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The use of active control to acoustically cloak an object has been demonstrated previously, and is effective
if the scattered component of the pressure field can be measured and directly minimised. In practice, this is
non-trivial as a pressure sensor in the sound-field will detect the superposition of the incident and scattered
pressures. An alternative approach has been proposed in the literature, using high-order multipole sources to
generate a zone of quiet around the scattering object, whilst not radiating into the far-field. This approach
performs well, however the use of high-order multipole sources is infeasible for a practical implementation.
This paper will explore the limitations of the quiet-zone acoustic cloaking strategy on simulated data of a
rigid spherical scattering object, using a practical arrangement of monopole control sources and error
sensors. The same arrangement of sources and sensors is also used to directly minimise the scattered sound
field, and the two approaches are compared in terms of practicality, control-effort, and performance.
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1. INTRODUCTION

The concept of acoustic cloaking has been thoroughly discussed in the literature, as the ability to acousti-
caly conceal an object, such that the sound-field with the object present is identical to that without the
object present, has significant benefits for both research and engineering. Passive acoustic cloaks, made of
metamaterials consisting of sub-wavelength cells, have been demonstrated successfully in both simulation
[1, 2, 3, 4] and experimental [5, 6, 7, 8] domains. However, these passive approaches have seen limited
practical application due to their narrow band-gap performance [9]. Active acoustic cloaking methods
have also been investigated, enabling much larger bandwidths of control when compared to passive
methods and often providing a cloaking strategy that is significantly more robust to variations in the
incident field; especially when an adaptive algorithm is used [10]. Active acoustic cloaking systems have
been demonstrated successfully in the simulation domain [11, 12, 13], however, practical implementations
are more limited as most active acoustic cloaking systems require real-time knowledge of the scattered
acoustic field. Various methods of estimating the scattered acoustic pressure from a measurable quantity
have been presented in the literature; for example, by using a Virtual Sensing strategy [14], by using
analytical or numerical modelling [15, 16], or by using a wave decomposition approach [17].

An alternative approach to attempting to directly control the scattered acoustic pressure was initially
presented by Vasquez et al [18, 19], which uses active control to generate a zone of silence around the
scattering object. By reducing the incident acoustic wave, the scattered acoustic pressure is also reduced
without the requirement of unrealistic a priori knowledge about the scattering object. For this approach to
work, the quiet-zone control sources must self-cancel in the far-field to prevent them from influencing the
far-field pressure. Therefore, high-order multipole sources [20] were used to generate complex pressure
fields with limited numbers of sources. Significant analytical research has been conducted into the
formulations for the optimal multipole amplitudes to achieve a quiet-zone whilst enforcing a constraint on
the far-field radiation [18, 21, 22], and theoretical investigations into the performance of two-dimensional
quiet-zone cloaking systems have also been presented [23, 24, 25, 26].

Whilst these publications provide insight into the potential performance and limitations of a quiet-zone
cloaking system, the use of high-order multipole sources limits their practicability; hence, no experimental
validations have been published to-date. Using the Kirchoff-Helmholtz Integral [27] to express the high-
order multipole sources as a continuous distribution of monopole and dipole sources may give further
insight into the source strength distribution. However, this is equally as impractical for a real-world
implementation, as continuous distributions of sources are clearly unrealisable. This paper will use
simulated data to implement the quiet-zone acoustic cloaking method using a practical arrangement of
pressure sensors and a dual-layer array of discrete monopole control sources to acoustically cloak a rigid
sphere. The acoustic scattered field will also be directly controlled, as discussed by Cheer [12], and the
performance, control effort, and practicalities of both strategies will be compared. This will provide
insight into the potential performance of using the quiet-zone control approach to acoustically cloak an
object with a practical arrangement of sensors and sources.

Section 2 will outline the modelling environment; providing details of the simulation method as well as
the geometry of the scattering object and the arrangement of the control sources and error sensors. The
control strategies will be detailed in Section 3 and formulations for the optimal source strengths for both
the quiet-zone cloaking method and the direct-minimisation cloaking method will be derived. Section 4
will compare the performance of the two control strategies, and will investigate the required control effort
in each case, and Section 5 will provide conclusions and a brief comment on the real-world practicability
of both systems.




