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Abstract

The new generation of Ultra-High-By-Pass-Ratio (UHBR) turbofan
engine while considerably reducing fuel consumption, threatens higher
noise levels at low frequencies because of its larger diameter, lower
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number of blades and rotational speed. This is accompanied by a
shorter nacelle, leaving less available space for acoustic treatments. In
this context, a progress in the liner technology is highly demanded,
prospecting alternative solutions to classic liners. The SALUTE H2020
project has taken up this challenge, proposing electro-active acoustic
liners, made up of loudspeakers (actuators) and microphones (sensors).
The electro-active means allow to program the surface impedance on
the electroacoustic liner, but also to conceive alternative boundary
laws. Test-rigs of gradually increasing complexities have allowed to
raise the Technology Readiness Level (TRL) up to 3-4. In this second
part, the electroacoustic liner is adapted to treat the walls at the intake
of a scaled turbofan nacelle. The performance of the electroacoustic
liner demonstrate its potentialities for reducing noise radiation from
turbofan.

1 Introduction

The acoustic problem of interest here, is the noise transmission mitigation
in an open duct, by treatment of the parietal walls with the so-called liners.
Examples of industrial fields where this problem is particularly felt are the
Heating and Ventilation Air-Conditioning Systems (HVAC) and the aircraft
turbofan engines. The new generation of Ultra-High-By-Pass-Ratio (UHBR)
turbofans, in order to comply with the significant restrictions on fuel con-
sumptions and pollutant emissions, present larger diameter, lower number
of blades and rotational speed and a shorter nacelle. These characteristics
conflict with the equally restrictive regulations on noise pollution, as the
noise signature is shifted toward lower frequencies, which are much more
challenging to be mitigated by parietal treatments. The acoustic liner tech-
nology applied nowadays for noise transmission attenuation at the inlet and
outlet portions of turbofan engines is the so-called Single or Multi-Degree-
of-Freedom liner, whose working principle relates to the quarter-wavelength
resonance, and demands larger thicknesses to target lower frequencies. They
are made of a closed honeycomb structure and a perforated plate which is
used to provide the dissipative effect, to add mass in order to decrease the
resonance frequency, and also to maintain the aerodynamic flow as smooth
as possible on the internal wall of the nacelle. As the honeycomb structure
is impervious, propagation is prevented transversely to the wall, therefore it
can be considered as locally reacting as long as the incident field wavelength
is much larger than the size of the honeycomb cells [Ma and Su(2020)].
A first interest for active control is the possibility to tune the resonators
to different frequencies. Many adaptive Helmholtz resonator solutions have
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been proposed by varying either the acoustic stiffness (i.e. the cavity as
in [Hermiller and Maddux(2013)]), or the acoustic mass (i.e. the orifice
area, as in [Esteve and Johnson(2004)]), but both these techniques tended
to present complex structure, excessive weight and high energy consump-
tion [Ma and Su(2020)].
Active Noise Cancellation (ANC) has provided alternative solutions for
achieving higher attenuation levels. From the seminal idea of Olson and
May [Olson and May(1953)], first active impedance control strategies [Guick-
ing and Lorenz(1984),Galland et al.(2005)Galland, Mazeaud, and Sellen]
proposed an “active equivalent of the quarter wavelength resonance absorber”
for normal and grazing incidence problems, respectively. The same tech-
nique was slightly modified by [Betgen and Galland(2011)] in the attempt
to reproduce the Cremer’s liner optimal impedance for the first duct modes
pair [Cremer(1953),Tester(1973)]. As such impedance could not be achieved
in a broadband sense, this approach remained limited to monotonal applica-
tions.
These are examples of impedance control achieved through secondary source
approaches combined with passive liners, but the collocation of sensor and
actuator suggested also another avenue: the modification of the actuator
(loudspeaker or else) own mechano-acoustical impedance. The objective
shifts from creating a “quite zone” at a certain location, to achieving an
optimal impedance on the loudspeaker diaphragm. This is the Electroa-
