1(a), an incident acoustic wave 10, having an
incident acoustic pressure, is incident on an object 12. A scattered acoustic wave 14, having a scattered acoustic
pressure, is scattered from the object 12. In Figure 1(b), an acoustic sensor 16 is shown in the soundfield. The
acoustic sensor 16 senses the total acoustic pressure 18 in the soundfield, which is a summation of the incident
acoustic pressure (of the incident acoustic wave 10) and the scattered acoustic pressure (of the scattered acoustic
wave 14) which is scattered from the object 12.

Figure 2 illustrates acoustic soundfields. Figure 2(a) illustrates the total acoustic pressure, which is the summation
of the incident acoustic pressure component, as shown in Figure 2(b), and the scattered acoustic pressure compo-
nent, as shown in Figure 2(c).

Figure 3 illustrates generic control of acoustic waves. A primary disturbance source 30 (in this example, in the form
of an engine) generates an undesired primary acoustic disturbance signal 32. A control source 34 (in this example,
in the form of a loudspeaker) generates a control signal 36. In effective control of the primary disturbance signal to
reduce said signal, the primary acoustic disturbance signal 32 and control signal 36 exhibit destructive interference.
A small residual signal 38 may remain.

[0003] In the present context, the undesired disturbance signal is the scattered acoustic wave 14. It is desirable to
control acoustic waves to reduce or minimise the scattered acoustic pressure of the scattered acoustic wave 14. If
successfully achieved, the total acoustic pressure 18 will consist only of the incident acoustic pressure component, and,
therefore, the presence of the object 12 will have no influence of the soundfield. The object can be described as being
"acoustically cloaked", as it cannot be determined from the total acoustic pressure 18 that an object 12 is present in the
soundfield.

[0004] In practice, it is not possible to directly measure the incident and scattered components using a single acoustic
sensor. Therefore, in order to reduce the scattered acoustic pressure, it is necessary to determine the scattered acoustic
pressure.

[0005] However, known systems for determining the scattered acoustic pressure have a number of associated prob-
lems. Furthermore, known methods of separating the scattered acoustic pressure component from the total acoustic
pressure have a number of associated problems. For example, known systems and methods are not able to accurately
separate the components, thereby limiting the effectiveness of control of the scattered acoustic pressure. Additionally,
complex componentry or experimental setups are required. In some cases, large computational power is required for
complex calculations. Other known systems and methods may be operable to control acoustic scattering using a system
in a first condition (e.g., having fully operational components), or from an object in a first condition (e.g., size or shape),
but do not adequately control acoustic scattering from the object if the condition changes.

[0006] Thus, known systems and methods are inadequate.

[0007] Itis an aim of the present invention to provide an improved system and/or method and/or address one or more
problems associated with the prior art discussed above, or discussed elsewhere, or to at least provide an alternative
system and/or method.

SUMMARY

[0008] According to an aspect of the present invention, there is provided an active acoustic control system comprising:
a first sensor arrangement arranged to sense an acoustic signal in the region of an object, the acoustic signal having a
scattered acoustic pressure component and a total acoustic pressure, the first sensor arrangement being arranged to
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sense the total acoustic pressure; and a processor configured to: apply a first filter to filter the total acoustic pressure
and provide a filtered output signal; and estimate the scattered acoustic pressure component based on the filtered output
signal from the first filter.

[0009] In one example, the processor is configured to estimate the scattered acoustic pressure component for use in
control of the scattered acoustic pressure component.

[0010] Inoneexample, the first sensor arrangementis arranged to sense an acoustic signal, the acoustic signal having
a scattered acoustic pressure component in the far-field of an object and a total acoustic pressure in the near-field of
the object, the first sensor arrangement being arranged to sense the total acoustic pressure of the acoustic signal in the
near-field of the object; and the processor is configured to: apply a first filter to filter the total acoustic pressure in the
near-field of the object and provide a filtered output signal; and estimate the scattered acoustic pressure component in
the far-field of the object based on the filtered output signal from the first filter, for use in control of the scattered acoustic
pressure component in the far-field of the object.

[0011] In one example, the processor is configured to estimate the scattered acoustic pressure component for use in
control of the scattered acoustic pressure component in the far-field of the object.

[0012] In one example, the system comprises a control source arrangement operable to control the scattered acoustic
pressure component based on the estimation of the processor.

[0013] In one example, the control source arrangement is operable to control the scattered acoustic pressure com-
ponent in the far-field of the object based on the estimation of the processor.

[0014] In one example, the control source arrangement comprises one or more acoustic control sources and/or struc-
tural control sources.

[0015] In one example, structural control sources are actuators. In one example, acoustic control sources are micro-
phones.

[0016] In one example, the system comprises a second sensor arrangement, the second sensor arrangement being
arranged to sense the scattered acoustic pressure of the acoustic signal.

[0017] In one example, the second sensor arrangement is arranged to sense the scattered acoustic pressure of the
acoustic signal in the far-field of the object.

[0018] Inone example, the processor is configured to calculate the first filter based on a first acoustic transfer response
between a primary source and the first sensor arrangement and a second acoustic transfer response between the
primary source and the second sensor arrangement.

[0019] In one example, the processor is configured to calculate the first filter according to:

Wope = —[EIRT(M)R(n) + B1| " E[RT (n)d,(n)]

where Wopt is the first filter, R is a matrix of filtered reference signals, I is the identity matrix, d is the scattered acoustic
pressure component (or "scattered disturbance signal"), n is the time index, E is the expectation operator, and Sis the
regularisation parameter.

[0020] Inone example, the regularisation parameter is chosen to be dependent on the frequency of the acoustic signal
or is independent of the frequency of the acoustic signal.

[0021] Inoneexample, the first sensor arrangement comprises one or more acoustic sensors and/or structural sensors.
[0022] In one example, the second sensor arrangement comprises one or more acoustic sensors and/or structural
Sensors.

[0023] In one example, the acoustic sensors are microphones and/or the structural sensors are accelerometers.
[0024] According to a further aspect of the present invention, there is provided a vehicle or structure comprising the
active acoustic control system according to the active acoustic control system aspect.

[0025] According to a further aspect of the present invention, there is provided a method of active acoustic control
comprising: sensing the total acoustic pressure of an acoustic signal in the region of an object, the acoustic signal having
a scattered acoustic pressure component and a total acoustic pressure; applying a first filter to filter the total acoustic
pressure; providing a filtered output signal; and estimating the scattered acoustic pressure component based on the
filtered output signal from the first filter.

[0026] In one example, the processor is configured to estimate the scattered acoustic pressure component for use in
control of the scattered acoustic pressure component.

[0027] In one example, the method comprises sensing the total acoustic pressure of an acoustic signal in the near-
field of an object, the acoustic signal having a scattered acoustic pressure component in the far-field of the object and
a total acoustic pressure in the near-field of the object; applying a first filter to filter the total acoustic pressure in the
near-field of the object; providing a filtered output signal; and estimating the scattered acoustic pressure component in
the far-field of the object based on the filtered output signal from the first filter.
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[0028] In one example, the processor is configured to estimate the scattered acoustic pressure component for use in
control of the scattered acoustic pressure component in the far-field of the object.

[0029] Inone example, the method further comprises a calibration method, the calibration method comprising: sensing
a scattered acoustic pressure component of an acoustic signal.

[0030] In one example, the calibration method comprises: calculating the first filter based on: a first acoustic transfer
response by sensing of the total acoustic pressure of an acoustic signal from a primary source; and a second acoustic
transfer response by sensing of the scattered acoustic pressure component of the acoustic signal from the primary source.
[0031] In one example, the calibration method comprises: calculating the first filter based on: a first acoustic transfer
response by the sensing of the total acoustic pressure of the acoustic signal in the near-field of the object; and a second
acoustic transfer response by the sensing of the scattered acoustic pressure component of the acoustic signal in the
far-field of the object.