2. MODELLING ENVIRONMENT

In order to investigate the practical limits on the performance of the quiet-zone cloaking strategy, and to
compare the performance to a direct-minimisation approach, a numerical model has been developed using
COMSOL Multiphysics. The Boundary Element Method was used to model a rigid spherical scatterer
with a radius of » = 150 mm, impinged upon by an incident acoustic plane wave. A helical array of 16
acoustic pressure sensors was included in the near-field of the scatterer to measure the acoustic pressure
in the quiet-zone, and a circular array of 40 acoustic pressure sensors was implemented in the far-field
to measure the far-field scattering, as shown in Figure 1. A dual-layer arrangement of two rings of 16
monopole control sources, which will be used to generate the control field, were arranged around the
scattering object, oriented to point radially, and spaced 0.11 m apart.
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Figure 1: A schematic diagram showing the location of the scattering object and the source and sensor arrays.

A numerical model was chosen, in this case, over an analytical model as it enables more complex features
to be included, which would allow the model to more closely match a practical setup. For example,
the control sources could be modelled as rigid cylinders with an imposed velocity on their caps, or the
performance of the proposed cloaking strategy could be investigated for a flexible scattering object. That
said, these additional considerations will not be discussed further in this paper. The physical problem
being considered here is unbounded, with the incident acoustic plane wave propagating from and to
infinity, and therefore the Boundary Element Method was selected over the Finite Element Method
[28, 29] as it does not require a large volumetric domain to be meshed [30] and bounded by a Perfectly
Matched Layer [31], for example. Instead, only the surface of the scattering body requires a mesh, which
results in a significant computational advantage. The model was meshed using free tetrahedral elements
over the spherical scattering body with a minimum of 6 elements per acoustic wavelength. A conver-
gence study was conducted, which confirmed that this mesh density is sufficient for consistent results [32].

The IRIDIS High Performance Computing Facility at the University of Southampton was used to solve
the model described above over a range of frequencies between 100 Hz and 500 Hz. In each case, the




pressure due to the primary plane wave was calculated at each sensor location and these pressures were
then used to form a vector of disturbance signals. The pressure contribution from each control source
was also calculated at each sensor location by disabling the primary disturbance and driving each control
source individually. This was then used to form the matrix of plant responses between the control sources
and the far-field pressure sensors, G, and the matrix of plant responses between the control sources and
the near-field pressure sensors,Gy¢. These matrices, as well as the vector of primary disturbance signals,
will be used to assess the performance of the two proposed active control strategies in the next section.

3. FORMULATION

In this section, optimal control source strengths will be formulated for two separate control strategies:
direct control of the scattered acoustic field, and quiet-zone control. These optimal formulations will
then be combined with the simulation data, described in Section 2, to compare the two strategies. Both
control strategies will be based on an optimal harmonic feedforward architecture, and in each case the
vector of optimal source strengths will be expressed as u, and the two matrices of complex plant response,
Gg and Gy, described in Section 2 will be used. The following formulations will be conducted in
the frequency domain, however, the frequency dependence e/“ will be omitted for notational convenience.

A. DIRECT SCATTERING CONTROL

In its most straightforward form, the scattering from an object can be controlled by directly minimising
the vector of acoustic scattered pressures measured at a number of sensor locations in the far-field, ds,
using an array of control sources in the near-field of the scattering object. The vector of scattered acoustic
pressures is given as

s = deg — dis (1)

where d;, and d¢, are the vectors of incident acoustic pressures and total acoustic pressures respectively,
measured at the far-field sensor array. The vector of scattered acoustic pressures after control, eg., can be
calculated at each sensor location as

esy = dgg + Ggu. )

In the context of active acoustic cloaking, the controller aims to minimise the cost function J [33], given
as
J =E [esg " esq] , 3)

where E is the expectation operator. By combining Equations 2 and 3, the cost function can be written as
J = E|(dsg + Grw)" (deg + Gyru)| )

By differentiating Equation 4 with respect to the real and imaginary parts of the matrix of control filter
coefficients, and setting the real and imaginary parts to O as outlined in [34], the optimal set of control
source strengths, ugpt, is given as

—1
Uopt = — G Gg + A1) Gg'ld,, (5)

where S is a Tikhonov regularisation term [35], included to constrain the source strengths and reduce
the effects of ill-conditioning on the matrix inversion.

B. QUIET-ZONE CONTROL

An alternative approach to actively cloaking a scattering object is to generate a zone of quiet around that
object. The formulation for the optimal set of control sources in this case will be derived in this section.