coustic Resonator (ER) idea, which have found various declinations, such as
electrical-shunting [Fleming et al.(2007)Fleming, Niederberger, Moheimani,
and Morari], direct-impedance control [Furstoss et al.(1997)Furstoss, Thenail,
and Galland] and self-sensing [Leo and Limpert(1999)]. In order to overcome
the low-flexibility drawback of electrical shunting techniques, minimize the
number of sensors, meanwhile avoiding to get involved into the electrical-
inductance modelling of the loudspeaker, a pressure-based current-driven
architecture proved to achieve the best absorption performances in terms
of both bandwidth and tunability [Rivet et al.(2017)Rivet, Karkar, and
Lissek]. It employs one or more pressure sensors (microphones) nearby
the speaker, and a model-inversion digital algorithm to target the desired
impedance by controlling the electrical current in the speaker coil. Compared
to classical ANC strategies, the impedance control is conceived to assure the
acoustical passivity of the treated boundary, and hence the stability of the
control system independently of the external acoustic environment [Goodwin
et al.(2007)Goodwin, Graebe, and Salgado]. The correlation between passiv-
ity and stability of the ER, has been analysed in [De Bono et al.(2019)De
Bono, Collet, Karkar, Matten, Lissek, and Laurence,De Bono et al.(2022)De
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Bono, Collet, Matten, Karkar, Lissek, Ouisse, Billon, Laurence, and Volery].
The same architecture of ER has also been exploited to conceive an alterna-
tive control algorithm capable of enforcing nonlinear acoustical responses of
the ER at low excitation levels [De Bono et al.(2024a)De Bono, Morell, Collet,
Gourdon, Ture Savadkoohi, Ouisse, and Lamarque,Morell et al.(2024a)Morell,
Gourdon, Collet, Ture Savadkoohi, De Bono, and Lamarque, da Silveira
Zanin et al.(2023)da Silveira Zanin, Labetoulle, De Bono, Gourdon, Col-
let, and Ture Savadkoohi,Morell et al.(2023)Morell, Collet, Gourdon, and
Savadkoohi,Morell et al.(2021)Morell, De Bono, Collet, Gourdon, and Savad-
koohi,Morell et al.(2024c)Morell, Gourdon, Collet, Ture Savadkoohi, and
De Bono]. In [Collet et al.(2006)Collet, David, and Berthillier], for the first
time, a boundary operator involving the spatial derivative was targeted by
distributed electroacoustic devices. It was the first form of the Advection
Boundary Law (ABL), then implemented on ER arrays lining an acoustic
waveguide in [Karkar et al.(2019)Karkar, De Bono, Collet, Matten, Ouisse,
and Rivet], where it demonstrated non-reciprocal sound propagation. The
performances of such generalized impedance control law have been studied
both in its local and nonlocal declination in [De Bono et al.(2024b)De Bono,
Collet, and Ouisse,De Bono et al.(2023)De Bono, Ouisse, Collet, Salze, and
Mardjono, Salze et al.(2024)Salze, De Bono, Billon, Gillet, Volery, Collet,
Ouisse, Lissek, and Mardjono,Billon et al.(2022a)Billon, De Bono, Perez,
Salze, Matten, Gillet, Ouisse, Volery, Lissek, Mardjono, and Collet,Billon
et al.(2021)Billon, De Bono, Perez, Salze, Matten, Gillet, Ouisse, Volery,
Lissek, Mardjono, and Collet,Billon et al.(2022b)Billon, Collet, Salze, Gillet,
Ouisse, Volery, Lissek, and Mardjono,Billon et al.(2023)Billon, Gillet, Salze,
Volery, De Bono, Ouisse, Lissek, Collet, and Mardjono].
The SALUTE projects has the objective to prompt the Technology-Readiness-
Level (TRL) of a liner made up of ERs. Compact cells, each one integrating 4
microphones, a speaker and a microprocessor to execute the control algorithm,
compose an array which can replace the parietal walls of a duct. In order to
protect the electromechanical devices from the turbolent flow, a wiremesh,
sustained by a perforated plate, is placed in front of the electroacoustic liner.
Such protective liner is supposed to be quasi-transparent with respect to the
acoustic field. In this second part of our contribution, we analyse the results
obtained by the experimental campaign on a scaled 1:3 reproduction of tur-
bofan engine, called PHARE-2 [Pereira et al.(2019)Pereira, Salze, Regnard,
Gea-Aguilera, and Gruber], present in the Laboratory of Fluid Mechanics
and Acoustics (LMFA) of the École Centrale de Lyon. Two rings of 28 ER
cells are employed to line a 10 cm segment at the entrance of the turbofan
intake. Several engine speeds are tested, demonstrating the capability of our
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electro-active liner to reduce noise radiation. Before the experimental part,
numerical simulations are illustrated which allowed to gain confidence about
the control strategy to damp the spinning modes in a cylindrical waveguide.