[0032] In one example, the method comprises providing a first sensor arrangement.

[0033] In one example, the calibration method comprises providing a second sensor arrangement.

[0034] Inone example, the method comprises, subsequent to performing the calibration method, removing the second
sensor arrangement.

[0035] Accordingto afurther aspect of the presentinvention, there is provided a regularisation parameter determination
system for determining a regularisation parameter for use in operation of an active acoustic control system comprising:
a first sensor arrangement arranged to sense an acoustic signal in the region of an object, the acoustic signal having a
scattered acoustic pressure component and a total acoustic pressure, the first sensor arrangement being arranged to
sense the total acoustic pressure of the acoustic signal; a processor configured to: apply a first filter to filter the total
acoustic pressure and provide a filtered output signal; and estimate the scattered acoustic pressure component based
on the filtered output signal from the first filter; and a control source arrangement operable to control the scattered
acoustic pressure component based on the estimation of the processor and the regularisation parameter, the regulari-
sation parameter determination system comprising: a processor configured to: determine the regularisation parameter
based on: a level of control of the scattered acoustic pressure component of the acoustic signal when the acoustic signal
is controlled using the control source arrangement of the active control system using a set of test regularisation param-
eters.

[0036] In one example, the active acoustic control system is an active acoustic cloaking system. In one example, the
active acoustic cloaking system is for acoustically cloaking an object.

[0037] In one example, the active acoustic control system comprises: a first sensor arrangement arranged to sense
an acoustic signal, the acoustic signal having a scattered acoustic pressure component in the far-field of an object and
a total acoustic pressure in the near-field of the object, the first sensor arrangement being arranged to sense the total
acoustic pressure of the acoustic signal in the near-field of the object; a processor configured to: apply a first filter to
filter the total acoustic pressure in the near-field of the object and provide a filtered output signal; and estimate the
scattered acoustic pressure component in the far-field of the object based on the filtered output signal from the first filter;
and a control source arrangement operable to control the scattered acoustic pressure component in the far-field of the
object based on the estimation of the processor and the regularisation parameter, and the regularisation parameter
determination system comprises: a processor configured to: determine the regularisation parameter based on: a level
of control of the scattered acoustic pressure component of the acoustic signal in the far-field of the object when the
acoustic signal is controlled using the control source arrangement of the active control system using a set of test regu-
larisation parameters.

[0038] In one example, the level of control is a level of attenuation of the scattered acoustic pressure component of
the acoustic signal when the acoustic signal is controlled using the control source arrangement of the active control
system using a set of test regularisation parameters.

[0039] Inoneexample,the processoris configured to: determine the regularisation parameter based on an optimisation
of a relationship between: the level of control of the scattered acoustic pressure component of the acoustic signal when
the acoustic signal controlled using the control source arrangement of the active control system using the set of test
regularisation parameters; and a condition of the active acoustic control system and/or object.

[0040] Inoneexample,the processoris configured to: determine the regularisation parameter based on an optimisation
of a relationship between: the level of control of the scattered acoustic pressure component of the acoustic signal in the
far-field of the object when the acoustic signal controlled using the control source arrangement of the active control
system using the set of test regularisation parameters.

[0041] In one example, the set of test regularisation parameters comprise a range of test regularisation parameters.
[0042] In one example, the control source arrangement is operable according to

Uope = _[GSIGO + ﬁl]_lalgdso
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where u,, is the optimal set of control source strengths of the control source arrangement, G, is the nominal matrix of
plantresponses, Iis the identity matrix, dg is the nominal scattered acoustic pressure (or "scattered disturbance signal"),
and pis the regularisation parameter.

[0043] In one example, the regularisation parameter is frequency independent.

[0044] In one example, the value of the regularisation parameter is determined to correspond to a peak level of control
of the scattered acoustic pressure component of the acoustic signal across a frequency range.

[0045] In one example, the regularisation parameter is frequency dependent.

[0046] Inone example, a set of regularisation parameter values are determined, each value of the set of regularisation
parameters being determined to correspond to a peak level of control of the scattered acoustic pressure component of
the acoustic signal across at least a subrange of a frequency range.

[0047] According to a further aspect of the present invention, there is provided an active acoustic control system
comprising: a first sensor arrangement arranged to sense an acoustic signal in the region of an object, the acoustic
signal having a scattered pressure and a total acoustic pressure, the first sensor arrangement being arranged to sense
the total acoustic pressure of the acoustic signal; a processor configured to: apply a first filter to filter the total acoustic
pressure and provide a filtered output signal; and estimate the scattered acoustic pressure component based on the
filtered output signal from the first filter; and a control source arrangement operable to control the scattered acoustic
pressure component based on the estimation of the processor and a regularisation parameter determined based on a
relationship between: a level of control of the scattered acoustic pressure component of the acoustic signal when con-
trolled using the control source arrangement of the active acoustic control system using a set of test regularisation
parameters.

[0048] In one example, the active acoustic control system is an active acoustic cloaking system. In one example, the
active acoustic cloaking system is for acoustically cloaking an object.

[0049] In one example, the active acoustic control system comprises: a first sensor arrangement arranged to sense
an acoustic signal, the acoustic signal having a scattered acoustic pressure component in the far-field of an object and
a total acoustic pressure in the near-field of the object, the first sensor arrangement being arranged to sense the total
acoustic pressure of the acoustic signal in the near-field of the object; a processor configured to: apply a first filter to
filter the total acoustic pressure in the near-field of the object and provide a filtered output signal; and estimate the
scattered acoustic pressure component in the far-field of the object based on the filtered output signal from the first filter;
and a control source arrangement operable to control the scattered acoustic pressure component in the far-field of the
object based on the estimation of the processor and a regularisation parameter determined based on a relationship
between: a level of control of the scattered acoustic pressure component of the acoustic signal when controlled using
the control source arrangement of the active control system using a set of test regularisation parameters.

[0050] In one example, the level of control is a level of attenuation of the scattered acoustic pressure component of
the acoustic signal when controlled using the control source arrangement of the active control system using a set of test
regularisation parameters

[0051] According to a further aspect of the present invention, there is provided a vehicle or structure comprising a
regularisation parameter determination system according to the regularisation parameter determination system aspect
or an active acoustic control system according to the active acoustic control system aspect.

[0052] Accordingto a further aspect of the presentinvention, there is provided a method of determining a regularisation
parameter for use in operation of an active acoustic control system comprising: a first sensor arrangement arranged to
sense an acoustic signal in the region of an object, the acoustic signal having a scattered acoustic pressure component
and a total acoustic pressure, the first sensor arrangement being arranged to sense the total acoustic pressure of the
acoustic signal; a processor configured to: apply a first filter to filter the total acoustic pressure and provide a filtered
output signal; and estimate the scattered acoustic pressure component based on the filtered output signal from the first
filter; and a control source arrangement operable to control the scattered acoustic pressure component based on the
estimation of the processor and the regularisation parameter, the method comprising: determining the regularisation
parameter based on: alevel of control of the scattered acoustic pressure component of the acoustic signal when controlled
using the control source arrangement of the active acoustic control system using a set of test regularisation parameters.
[0053] In one example, the active acoustic control system is an active acoustic cloaking system. In one example, the
active acoustic cloaking system is for acoustically cloaking an object.