The quiet-zone control strategy aims minimise the total acoustic pressure at a number of near-field sensors,
which define the quiet-zone, whilst enforcing a minimum radiation condition on the control sources to
limit their influence on the far-field pressures. The total acoustic pressure in the quiet-zone before control,
dy ., is comprised of the incident and scattered components as

dtnf = dinf + dsnf7 (6)

where d; . and ds , are the vectors of incident acoustic pressures and scattered acoustic pressures
respectively, measured at the near-field sensor array. The total acoustic pressure in the quiet-zone after
control, e¢_., can be calculated at the near-field sensor array as

nf?
€ty = dt,e + Guru, (7)

and the far-field radiated pressure from the control sources, y. is given as

Ver = Gru. (8)

In the case of this constrained optimisation, the cost function to be minimised can be expressed as [36]

J=E[(etn"ets) + A (Ve Ven)] ®

where A is a weighting term that enables a trade-off between the relative importance of each of the
cost function requirements. By combining Equations 7, 8 and 9, the cost function for the controller to
minimise can be given as

J = B|(diye + Garw)” (deye + Gurw) + A (Grw)” (Gyru)| (10)

As in the previous section, the set of optimal source strengths that minimise this cost function can be
calculated by differentiating and setting the real and imaginary parts to 0, which gives

-1
Uopt = — [Gnt Gt + AGaMGg + BI]  Guedy,,, (11)

where 1 is a regularisation term as discussed previously.

4. ACOUSTIC CLOAKING PERFORMANCE

In the following analysis, the simulated data described in Section 2 will be used to investigate and com-
pare the performance limitations of the two control strategies presented in Section 3. The regularisation
terms in each case, (3, and the constraint weighting term, A, have been selected so as to ensure that
the quiet-zone control approach achieves the greatest possible level of attenuation in the back-scattered
pressure over an 8 m X 8 m plane. The direct-minimisation approach has been regularised to achieve the
same frequency-averaged level of attenuation in the back-scattered pressure, thus aiming to provide a
reasonable comparison between the two methods.

To ensure that the quiet-zone is performing as expected, the acoustic response within the quiet-zone will
first be investigated. The total acoustic potential energy within the quiet-zone can be approximated by the
sum of the squared pressures measured in the near-field zone. This has been calculated using the response
from the near-field sensor array to approximate the total acoustic potential energy within the quiet-zone
without active control, and with each of the two proposed control strategies formulated above. It should
be highlighted that the direct-minimisation strategy has no consideration of the near-field total acoustic
pressure, but it is still insightful to evaluate this performance metric. The resulting sum of the squared
pressures in the quiet-zone for each control strategy are presented in Figure 2 and these results show that




the quiet-zone cloaking method achieves approximately 65 dB of attenuation within the quiet-zone, and
this gradually reduces at frequencies above 375 Hz, so that the attenuation is around 35 dB at 500 Hz.
This performance degradation is caused by spatial aliasing of the control source array, and corresponds to
the frequency at which the arc-length between each control source is equal to half an acoustic wavelength.
Figure 2 also shows that the direct-minimisation control method has little effect in the quiet-zone. This
provides insight into the operation of the direct scattering control approach and how it differs from the
quiet-zone method.
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Figure 2: The acoustic potential energy in the quiet-zone estimated before control, and with each of the two control strategies.

The acoustic power due to a source of sound, W, can be approximated in the far-field by summing the
squared response over [N pressure sensors within the generated soundfield, as [37]

: (12)

where p; is the acoustic pressure at the [-th sensor, pg is the density of the acoustic medium, and ¢y is the
speed of sound. Equation 12 has been used to calculate the far-field scattered acoustic power, using the
vector of scattered pressure measurements at the far-field sensor array. As with Figure 2, this has been
calculated without active control, and with each of the proposed control strategies, and the results are
presented in Figure 3. The scattered acoustic power before control is consistent with similar results in
the literature showing the acoustic scattering from a sphere [12, 38, 39, 40]. Figure 3 shows that both
control strategies are able to achieve an attenuation in the far-field scattered acoustic power across the
presented frequency range, and the broadband average attenuation of the far-field scattered acoustic power
for the quiet-zone cloaking strategy has been calculated to be 10.1 dB, whilst the broadband average for
the direct-minimisation cloaking strategy has been calculated to be 16.9 dB. The performance of the
quiet-zone method is reduced above approximately 400 Hz, corresponding to the frequency at which the
control spacing is equal to half a wavelength, as discussed above.