1.1 Multi-modal scattering

In this section, we aim at solving the multi-modal scattering problem in case
of absence of mean-flow. It is defined as in Eq. (1), where the terms C+

µ , A−
γ ,

A+
ν and C−

σ are illustrated in Figure 1. The transmission coefficient matrix
for example, [T+

µ,ν ], links the amplitudes of the incident guided modes {A+
ν }

(with varying mode index “ν”) to the amplitudes of the transmitted guided
modes {C+

µ } (of varying index “µ”).[
{C+

µ }
{A−

γ }

]
=

[
[T+

µ,ν ] [R−
µ,σ]

[R+
γ,ν ] [T−

γ,σ]

] [
{A+

ν }
{C−

σ }

]
(1)

In COMSOL Multiphysics, a Finite-Element (FE) model of a cylinder of
radius 0.25 m, with a treated segment of 0.1 m, has been created, see Figure
2. The segments on the left and on the right side of the treated segment
has been defined sufficiently far from the respective terminations in order to
avoid border effects.
In order to define indicators for the transmission, reflection and absorption
performances of the liner, the acoustic intensity has to be defined:

I(ω, x) =
1

2

∫ R

0

∫ 2π

0
Re{p(x, r, θ, ω) v∗(x, r, θ, ω)}rdrdθ, (2)

where th superscript ∗ indicates the complex conjugate. The acoustic
intensities can be computed at the left and right terminations, by exploiting
the orthogonality condition between guided modes in rigid waveguides. Sup-
posing to excite the system by incident modes A+

ν (ω) ̸= 0 and C−
σ (ω) = 0,

the pressure pL(ω) at the left section, can be written in terms of the reflection
coefficients R+

γ,ν(ω) as in Eq. (3a). The acoustic velocity vL(ω) along the

Figure 1. Illustration of the scattering problem in acoustic waveguide, with
guided modes amplitudes definition on the left side, and on the right side of
the acoustically treated segment.
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Figure 2. Mesh of the cylinder FE model, with the treated (lined) segment
specified, as well as the right and left terminations.

longitudinal direction, is easily retrieved in Eq. (3b) from the Euler equation
along the longitudinal direction x: −ρ0∂tvx = ∂xp.

pL(ω) =
∑
ν

A+
ν (ω)

∑
γ

Jm(γ)(krm(γ)n(γ)
r)ejm(γ)θ

(
δν,γ +R+

γ,ν(ω)

)
, (3a)

vL(ω) =
1

ρ0jω

∑
ν

(A+
ν (ω))

∗
∑
γ

J∗
m(γ)(krm(γ)n(γ)

r)e−jm(γ)θ

(
jk∗xν

(ω)δν,γ−jk∗xγ
(ω)(R+

γ,ν(ω))
∗
)
,

(3b)
From Eq. (2), and by choosing the opportune normalization of the Bessel

function mode-shapes Jm(γ), the acoustic intensity at the left-section termina-
tion IL(ω) expression of Eq. (4a) is obtained [Rienstra(2015)]. Analogously,
the acoustic intensity IR(ω) can be evaluated at the right termination in
terms of the transmission coefficient T+

µ,ν(ω) as in Eq. (4b). Observe that in
Eq.s (4), we assume to neglect the so-called tunnelling effect [Rienstra(2015)],
which is an acceptable assumption as long as the computation is performed
sufficiently far from duct discontinuities, so that to discard contribution of
evanescent modes.

IL(ω) =
πR

ρ0ω

∑
ν

|A+
ν (ω)|2

∑
γ

(
Re{kxν (ω)}δν,γ − Re{kxγ (ω)}|R+

γ,ν(ω)|2
)
(4a)

IR(ω) =
πR

ρ0ω

∑
ν

|A+
ν (ω)|2

∑
µ

(
Re{kxµ(ω)}|T+

µ,ν(ω)|2
)

(4b)
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From the expressions of IL(ω) and IR(ω), we can define the incident
I+inc(ω), reflected I+refl(ω) and transmitted I+transm(ω) acoustic intensities, as
in Eq.s (5):

I+inc(ω) =
πR

ρ0ω

∑
ν

Re{kxν (ω)}|A+
ν (ω)|2 (5a)

I+refl(ω) =
πR

ρ0ω

∑
ν

|A+
ν (ω)|2

∑
γ

Re{kxγ (ω)}|R+
γ,ν(ω)|2 (5b)