[0054] In one example, the active acoustic control system comprises a first sensor arrangement arranged to sense
an acoustic signal, the acoustic signal having a scattered acoustic pressure component in the far-field of an object and
a total acoustic pressure in the near-field of the object, the first sensor arrangement being arranged to sense the total
acoustic pressure of the acoustic signal in the near-field of the object a processor configured to: apply a first filter to filter
the total acoustic pressure in the near-field of the object and provide a filtered output signal; and estimate the scattered
acoustic pressure component in the far-field of the object based on the filtered output signal from the first filter; and a
control source arrangement operable to control the scattered acoustic pressure component in the far-field of the object
based on the estimation of the processor and the regularisation parameter.
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[0055] In one example, the level of control is a level of attenuation of the scattered acoustic pressure component of
the acoustic signal when controlled using the control source arrangement of the active control system using a set of test
regularisation parameters.

[0056] According to a further aspect of the present invention, there is provided a method of active acoustic control
comprising: sensing the total acoustic pressure of an acoustic signal in the region of an object, the acoustic signal having
a scattered acoustic pressure component and a total acoustic pressure; applying a first filter to filter the total acoustic
pressure; providing a filtered output signal; estimating the scattered acoustic pressure component based on the filtered
output signal from the first filter; determining a regularisation parameter based on: a level of control of the scattered
acoustic pressure component of the acoustic signal when controlled using the control source arrangement of the active
control system using a set of test regularisation parameters; and controlling the scattered acoustic pressure component
based on the estimation of the processor and the regularisation parameter.

[0057] In one example, the processor is configured to estimate the scattered acoustic pressure component for use in
controlling the scattered acoustic pressure component.

[0058] In one example, the active acoustic control system is an active acoustic cloaking system. In one example, the
active acoustic cloaking system is for acoustically cloaking an object.

[0059] In one example, the method comprises sensing the total acoustic pressure of an acoustic signal in the near-
field of an object, the acoustic signal having a scattered acoustic pressure component in the far-field of the object and
a total acoustic pressure in the near-field of the object; applying a first filter to filter the total acoustic pressure in the
near-field of the object; providing a filtered output signal; estimating the scattered acoustic pressure component in the
far-field of the object based on the filtered output signal from the first filter, for use in controlling the scattered acoustic
pressure component in the far-field of the object; determining a regularisation parameter based on: a level of control of
the scattered acoustic pressure component of the acoustic signal when controlled using the control source arrangement
of the active control system using a set of test regularisation parameters; and controlling the scattered acoustic pressure
component in the far-field of the object based on the estimation of the processor and the regularisation parameter.
[0060] In one example, the level of control is a level of attenuation of the scattered acoustic pressure component of
the acoustic signal when controlled using the control source arrangement of the active control system using a set of test
regularisation parameters.

[0061] It will of course be appreciated that features described in relation to one aspect of the present invention may
be incorporated into the other aspects of the present invention. For example, the method of any aspect of the present
invention may incorporate any of the features described with reference to the apparatus of any aspect of the present
invention and vice versa.

[0062] Other preferred and advantageous features of the invention will be apparent from the following description.

BRIEF DESCRIPTION OF THE FIGURES

[0063] Embodiments of the invention will now be described by way of example only with reference to the figures, in
which:

Figure 1 shows acoustic scattering;

Figure 2 shows acoustic soundfields;

Figure 3 shows control of an acoustic signal;

Figure 4 shows an active acoustic control system;

Figure 5 shows an active acoustic control system;

Figure 6 shows a regularisation parameter determination system and an active acoustic control system;
Figure 7 shows a change in condition of an object;

Figure 8 shows a change in condition of an object;

Figure 9 shows plots of the level of control of the acoustic signal against value of the regularisation parameter;
Figure 10 shows plots of the value of regularisation parameter against frequency;

Figure 11 shows an active acoustic control system;

Figure 12 shows a vehicle;

Figure 13 shows a structure;

Figure 14 shows general methodology principles;

Figure 15 shows general methodology principles; and

Figure 16 shows general methodology principles.

DETAILED DESCRIPTION

[0064] An active acoustic control system 100 and method of active acoustic control are described herein. By this



10

15

20

25

30

35

40

45

50

55

EP 4 261 821 A1

system 100 and method, a scattered acoustic pressure component is accurately estimated based on a filtered output
signal. Improved control of the scattered acoustic pressure component is thus facilitated, which has advantages in
improving the ability to acoustically cloak an object in a soundfield.

[0065] Furthermore, a regularisation parameter determination system 200, active acoustic control system 300 wherein
control is performed using a regularisation parameter, and corresponding methods are described herein. By these
systems 200, 300 and methods, a regularisation parameter may be determined for use in controlling a scattered acoustic
pressure component and used to control a scattered acoustic pressure component. Use of a regularisation parameter
allows the systems 200, 300 and methods to be better suited to a particular purpose. For example, a regularisation
parameter may be determined and/or used that allows the systems 200, 300 to achieve good control of the scattered
acoustic pressure component, but only under certain conditions. In contrast, a regularisation parameter may be deter-
mined and/or used that allows the systems 200, 300 and methods to achieve control of the scattered acoustic pressure
component under a range of conditions, albeit at a lower level of control. In this way, a "robust" system 200, 300 and
method is provided.

[0066] Whilst the systems and methods described herein are described as "active acoustic control systems", it will be
understood by the person skilled in the art that performing "control" is not essential to the invention, unless otherwise
specified. Indeed, benefits of the invention can be obtained by estimating a scattered acoustic pressure component
and/or determining regularisation parameters. By doing so, control (in particular, improved control) can be facilitated,
but it is not necessary to perform said control. It may be desired to estimate a scattered acoustic pressure component
and/or a regularisation parameter for other purposes, e.g., monitoring of signals or changes in signals, to determine
whether control should be performed or adapted.

[0067] Furthermore, whilst the systems and methods described herein involve fluidic environments (e.g., liquids and
gases), the invention is also applicable to solid environments, for example to control structural vibrations in bodies,
components, vehicles and structures.

[0068] Referring to Figure 4, an active acoustic control system 100 is shown. The system 100 comprises a first sensor
arrangement 110 arranged to sense an acoustic signal in the region of an object 150. The acoustic signal comprises a
scattered acoustic pressure component and a total acoustic pressure. The first sensor arrangement 110 is arranged to
sense the total acoustic pressure. The system 100 further comprises a processor 120 configured to apply a first filter to
filter the total acoustic pressure and provide a filtered output signal. The processor 120 is configured to estimate the
scattered acoustic pressure component based on the filtered output signal from the first filter.

[0069] The first sensor arrangement 110 comprises one or more acoustic sensors and/or structural sensors. In this
exemplary embodiment, the first sensor arrangement 110 comprises a plurality of acoustic sensors, for example micro-
phones. In another exemplary embodiment, the first sensor arrangement 110 comprises a plurality of structural sensors,
for example accelerometers. A structural sensor is configured to sense acoustic signals in structures by, for example,
sensing vibration in a body.

[0070] The first sensor arrangement 110 comprises a plurality of acoustic sensors 110a, 110b, 110c provided about
the object 150 in the near-field. The plurality of acoustic sensors 110a, 110b, 110c are provided in two spaced-apart
concentric rings about the object 150 in the near-field.

[0071] Thecomponentsofthe acoustic signal relative to the object will be described. The acoustic signal has a scattered
acoustic pressure component in the far-field of the object 150. The far-field is indicated generally at 152. The acoustic
signal has a total acoustic pressure in the near-field of the object 150. The near-field is indicated generally at 154. The
terms "near-field" and "far-field" are well understood in the art. In one example, the near-field is considered to be within
two wavelengths of the acoustic wave from the scattering object, and the far-field is in excess of two wavelengths of the
acoustic wave from the scattering object. In the description which follows, terms which indicate the location of the
component relative to the object (such as "in the far-field of the object", "in the near-field of the object", and so on) will
be used to improve clarity of description, however this is not intended to imply any limitation to the scope of protection
sought.