Whilst the results presented above demonstrate that both acoustic cloaking methods are capable of achiev-
ing results at specific sensor locations, it is insightful to observe how the two control strategies influence
the global sound-field. This will ensure that the control strategies are not only achieving local control at
the error sensor locations, but producing a global effect. The optimal control sources calculated using
Equations 5 and 11 have been implemented within the numerical model, which has subsequently been
re-meshed and solved to observe the global effect of both cloaking strategies. Figure 4 shows the scattered




-50 - —— Disturbance b
—— Direct Scattering Control
Quiet-Zone Control

Far-Field Scattered Power (dB)

-60 4

_70 L L L L L L L
100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure 3: The far-field scattered acoustic power before control, and with each of the two control strategies.

pressure field at 300 Hz over an 8 m x 8 m grid for the uncontrolled case, and for each of the control
strategies with the incident plane wave propagating upwards from the bottom of the frame. It can be seen
from the results presented in Figure 4 that the direct-minimisation method is able to achieve a global at-
tenuation in the acoustic scattered field, whilst the quiet-zone method is only able to achieve control of the
back-scattered pressure. As the quiet-zone control method cancels the incident acoustic wave around the
scattering object, the incident wave does not propagate down-stream and the quiet-zone control method
does not attempt to actively reproduce the incident field down-stream of the scatterer in order to reduce
the shadow-zone. For this reason, the quiet-zone cloaking method has the effect of significantly increas-
ing the shadow-zone, and therefore increasing the level of acoustic scattering in the down-stream direction.
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Figure 4: Contour plots showing the scattered acoustic pressure field at 300 Hz for each control strategy

From the above results it has been shown that although direct-scattering control method generates a
more effective cloaking system than the quiet-zone control method, the quiet-zone control method does
achieve a significant level of scattering attenuation and may be more practicable. However, in a practical
scenario it is also important to consider the control-effort, calculated as u’ u, required for each control
strategy. This has been calculated and is presented in Figure 5 over frequency. These results show that
despite the two control methods achieving similar levels of attenuation in the back-scattered acoustic
pressure, and the direct-minimisation method also achieving a significant reduction in the shadow-zone
scattering, the control-effort required by the quiet-zone cloaking strategy is approximately 30 dB greater
than that for the direct-minimisation method. This can be explained by considering the relative levels
of the incident and scattered fields, which can be evaluated based on the results presented in Figures 2




and 3 respectively. From these results it is clear that the incident field is of the order of 30 dB greater
in level than the scattered field. Therefore, since the quiet-zone method attempts to control the incident
field within the near-field region, it requires a significantly greater control effort than the direct-scattering
control approach. It is worth noting that the performance of any practical system will be limited by the
maximum power output of the control sources, and it should be ensured that the required control effort is
within the linear operating range of the control sources.
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Figure 5: The control effort required by the two cloaking control strategies.

5. CONCLUSIONS

This paper has built on previous research that has proposed and investigated the use of an actively gener-
ated acoustic quiet-zone as an acoustic cloaking system. Whilst previous work has utilised high-order
multipole acoustic sources or continuous distributions of monopoles and dipoles as the control sources,
this paper has assumed a realistic arrangement of near-field and far-field pressure sensors, and a dual-layer
array of monopole control sources. The performance limitations of the proposed quiet-zone control
strategy have been compared to those for a direct-control approach using simulated data corresponding
to a rigid sphere subject to an incident acoustic plane wave. The complex transfer responses between
a number of monopole control sources and both near and far-field error sensors have been calculated.
Optimal control source strengths for both the quiet-zone control method and the direct-scattering control
method have been formulated, and the effect of regularisation has been discussed. It was found that the
direct-minimisation control approach was able to achieve global control of the scattered field, whilst the
quiet-zone method was only able to achieve control of the back-scattered pressure and the presence of
the quiet-zone actually enhanced the shadow-zone. The control effort required for both methods was
considered, and it was shown that the quiet-zone cloaking method requires significantly greater levels of
control effort than the direct-minimisation approach.

Despite the potential disadvantages of the quiet-zone cloaking method discussed above, it should not
be dismissed as a feasible control strategy. The main benefit of using the quiet-zone approach over
direct-control of the scattered field is that the quiet-zone method requires no knowledge of the scattered
acoustic pressure, nor does it require knowledge of the scattering object. This is a significant advantage,
as a practical implementation of the direct-control cloaking system is currently not possible due to the
requirement of a real-time measure of the acoustic scattered pressure. This study has shown that the




quiet-zone cloaking method is able to achieve considerable attenuation in the back-scattered pressure with
a realistic arrangement of sensors and control sources, and this may enable a practical cloak provided that
the down-stream scattered pressure is not of concern for the given application.
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