I+transm(ω) =
πR

ρ0ω

∑
ν

|A+
ν (ω)|2

∑
µ

Re{kxµ(ω)}|T+
µ,ν(ω)|2. (5c)

As we excite the system by one single mode ν at a time, we can define
the intensity reflection r+I,ν , transmission t+I,ν and absorption coefficient α+

I,ν

relative to that single mode:

r+I,ν(ω) =

∑
γ Re{kxγ (ω)}|R+

γ,ν(ω)|2

Re{kxν (ω)}
(6a)

t+I,ν(ω) =

∑
µRe{kxµ(ω)}|T+

µ,ν(ω)|2

Re{kxν (ω)}
(6b)

α+
I,ν(ω) = 1− |rI,ν(ω)|2 − |tI,ν(ω)|2, (6c)

Analogously, the intensity scattering coefficients r−I,σ(ω), t−I,σ(ω) and

α−
I,σ(ω) for each mode σ exciting the system from the right termination, can

be retrieved after computing the scattering coefficients R−
µ,σ(ω) and T−

γ,σ(ω).

After having defined the multi-modal scattering problem, we present now
some interesting results concerning the attenuation of sound propagation
achieved by both a purely local impedance boundary condition (BC), and
the so-called Advection Boundary Law (ABL). The ABL is an extension of
the local BC, where the local impedance operator defines the relationship
between the boundary acceleration and a Lagrangian (not Eulerian as for
purely local BCs) derivative of sound pressure, with an advection speed given
in the control. This boundary law is reported below:

ZLoc(∂t) ∗ ∂tvn = ∂tp+ Ub∂arcθp on ∂Ω. (7)

In Eq. (7), ZLoc(∂t) is the differential operator in time domain corre-
sponding to a local complex impedance, ∗ is the convolution operation, vn is
the velocity normal to the boundary ∂Ω, p is the acoustic pressure, Ub is the
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Figure 3. Intensity scattering coefficients in case of Mb = 0 and Mb = −2,
for the first three modes with m ̸= 0.

advection speed and arcθ = Rθ is the arc relative to the angle θ and radius
R. We define Mb = Ub/c0. By defining the boundary advection along the
azimuthal direction, we can contrast the propagation of the spinning modes
which rotate in the opposite sense with respect to Ub. These modes are the
most interested in a turbofan nacelle.
We present here the simulation results obtained by such control law which has
been also tested experimentally on the test-bench Phare2 [Salze et al.(2019)Salze,
Pereira, Souchotte, Regnard, Gea-Aguilera, and Gruber,Pereira et al.(2019)Pereira,
Salze, Regnard, Gea-Aguilera, and Gruber]. It is hence helpful for the inter-
pretation and appreciation of the experimental results as well.
In Figure 3 we compare the scattering coefficients in case of purely local tar-
get impedance (ABL with Mb = 0), and advected law (ABL with Mb = −2),
by exciting the first azimuthal modes with m > 0. Observe the enhancement
of the transmission attenuation in case of Mb = −2, corresponding to an
increase in the reflection coefficient. Note also that the mode with m = 3
cuts on around 950 Hz, and its transmission is significantly attenuated when
Mb = −2.

These computations have very much helped to gain confidence about
the expectable results in the experimental campaign. In addition, they
can provide an useful tool for optimization of boundary control laws in
multi-modal acoustic fields.
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2 Phare test-bench

Figure 4. Photos of the PHARE-2 duct stage, with (left) and without
(right) turbolence screen.

Figure 5. Sketch of the PHARE-2 duct stage.

Here we report the results of the experimental campaign on the test-bench
PHARE-2, in the Laboratory of Fluid Mechanics and Acoustics (LMFA) of
the École Centrale de Lyon, representative of a real turbofan engine at the
laboratory scale. The turbofan engine duct is located inside an anechoic
chamber. The rotational speed, up to 16000 rotations per minute, is provided
by a 3 MW electrical engine. The air flow, up to about 40 kg/s, generated
by the turbofan, passes through acoustic baffles on the roof of the building.
Using this test-rig, interest was focused on the characterization of UHBR
industrial turbofans, regarding acoustic aspects [Salze et al.(2019)Salze,
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Figure 6. Photo of the single ER cell, and sketch of the modified inlet
accommodating the electro-active liner.