[0072] The acoustic signal may be generated by, for example, a component of a vehicle or structure, such as an
engine. Additionally, or alternatively, the acoustic signal may be generated by, for example, an external system operating
to emit an acoustic signal with the aim of detecting a vehicle or structure on which the active acoustic control system
100, 300 is provided or at which the method is performed. The external system may monitor for a scattered acoustic
pressure component of the emitted acoustic signal. Thus, knowledge of scattered acoustic pressure components of
acoustic signals (be they from a generated or emitted acoustic signal) improves the ability to acoustically cloak an object
in the soundfield. This may prevent the external system from being able to detect the object, and thus the vehicle or
structure.

[0073] The processor 120 is configured to apply a first filter to filter the total acoustic pressure in the near-field of the
object and provide a filtered output signal. The processor 120 is configured to estimate the scattered acoustic pressure
component in the far-field of the object based on the filtered output signal from the first filter. In one example, Ot is the
first filter. Other first filters may be used, and will be well understood by those skilled in the art.
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[0074] In Figure 4, the active acoustic control system 100 is shown to comprise a first sensor arrangement 110 and
a virtual sensor arrangement 130. Virtual sensing is a technique known in the art. For the avoidance of doubt, virtual
sensors are not physical sensors. Instead, the term "virtual sensor" is used in relation to the value of the scattered
acoustic pressure component at the location of virtual sensors in the virtual sensor arrangement 130. By applying a first
filter to filter the total acoustic pressure measured by the first sensor arrangement 110, an estimated value can be
determined thatis proportional to the scattered acoustic pressure component that would be measured if physical sensors
were to be provided at the location of the virtual sensors in the virtual sensor arrangement 130. Thus, it is useful to define
the virtual sensor arrangement 130 and refer to locations of virtual sensors in said arrangement 130. The virtual sensor
arrangement 130 comprises a plurality of virtual sensors 130a, 130b, 130c provided about the object 150 in the far-field.
The plurality of virtual sensors 130a, 130b, 130c are provided in two spaced-apart concentric rings about the object 150
in the far-field.

[0075] The first filter allows this estimation of the scattered acoustic pressure component in the far-field of the object
to be made based on knowledge of only the total acoustic pressure in the near-field of the object. In this way, it is not
necessary to provide a second sensor arrangement in the far-field of the object to sense the scattered acoustic pressure
component, as the scattered acoustic pressure component can be estimated as described above. This is highly advan-
tageous as it is not always possible or practical to provide a second sensor arrangement in the far-field of the object.
Nevertheless, the scattered acoustic pressure component can still be estimated with high accuracy by applying the first
filter to the total acoustic pressure sensed in the near-field of the object.

[0076] In this exemplary embodiment, the first filter is a set of filters. The first filter, or set of filters, are linear time-
invariant FIR (finite impulse response) filters. The first filter will herein be referred to as a "set of filters".

[0077] The active acoustic control system 100 may be provided with a pre-determined set of filters. These may be
calculated by modelling a system, or by testing prior to implementing the system. The set of filters can be calculated for
broadband acoustic signals. In one example, this is calculated according to the derivation of w,,; as described below.
This is highly advantageous, as broadband frequency acoustic signals can be suitably controlled by the system 100.
[0078] As an alternative to providing the system 100 with a pre-determined set of filters, the active acoustic control
system 100 may be calibrated using a calibration method to calculate the set of filters. The calibration method will be
introduced with reference to Figure 5 and comprises the steps of:

* providing a second sensor arrangement 140, in addition to the first sensor arrangement 110, wherein the sensors
of the second sensor arrangement 140 are located at the locations of the virtual sensors. The second sensor
arrangement 140 comprises a plurality of virtual sensors 140a, 140b, 140c provided about the object 150 in the far-
field. The plurality of virtual sensors 140a, 140b, 140c are provided in two spaced-apart concentric rings about the
object 150 in the far-field. The second sensor arrangement 140 is arranged to sense the scattered acoustic pressure
component of the acoustic signal in the far-field of the object. The second sensor arrangement 140 comprises one
or more acoustic sensors and/or structural sensors. In this exemplary embodiment, the second sensor arrangement
110 comprises a plurality of acoustic sensors, for example microphones. In this way, acoustic signals in a fluidic
environment can be sensed. In another exemplary embodiment, the second sensor arrangement 140 comprises a
plurality of structural sensors, for example accelerometers. A structural sensor is configured to sense acoustic
signals in structures by, for example, sensing vibration in a body. In this way, acoustic signals in a solid environment
can be sensed;

* measuring a first acoustic transfer response between a primary source 160 and the first sensor arrangement 110
and a second acoustic transfer response between the primary source 160 and the second sensor arrangement 140;

* the processor 120 calculating the set of filters based on the first and second acoustic transfer responses;

* optionally adjusting the set of filters by tuning a regularisation parameter (described in greater detail in relation to
regularisation parameter determination system 200 and active acoustic control system 300 below); and

* removing the second sensor arrangement 140 from the system 100.

[0079] Once calibrated, or otherwise provided with a set of filters, the system 100 is used to sense the total acoustic
pressure in the near-field of the object using the first sensor arrangement 110, and the set of filters are applied by the
processor 120 to the output of the first sensor arrangement 110 to provide a filtered output signal. The processor 120
estimates the scattered acoustic pressure component of the acoustic signal based on the filtered output signal from the
first filter.

[0080] In this way, the system 100 may be referred to as a calibrated system. The only physical sensors that are
required are those of the first sensor arrangement 110. This is because the first filters have been calculated, or have
been provided to the system 100, such that they can be used by the system 100 to estimate the scattered acoustic
pressure component. The scattered acoustic pressure component is estimated at the location of the virtual sensor
arrangement 130.
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[0081] In greater detail, the set of filters can be calculated and provided to, or by, the system 100. The set of filters
may be referred to as a set of "control filters". Whilst this will be described in relation to the setup of Figure 5, it will be
understood that the calculation of the optimal observation filters is not dependent on a specific arrangement of sensors.
The set of filters are calculated as follows:

The scattered acoustic pressure measured at the /-th sensor of the second sensor arrangement after control can be
expressed at the n-th time step as

M J-1 K I-1

sy (“’) = d-ﬁ‘z (”) + Z Z Z Z Gimj w*nz,kiwk(n —i- J) (41)

m=1 j=0 k=1 i=0

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

M K I-1
e, (n) = dg,(n) + Z Z Z Wy ki T imk (10 — 1), {4.2)

m=1 k=1 i=0

where 1, is the k-th reference signal filtered by the plant response between the m-th control source and the /-th error
microphone. The filtered reference signal can be expressed as

J-1
Tk (‘n) = Z lejl?k(n - .]) (43)
g=H0

[0082] For convenience, Equation 4.2 can be expressed in vector form as

-1
es(n) =dg (n) + ngrl (n—1), (4.4)

i==0

where w; and r(n) are defined as
Wi = (W14, W12 -+ Wi Wiy - WNTES] (4.5)
r(n) = [y (n)y rna(n), - rge () i (), re ()] (4.6)

[0083] The multichannel control problem can then be formulated by expressing the vector of L error signals in the time
domain as

es{n) = dy(n) + Rin)w, (4.7)
where
es(n) = [es, (n),... e, ()], (4.8)
dy(n) = [dg,(n),....ds, (n)]", (4.9)
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L} )T -7 . onn-T+ 1)1

ro(n)t ra(n—-1)Y ... r(n-T4+1)7F
Rin) = . ) ) : (4.10)

rp(n)T rpn -7 .. rpn—T+ E)TJ

[0084] and the MKI vector of control filter coefficients is defined as
T T T
W= [W().Wl "'W[ml]' (4.11)
[0085] The cost function, in the context of acoustic cloaking, is defined as
J=E [eg(n)Heﬁ(n) + ,SWH*W} , (4.12)

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

J=w'E[RT(n)R(n) + fw’w| w+ 2w E [RT (n)ds(n)| + E[d] (n)ds(n)].  (4.13)

[0086] Assuming that E[RT(n)R(n)] is positive definite, this cost function has a unique global minimum and the optimal
set of control filters that minimises the scattered acoustic field at the error sensors is given as

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

[0087] For avoidance of doubt, in Equation 4.14, Wopt is the first filter (or "optimal set of control filters), R is a matrix
of filtered reference signals, I is the identity matrix, d is the scattered acoustic pressure component (or "scattered
disturbance signal"), n is the time index, E is the expectation operator, and fis the regularisation parameter. Tikhonov
regularisation has been included into Equation 4.14 to introduce a constraint on the control effort and to improve the
conditioning of the matrix inversion, via the regularisation parameter .

[0088] Determination of the regularisation parameter is described in further detail below in relation to the regularisation
parameter determination system 200 and active acoustic control system 300.

[0089] In the present system 100, the regularisation parameter may be based on: a level of control of the scattered
acoustic pressure component of the acoustic signal when the acoustic signal is controlled using the control source
arrangement of the active acoustic control system using a set of test regularisation parameters. This may be referred
to as "tuning" the regularisation parameter.

[0090] In this exemplary embodiment, the regularisation parameter is chosen to be independent of the frequency of
the acoustic signal. That is, a single regularisation parameter is chosen which is used to control the acoustic signal
irrespective of frequency. However, in another exemplary embodiment, the regularisation parameter is chosen to be
dependenton the frequency of the acoustic signal. In this way, the level of control of the acoustic signal over a broadband
may be improved. Determination of frequency independent and dependent regularisation parameters is described in
further detail below in relation to the regularisation parameter determination system 200 and active acoustic control
system 300.

[0091] In greater detail, the set of filters can be calculated and provided to, or by, the system 100. The set of filters
may be referred to as a set of "observation filters". Whilst this will be described in relation to the setup of Figure 5, it will
be understood that the calculation of the optimal observation filters is not dependent on a specific arrangement of sensors.
[0092] Referring to Figure 5, the setup comprises a first sensor arrangement 110 in the near-field and a second sensor
arrangement 140 in the far-field. d,, is the vector of total acoustic pressure at the acoustic sensors of the first sensor
arrangement 110. d, is the vector of scatted acoustlc pressure at the acoustic sensors of the second sensor arrangement
140. O is the matrix, or set, of observation filters. d is the vector of estimated scattered acoustic pressures at the second
sensor arrangement 140 positions. ¢ is the vector of estimation errors.

[0093] The far-field second sensor arrangement 140 of N, sensors forms the virtual sensors, whilst the near-field first
sensor arrangement 110 of N, measurements of the total acoustic pressure forms so-called "measurement sensors".
A matrix of observation filters O will be calculated such that signals from the measurement sensors, when filtered by the
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observation filters, give an estimate of the signals at the virtual sensors.
[0094] The JN, X 1 vector of current and past disturbance signals at the virtual sensors, d.(n), and the JN;, X 1 vector
of current and past disturbance signals at the measurement sensors, d,(n), are defined as

do(n) = [d8, ), d% )., (o) : (5.1)
dua(n) = [T, (). 4%, ..d%, ()] 52)
where
d,, (n) = [d,, (). de, (n = 1)...d,, (n = T = 1)]" (5.3)
dpn,, (7) = [din,,, (), dm,,, (= 1) - di,, (0= T = 1)) (5.4)

[0095] According to tAhe virtual sensing strategy, the JN, X 1 vector of estimated current and past disturbance signals
at the virtual sensors, d(n), is given by filtering the measurement sensor signals, d,,,, as

da(n) = Ody,(n), (5.5)

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

~ToT 0T T1T
0=[0{.0;...05 ], (5.6)
where
T AT T T
0‘1‘% = [One it OneQ v OnﬁNm] 1 (57)
andO,_, is the observation filter between the n,,, th measurement microphone and the n, th virtual microphone, modelled

by a jth order FIT filter given as

T
Onn”«m = {071'137177107 Onaﬂ-ml ot O’flcnm{'lm 1):{ - (58)

[0096] The estimation error, ¢, is defined as the differen&:e between the disturbance signals measured at the virtual
sensors, d,, and the estimated signals at these locations, d,, which gives

.

e(n) = de(n) — de(n). (5.9)
[0097] Substituting Equation 5.5 into Equation 5.9 gives the estimation error as
e(n) = d.(n) - Od,,(n). (5.10)

[0098] The matrix of optimal observationfilters, Oopt, can then be found by minimising the sum of the squared estimation
errors and, therefore, the cost function, J, can be expressed as

1"
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J = trace {E [e(n)e(n)T + ngt()OTH (5.11)

where 3,007 is included to constrain the magnitude of the observation filters. By combining Equations 5.10 and 5.11,
the cost function can be expressed as

J = trace |E [(d,(n) ~ Ody(n)) (de(n) ~ Od, ()T + 300" || . (5.12)

[0099] The cost function given in Equation 5.12 can be minimised in a manner well understood by those skilled in the
art, for example as described in Signal Processing for Active Control; Stephen J. Elliot; ISBN 0-12-237085-6, giving the
optimal matrix of observation filters (i.e., the set of filters), Oopt, as

Oopt = ([E [dm(n)dfn(n) + ;3’(1511]]4 E [dm{'n,)dg(n)})T (5.13)

[0100] The solution of Equation 5.13 is an engineering approximation, and, therefore, the minimum mean square error
that can be achieved by the virtual sensing technique may be non-zero. As described in further detail herein, the obser-
vation filters can be calculated in an initial setup phase, according to Equation 5.13. Subsequently, a far-field sensor
array is no longer required and the virtual sensing method can be used to estimate the far-field scattered acoustic pressure.
[0101] Once the set of filters have been calculated by, or provided to, the system 100, no second sensor arrangement
140 is necessary. That is, where the system 100 was provided with a second sensor arrangement 140 for performing
a calibration method to calculate the set of filters, the second sensor arrangement can be removed. In other words,
subsequent to performing the calibration method, the method comprises removing the second sensor arrangement 140.
Thereon, the only physical sensors that are required are those of the first sensor arrangement 110. This is because the
first filters have been calculated, or have been provided to the system 100, such that they can be used by the system
100 to estimate the scattered acoustic pressure component.

[0102] Inoperation of the system 100, an acoustic signal incident on the object 150 is scattered therefrom. The acoustic
signal has a scattered acoustic pressure component in the far-field and a total acoustic pressure in the near-field. The
first sensor arrangement 110 senses the total acoustic pressure. The processor 120 is connected to, and receives an
input from, the first sensor arrangement 110. The first sensor arrangement 110 provides information of the total acoustic
pressure to the processor 120. The processor 120 applies the set of filters to filter the total acoustic pressure and provide
a filtered output signal. The processor 120 estimates the scattered acoustic pressure component based on the filtered
output signal from, or by using, the first filter. Ultimately, the scattered acoustic pressure component may be proportional
to, or indicated by, the filtered output signal.

[0103] The system 100 further comprises a control source arrangement 170. The control source arrangement 170 is
operable to control the scattered acoustic pressure component based on the estimation of the processor 120.

[0104] The control source arrangement 170 comprises one or more acoustic control sources and/or structural control
sources. In this exemplary embodiment, the control source arrangement 170 comprises a plurality of acoustic control
sources, for example loudspeakers. In this way, acoustic signals in a fluidic environment can be controlled. In another
exemplary embodiment, the control source arrangement 170 comprises a plurality of structural control sources, for
example actuators. A structural control source is configured to control acoustic signals in structures by, for example,
generating vibration in a body. In this way, acoustic signals in a solid environment can be controlled.