Pereira, Souchotte, Regnard, Gea-Aguilera, and Gruber], modal decomposi-
tion [Pereira et al.(2019)Pereira, Salze, Regnard, Gea-Aguilera, and Gruber],
and aerodynamic instabilities [Brandstetter et al.(2019)Brandstetter, Pao-
letti, and Ottavy]. The experimental configuration is photographed in Fig 4,
and sketched in Fig. 5. The electro-active liner is located in the inlet of the
test-rig at the location marked in red in Fig. 5. The performances of the
electro-active liner are retrieved by two microphone rings, placed upstream
and downstream the liner in the nacelle, and by the external microphone
antenna. The microphone rings in the nacelle allow to retrieve information
about the azimuthal modal content downstream and upstream the liner,
and the microphone antenna gives us the noise radiated upstream. The
modified nacelle inlet, accommodating the ER liner is displayed in Fig. 6
along with a photo of the single ER, made up of a loudspeaker (the actuator)
and four microphones able to retrieve both the average sound pressure on
the cell (p), and a first order finite difference approximation of the azimuthal
derivative (∂{arcθ}p). Those inputs are fed into a digital processor driving
the electrical current in the speaker coil of each ER. A Howland current
pump circuit is integrated in each cell in order to enforce the desired electrical
current [Pease(2008)], which allows to pilot the velocity of the speaker mem-
brane and achieve, therefore, the target (generalized) impedance operator on
each ER membrane. The control algorithm is based upon the model-inversion
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approach, and is detailed in [De Bono et al.(2022)De Bono, Collet, Matten,
Karkar, Lissek, Ouisse, Billon, Laurence, and Volery,De Bono et al.(2024a)De
Bono, Morell, Collet, Gourdon, Ture Savadkoohi, Ouisse, and Lamarque].
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Figure 7. Normalized modal amplitude upstream (a) and downstream (b)
the lined segment, around the Blade-Passing-Frequency (BPF) at 30% of the
nominal engine speed, with varying Ub.

Figure 8. Insertion-Loss with respect to the Control-off configuration, at
microphone 6 of the external antenna, around the BPF at 30% of the nominal
engine speed.

The modal content upstream and downstream the lined segment can be
retrieved by post-processing the measurements of the two rings of microphone
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as described in [Pereira et al.(2019)Pereira, Salze, Regnard, Gea-Aguilera,
and Gruber]. The normalized modal contents are reported in Fig. 7a and
7b for the upstream and downstream sections respectively, with varying
Ub, around the Blade-Passing-Frequency (BPF) at 30% of the nominal
engine speed. Observe that such engine speed presents a BPF which is close
to the BPF of real-size turbofans at full engine speed, therefore it is very
significant to demonstrate the electro-active liner performances at this regime.
Observe how for positive Ub, i.e. opposing the azimuthal phase speed of the
acoustic modes with negative m, we reduce the upstream transmission of such
modes, while slightly augmenting the upstream transmission of modes with
positive m, as expected because of the non-reciprocity of our ABL [Karkar
et al.(2019)Karkar, De Bono, Collet, Matten, Ouisse, and Rivet]. Since the
dominating mode m = −3 at the BPF is strongly attenuated in the upstream
section, a reduction of noise radiation appears in Fig. 8 for Ub = −2c0 with
respect to the purely local impedance control (Ub = 0). In Fig. 8, indeed,
we report the Insertion Loss (IL) with reference the control-off configuration,
around the BPF at 30% of the nominal engine speed.

3 Conclusions

In this paper, we have provided the numerical simulations of an innovative
nonlocal control law applied to cylindrical waveguide travelled by spinning
modes. Then, we have shown some results obtained on the PHARE-2 facility,
which is able to characterize the radiation from a real turbofan engine at
laboratory scale (approximately 1:3 with respect to actual turbofan sizes).
Two rings, each one composed by 28 Electroacoustic Resonator cells have
been integrated at the inlet of the nacelle, and both Local and Advective
Boundary Control laws have been tested. We have reported the performances
achieved around the Blade-Passing-Frequency when the turbofan engine
operates at 30% of its full speed. Such configuration is significant because it
corresponds to the Blade-Passing-Frequency of a real-size turbofan operating
at its full speed. Our electroacoustic liner has proved robustness, stability
and promising performances when faced with such a complex and harsh
environment. In particular, here we have showed the enhancement of isolation
(reduction of upstream transmission and radiation) achieved thanks to the
implementation of an Advection Boundary Law in the azimuthal sense.
The experimental performances validate the numerical predictions in terms
of the potentiality of the Advection Boundary Law to attenuate spinning
modes rotating in the opposite sense with respect to the artificial advection
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introduced on the boundary.