[0105] In this exemplary embodiment, the plurality of acoustic control sources of the control source arrangement 170
are provided in a ring about the object 150. The ring of control sources is farther from the object 150 than the first sensor
arrangement 110. The ring of control sources is closer to the object 150 than the second sensor arrangement 140, when
said arrangement 140 is provided in the system 100.

[0106] The control source arrangement 170 is arranged to receive input from the processor 120. The control source
arrangement 170 is connected to the processor 120. The processor provides the estimation of the scattered acoustic
pressure component to the control source arrangement 170. Upon receiving said estimation of the scattered acoustic
pressure component, the control source arrangement 170 operates to generate a control signal to reduce the scattered
acoustic pressure component. This is achieved by the control source arrangement 170 generating a control signal which
destructively interferes with the scattered acoustic pressure component of the acoustic signal. In this way, the object
can be acoustically cloaked. That is, the presence of the object cannot be determined from the soundfield.

[0107] In summary, an active control system 100 and method of active acoustic control has been described. The
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system and method facilitate acoustic cloaking of an object in a soundfield.

[0108] Referring to Figure 6, a regularisation parameter determination system 200 for determining a regularisation
parameter for use in operation of an active acoustic control system 300 is shown. The active acoustic control system
300 may incorporate some or all of the features of the active acoustic control system 100 as described above.

[0109] The active acoustic control system 300 comprises a first sensor arrangement 310 arranged to sense an acoustic
signal in the region of an object 350. The acoustic signal comprises a scattered acoustic pressure component and a
total acoustic pressure. The first sensor arrangement 310 is arranged to sense the total acoustic pressure of the acoustic
signal. The system 300 further comprises a processor 320 configured to apply a first filter to filter the total acoustic
pressure and provide a filtered output signal. The processor 320 is configured to estimate the scattered acoustic pressure
component based on the filtered output signal from the first filter. The system 300 further comprises a control source
arrangement 370 operable to control the scattered acoustic pressure component based on the estimation of the processor
320 and the regularisation parameter.

[0110] The regularisation parameter determination system 200 comprises a processor 220 configured to determine
the regularisation parameter based on a level of control of the scattered acoustic pressure component of the acoustic
signal when the acoustic signal is controlled using the control source arrangement 370 of the active acoustic control
system 300 using a set of test regularisation parameters.

[0111] Determining a regularisation parameter is highly advantageous. A regularisation parameter can allow for ro-
bustness in operation of the active control system 300. In this way, uncertainties in the estimation of the scattered
pressure can be accounted for, and the system 300 can be operated accordingly. There are many ways in which
uncertainty may be inadvertently introduced into the system. One factor is the presence of electromagnetic noise in the
system 300, and, in particular, electromagnetic noise in the sensed signal provided by the first sensor arrangement 310.
Another factor is perturbation in the position or size of the object 350 from which the acoustic signal is scattered. The
impact of temperature, pressure, or degradation of the object or connecting components, may cause perturbation in the
position or size of the object 350. However, in some situations it is important that the system 300 functions effectively
despite the uncertainty.

[0112] As above, the components of the acoustic signal relative to the object will be described. The acoustic signal
has a scattered acoustic pressure component in the far-field of the object 350. The far-field is indicated generally at 352.
The acoustic signal has a total acoustic pressure in the near-field of the object 350. The near-field is indicated generally
at 354. The terms "near-field" and "far-field" are well understood in the art. In one example, the near-field is considered
to be within two wavelengths of the acoustic wave from the scattering object, and the far-field is in excess of two
wavelengths of the acoustic wave from the scattering object. In the description which follows, terms which indicate the
location of the component relative to the object (such as "in the far-field of the object", "in the near-field of the object",
and so on) will be used to improve clarity of description, however this is not intended to imply any limitation to the scope
of protection sought.

[0113] The acoustic signal may be generated by, for example, a component of a vehicle or structure, such as an
engine. Additionally, or alternatively, the acoustic signal may be generated by, for example, an external system operating
to emit an acoustic signal with the aim of detecting a vehicle or structure on which the active acoustic control system
300 is provided or at which the method is performed. The external system may monitor for a scattered acoustic pressure
component of the emitted acoustic signal. Thus, knowledge of scattered acoustic pressure components of acoustic
signals (be they from a generated or emitted acoustic signal) improves the ability to acoustically cloak an object in the
soundfield. This may prevent the external system from being able to detect the object, and thus the vehicle or structure.
Furthermore, determining a regularisation parameter allows the active acoustic control system 300 to operate using the
regularisation parameter. The ability to acoustically cloak the object 350 is therefore maintained despite changes in
condition of the active acoustic control system 300 and/or object 350.

[0114] Referring to Figure 7, a change in condition of the object 350 is shown. Perturbation of the size of the object
350 is illustrated. A nominal size is indicated at 351. A first perturbed size is indicated at 353. A second perturbed size
is indicated at 355. Control of the scattered acoustic pressure component can still be achieved despite the perturbation
in size of the object 350 by using a regularisation parameter as described herein.

[0115] Referring to Figure 8, a change in condition of the object 350 is shown. Perturbation of the position of the object
350 is illustrated. A nominal position of the object is indicated at 361. A first perturbed position is indicated at 363. A
second perturbed position is indicated at 365. Control of the scattered acoustic pressure component can still be achieved
despite the perturbation in position of the object 350 by using a regularisation parameter as described herein.

[0116] Referring back to Figure 6, the processor 320 is configured to apply a first filter to filter the total acoustic pressure
in the near-field of the object and provide a filtered output signal. The processor 320 is configured to estimate the
scattered acoustic pressure component in the far-field of the object based on the filtered output signal from the first filter.
This is performed as described above in relation to the active acoustic control system 100.

[0117] As introduced above, the processor 220 is configured to determine the regularisation parameter based on a
level of control of the scattered acoustic pressure component of the acoustic signal in the near-field of the object when
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the acoustic signal is controlled using the control source arrangement of the active acoustic control system using a set
of test regularisation parameters. This will be described in further detail herein.

[0118] In afirst step, transfer responses between a far-field primary source 360 and the first sensor arrangement 310
are measured with and without the object 350 being present. In other words, the processor 220 is configured to calculate
a vector of acoustic scattered pressure based on the difference between: a first acoustic transfer response of a sensor
to a first acoustic signal; and a second acoustic transfer response of a sensor to a second acoustic signal with an object
interacting with the acoustic signal. The difference between these transfer responses gives a vector of acoustic scattered
pressure, d,, calculated at each first sensor location.

[0119] Next, transfer responses between the control source arrangement 370 and a second sensor arrangement 340
provided in the far-field are measured. The second sensor arrangement 340 is identical to the second sensor arrangement
130 described above. These measurements of transfer responses forms a matrix of acoustic plant responses, G. In
other words, the processor 220 is configured to calculate a plant response between the control source arrangement 370
and the second sensor arrangement 340.

[0120] Next, an uncertainty value is introduced into the calculated scattered acoustic pressure component dg and
calculated plant response G. In other words, the processor 220 is configured to introduce an uncertainty value into the
calculated scattered acoustic pressure component and the calculated plant response, according to

G = Gg + AG, (3.2)

where dg and G represent the nominal responses, and Adg and AG represent perturbations from the nominal. The error
after control, e; can be expressed in the perturbed case as

e, = ey + Aey, (3.3)
which can be written in terms of the summation of the components due to the disturbance and the control sources as
e, = d, + Gu, (3.4)
and by substituting Equation 3.1 and 3.2 can be expressed as
e; = dg + Ads + (Gp + AG)u {3.5)

[0121] The cost function in the context of acoustic cloaking is defined as the sum of the squared scattered acoustic
pressures after control, which is given as

J = elle,. (3.6)
[0122] By combining Equations 3.4 and 3.6, the cost function can be expressed as

J = (dy + Gu)" (d, + Gu). (3.7)

[0123] By expanding and differentiating Equation 3.7 with respect to the real and imaginary parts of the vector of
control filter coefficients, and setting the real and imaginary parts to 0, the robust set of optimal control source strengths,

Uy Can be calculated as

uﬁm Sam e EGHG?—% G‘Hdg (38)

which, by substituting in Equations 3.1 and 3.2, can be expressed as
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Uopt = — [GHGo + AGTAG + GIAG + AGHGg] ' GHdp+AG dy+GEAd+AG!Ad,.
(3.9)

[0124] In the special case where Adg and AG are random and uncorrelated with one another, it can be shown that

E[GIAG] =0, (3.10)
E[AGHG] =0, (3.11)
E[AGHd,] =0, (3.12)
E[G{Ad,] =0, (3.13)
E[AGHAd,] =0, (3.14)
E[AGMAG] = 41, (3.15)

and therefore Equation 3.9 reduces to the regularised solution for the nominal system

topt = — [GHGo + A1) Glld,. (3.16)

[0125] For the avoidance of doubt, in Equation 3.16, Uopt is the optimal set of control source strengths of the control
source arrangement, G is the nominal matrix of plant responses, I is the identity matrix, dy, is the nominal scattered
acoustic pressure (or "scattered disturbance signal"), and gis the regularisation parameter.

[0126] Finally, a suitable regularisation parameter gis to be determined. This is done by the processor 220 selecting
a value of the regularisation parameter that provides a suitable level of attenuation of the acoustic signal for an expected
or desired level of perturbation of the object 350, based on a relationship between a level of attenuation of the acoustic
signal when the control source arrangement 370 is operated and a value of the regularisation parameter.

[0127] Referring to Figure 9, plots of the relationship between a level of control/attenuation of the acoustic signal when
the control source arrangement 370 is operated and a value of the regularisation parameter is shown. Level of con-
trol/attenuation of the acoustic signal (y-axis - 910) is plotted against a range of test regularisation parameters (x-axis -
920). A first relationship wherein the object is in a first condition is indicated at 410. A second relationship when the
objectis in a second condition is indicated at 420. A third relationship wherein the object is in a third condition is indicated
at 430. An average of the three relationships is indicated at 440. In this exemplary embodiment, the first condition is
where the object is unperturbed from a nominal position, the second condition is where the object is displaced from the
nominal position by 0.1m in a first direction, and the third condition is where the object is displaced from the nominal
position by 0.2m in the first direction.

[0128] As can be seen in each of the second, third and average relationship shown in Figure 9, the level of attenuation
of the acoustic signal steadily increases to a peak value as the regularisation parameter value increases, before a rapidly
drop-off in level of attenuation as the regularisation parameter value is increased further. In this exemplary embodiment,
it is expected that the object 350 will undergo a change in condition by being displaced from a nominal position by 0.2m
in the first direction. So, in this case, the regularisation parameter is selected as the value corresponding to the peak
level of attenuation in the average of the three relationships. This determined value of the regularisation parameter is
the value that will enable the active acoustic control system 300 to maintain optimal performance even if the object 350
is displaced or perturbed from the nominal position.

[0129] It will be understood by the skilled person that a similar method can be followed to determine a regularisation
parameter when the object 350 changes in size, or is influenced by temperature/pressure, or where the system 300 is
affected by variations in electromagnetic noise, as mentioned above.

[0130] Inanexemplary embodiment, a single regularisation parameter is determined and is used to control the acoustic
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signal, irrespective of the frequency of the acoustic signal. That is, the regularisation parameter is frequency independent.
[0131] However, in another exemplary embodiment, regularisation parameters can be determined that are frequency
dependent. That is, a first regularisation parameter may be determined as optimal for a first frequency band or range of
frequencies. Another regularisation parameter may be determined as optimal for a different frequency band or range of
frequencies. By determining frequency dependent regularisation parameters, the optimal regularisation parameter can
be used in the active acoustic control system 300 for the frequency of the acoustic signal, and of the scattered acoustic
pressure component, that it is desired to control. In other words, the processor 220 is configured to determine a set of
regularisation parameter values, each value of the set of regularisation parameters being determined to correspond to
a peak level of control of the scattered acoustic pressure component of the acoustic signal across at least a subrange
of a frequency range.

[0132] Referring to Figure 10, plots of the value of regularisation parameter which achieves optimal acoustic cloaking
performance (determined as described above) vs frequency are shown. The optimal regularisation parameter (y-axis -
1010) is plotted against the frequency of the acoustic signal (x-axis - 1020). Similarly to the frequency independent
determination described above, a first relationship wherein the object is in a first condition is indicated at 510, a second
relationship when the object is in a second condition is indicated at 520, and a third relationship wherein the object is in
a third condition is indicated at 530. An average of the three relationships is indicated at 540. For a frequency or frequency
band of the acoustic signal that it is desired to control (which may be the frequency of the acoustic signal detected), a
suitable regularisation parameter can be determined by reference to the plots, and in particular to the average plot 540.
[0133] Referring to Figure 11, the active acoustic control system 300 is shown. The system 300 comprises a first
sensor arrangement 310 arranged to sense an acoustic signal in the region of an object 350. The acoustic signal
comprises a scattered acoustic pressure component and a total acoustic pressure, the first sensor arrangement 310
being arranged to sense the total acoustic pressure of the acoustic signal. The system 300 further comprises a processor
320 configured to apply a first filter to filter the total acoustic pressure and provide a filtered output signal. The processor
320 is further configured to estimate the scattered acoustic pressure component based on the filtered output signal from
the first filter. The system 300 further comprises a control source arrangement 370 operable to control the scattered
acoustic pressure component based on the estimation of the processor 320 and a regularisation parameter determined
based on a relationship between a level of control of the scattered acoustic pressure component of the acoustic signal
when controlled using the control source arrangement 370 of the active acoustic control system using a set of test
regularisation parameters.

[0134] The processor 320 may be configured to control the control source arrangement 370 to control the scattered
acoustic pressure component based on the estimation of the processor 320 and the regularisation parameter.

[0135] Importantly, and as stated above, the control source arrangement 370 is operable to control the scattered
acoustic pressure component based on, which includes "using”, the regularisation parameter. In an exemplary embod-
iment, a high value of the regularisation parameter will enable the system 300 to control acoustic signals despite changes
in condition of the system 300 or object 350. That is, a high value of the regularisation parameter ensures robustness.
However, in such cases the level of control of the scattered acoustic pressure component system 300 will be lower than
a maximum level achievable by the system 300. In contrast, a low value of the regularisation parameter will enable the
system 300 to perform well in an "ideal" case (e.g., at nominal position or size), which may be a position in which the
system 300 is calibrated. However, in such cases the performance of the system 300 will depreciate when uncertainties
are introduced. Determination of the regularisation parameter may be a trade-off between, or optimisation of, robustness
and level of control of the scattered acoustic pressure component. Determination of a suitable regularisation parameter
value for the use case can be performed as described above. The benefits explained above are obtained by the control
of the control source arrangement 370 using a regularisation parameter.

[0136] Referring to Figure 12, a vehicle 1200 is shown. The vehicle 1200 may be a land-based vehicle, aircraft,
watercraft, or sub-surface vehicle. The vehicle 1200 comprises an active acoustic control system 100, 300 and/or a
regularisation parameter determination system 200.

[0137] Referring to Figure 13, a structure 1300 is shown. The structure 1300 may be infrastructure, a building, or the
like. The structure 1300 comprises an active acoustic control system 100, 300 and/or a regularisation parameter deter-
mination system 200.

[0138] Referring to Figure 14, a method of active acoustic control is shown. Step 1410 comprises sensing the total
acoustic pressure of an acoustic signal in the region of an object, the acoustic signal having a scattered acoustic pressure
component and a total acoustic pressure. Step 1420 comprises applying a first filter to filter the total acoustic pressure.
Step 1430 comprises providing a filtered output signal. Step 1440 comprises estimating the scattered acoustic pressure
component based on the filtered output signal from the first filter. Optional step 1450 comprises controlling the scattered
acoustic pressure component based on the estimation of the processor using a control source arrangement.

[0139] Referring to Figure 15, a method of determining a regularisation parameter for use in operation of an active
acoustic control system 300 is shown. Step 1510 comprises determining the regularisation parameter based on: a level
of control of the scattered acoustic pressure component of the acoustic signal when controlled using the control source
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arrangement of the active acoustic control system 300 using a set of test regularisation parameters.

[0140] Referring to Figure 16, a method of active acoustic control is shown. Step 1610 comprises sensing the total
acoustic pressure of an acoustic signal in the region of an object, the acoustic signal having a scattered acoustic pressure
component and a total acoustic pressure. Step 1620 comprises applying a first filter to filter the total acoustic pressure.
Step 1630 comprises providing a filtered output signal. Step 1640 comprises estimating the scattered acoustic pressure
component based on the filtered output signal from the first filter. Step 1650 comprises determining a regularisation
parameter based on a level of control of the scattered acoustic pressure component of the acoustic signal when controlled
using the control source arrangement of the active control system using a set of test regularisation parameters. Step
1660 comprises controlling the scattered acoustic pressure component based on the estimation of the processor and
the regularisation parameter.

[0141] Although a preferred embodiment has been shown and described, it will be appreciated by those skilled in the
art that various changes and modifications might be made without departing from the scope of the invention, as defined
in the appended claims and as described above.

[0142] All of the features disclosed in this specification (including any accompanying claims, abstract and drawings),
and/or all of the steps of any method or process so disclosed, may be combined in any combination, except combinations
where at least some of such features and/or steps are mutually exclusive.

[0143] Each feature disclosed in this specification (including any accompanying claims, abstract and drawings) may
be replaced by alternative features serving the same, equivalent or similar purpose, unless expressly stated otherwise.
Thus, unless expressly stated otherwise, each feature disclosed is one example only of a generic series of equivalent
or similar features.

[0144] Theinvention is not restricted to the details of the foregoing embodiment(s). The invention extends to any novel
one, or any novel combination, of the features disclosed in this specification (including any accompanying claims, abstract
and drawings), or to any novel one, or any novel combination, of the steps of any method or process so disclosed.

Claims

1. Aregularisation parameter determination system for determining a regularisation parameter for use in operation of
an active acoustic control system comprising:

a first sensor arrangement arranged to sense an acoustic signal in the region of an object, the acoustic signal
having a scattered acoustic pressure component and a total acoustic pressure, the first sensor arrangement
being arranged to sense the total acoustic pressure of the acoustic signal;

a processor configured to:

apply a first filter to filter the total acoustic pressure and provide a filtered output signal; and

estimate the scattered acoustic pressure component based on the filtered output signal from the first filter;
and

a control source arrangement operable to control the scattered acoustic pressure component based on the
estimation of the processor and the regularisation parameter,

the regularisation parameter determination system comprising:

a processor configured to:

determine the regularisation parameter based on:

a level of control of the scattered acoustic pressure component of the acoustic signal when the acoustic signal is
controlled using the control source arrangement of the active acoustic control system using a set of test regularisation
parameters.

2. The regularisation parameter determination system according to claim 1, wherein the processor is configured to:
determine the regularisation parameter based on an optimisation of a relationship between:

the level of control of the scattered acoustic pressure component of the acoustic signal when the acoustic signal
controlled using the control source arrangement of the active control system using the set of test regularisation
parameters; and

a condition of the active acoustic control system and/or object.

3. Theregularisation parameter determination system according to claim 1 or claim 2, wherein the set of test regular-
isation parameters comprise a range of test regularisation parameters.
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The regularisation parameter determination system according to any one of the preceding claims, wherein the control
source arrangement is operable according to

Uope = _[GSIGO + ﬁl]_lalgdso

where u,,,; is the optimal set of control source strengths of the control source arrangement, Gy, is the nominal matrix
of plant responses, /s the identity matrix, dy, is the nominal scattered acoustic pressure, and Sis the regularisation
parameter.

The regularisation parameter determination system according to any one of the preceding claims, wherein the
regularisation parameter is frequency independent.

The regularisation parameter determination system according to claim 5, wherein the value of the regularisation
parameter is determined to correspond to a peak level of control of the scattered acoustic pressure component of
the acoustic signal across a frequency range.

The regularisation parameter determination system according to any one of claims 1 to 4, wherein the regularisation
parameter is frequency dependent.

The regularisation parameter determination system according to claim 7, wherein a set of regularisation parameter
values are determined, each value of the set of regularisation parameters being determined to correspond to a peak
level of control of the scattered acoustic pressure component of the acoustic signal across at least a subrange of a
frequency range.

An active acoustic control system comprising:

a first sensor arrangement arranged to sense an acoustic signal in the region of an object, the acoustic signal
having a scattered acoustic pressure component and a total acoustic pressure, the first sensor arrangement
being arranged to sense the total acoustic pressure of the acoustic signal;

a processor configured to:

apply a first filter to filter the total acoustic pressure and provide a filtered output signal; and

estimate the scattered acoustic pressure component based on the filtered output signal from the first filter;
and

a control source arrangement operable to control the scattered acoustic pressure component based on the
estimation of the processor and a regularisation parameter determined based on a relationship between:
a level of control of the scattered acoustic pressure component of the acoustic signal when controlled using
the control source arrangement of the active acoustic control system using a set of test regularisation
parameters.

A vehicle or structure comprising a regularisation parameter determination system as claimed in any one of claims
1 to 8 or an active acoustic control system as claimed in claim 9.

A method of determining a regularisation parameter for use in operation of an active acoustic control system com-
prising:

a first sensor arrangement arranged to sense an acoustic signal in the region of an object, the acoustic signal
having a scattered acoustic pressure component and a total acoustic pressure, the first sensor arrangement
being arranged to sense the total acoustic pressure of the acoustic signal;

a processor configured to:

apply a first filter to filter the total acoustic pressure and provide a filtered output signal; and

estimate the scattered acoustic pressure component based on the filtered output signal from the first filter;
and

a control source arrangement operable to control the scattered acoustic pressure component based on the
estimation of the processor and the regularisation parameter,
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the method comprising:

determining the regularisation parameter based on:

a level of control of the scattered acoustic pressure component of the acoustic signal when controlled using the
control source arrangement of the active acoustic control system using a set of test regularisation parameters.

12. A method of active acoustic control comprising:

sensing the total acoustic pressure of an acoustic signal in the region of an object, the acoustic signal having
a scattered acoustic pressure component and a total acoustic pressure;

applying a first filter to filter the total acoustic pressure;

providing a filtered output signal;

estimating the scattered acoustic pressure component based on the filtered output signal from the first filter;
determining a regularisation parameter based on:

a level of control of the scattered acoustic pressure component of the acoustic signal when controlled using
the control source arrangement of the active control system using a set of test regularisation parameters; and
controlling the scattered acoustic pressure component based on the estimation of the processor and the
regularisation parameter.
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