Acknowledgments

The authors are particularly grateful to Benoit Paoletti, Cedric Desbois and
Antonio Pereira for their help in conducting the experiment on the PHARE-2
facility. The SALUTE project has received funding from the Clean Sky 2
Joint Undertaking under the European Union’s Horizon 2020 research and
innovation programme under grant agreement N 821093. This publication
reflects only the author’s view and the JU is not responsible for any use that
may be made of the information it contains.

References

[Ma and Su(2020)] Ma, X., and Su, Z., “Development of acoustic liner in
aero engine: a review,” Science China Technological Sciences, 2020, pp.
1–14.

[Hermiller and Maddux(2013)] Hermiller, J. M., and Maddux, M. R., “Mor-
phing Resonators for Adaptive Noise Reduction,” Acoustical Society of
America Journal, Vol. 134, No. 5, 2013, p. 3963.

[Esteve and Johnson(2004)] Esteve, S. J., and Johnson, M. E., “Develop-
ment of an adaptive Helmholtz resonator for broadband noise control,”
ASME International Mechanical Engineering Congress and Exposition,
Vol. 47152, 2004, pp. 47–53.

[Olson and May(1953)] Olson, H. F., and May, E. G., “Electronic Sound
Absorber,” Journal of the Acoustical Society of America, Vol. 25, No. 6,
1953, pp. 1130–1136. https://doi.org/10.1121/1.1907249, URL http:
//asa.scitation.org/doi/10.1121/1.1907249.

[Guicking and Lorenz(1984)] Guicking, D., and Lorenz, E., “An active
sound absorber with porous plate,” Journal of Vibration and Acous-
tics, Transactions of the ASME, Vol. 106, No. 3, 1984, pp. 389–392.
https://doi.org/10.1115/1.3269206.

[Galland et al.(2005)Galland, Mazeaud, and Sellen] Galland, M.-A.,
Mazeaud, B., and Sellen, N., “Hybrid passive/active absorbers
for flow ducts,” Applied Acoustics, Vol. 66, No. 6, 2005, pp.

13

https://doi.org/10.1121/1.1907249
http://asa.scitation.org/doi/10.1121/1.1907249
http://asa.scitation.org/doi/10.1121/1.1907249
https://doi.org/10.1115/1.3269206


691–708. https://doi.org/10.1016/j.apacoust.2004.09.007, URL
https://linkinghub.elsevier.com/retrieve/pii/S0003682X04001744.

[Betgen and Galland(2011)] Betgen, B., and Galland, M. A., “A new hy-
brid active/passive sound absorber with variable surface impedance,”
Mechanical Systems and Signal Processing, Vol. 25, No. 5, 2011, pp.
1715–1726. https://doi.org/10.1016/j.ymssp.2010.12.006, URL https:
//linkinghub.elsevier.com/retrieve/pii/S0888327010004309.

[Cremer(1953)] Cremer, L., “Theory regarding the attenuation of sound
transmitted by air in a rectangular duct with an absorbing wall, and the
maximum attenuation constant produced during this process,” Acustica,
Vol. 3, No. 1, 1953, p. 249.

[Tester(1973)] Tester, B., “The optimization of modal sound attenuation
in ducts, in the absence of mean flow,” Journal of Sound and Vi-
bration, Vol. 27, No. 4, 1973, pp. 477–513. https://doi.org/10.1016/
S0022-460X(73)80358-X, URL https://linkinghub.elsevier.com/retrieve/
pii/S0022460X7380358X.

[Fleming et al.(2007)Fleming, Niederberger, Moheimani, and Morari]
Fleming, A. J., Niederberger, D., Moheimani, S. O., and Morari, M.,
“Control of resonant acoustic sound fields by electrical shunting of a loud-
speaker,” IEEE Transactions on Control Systems Technology, Vol. 15,
No. 4, 2007, pp. 689–703. https://doi.org/10.1109/TCST.2006.890276,
URL http://ieeexplore.ieee.org/document/4252096/.

[Furstoss et al.(1997)Furstoss, Thenail, and Galland] Furstoss, M., Thenail,
D., and Galland, M., “Surface impedance control for sound absorp-
tion: direct and hybrid passive/active strategies,” Journal of Sound
and Vibration, Vol. 203, No. 2, 1997, pp. 219–236. https://doi.org/10.
1006/jsvi.1996.0905, URL https://linkinghub.elsevier.com/retrieve/pii/
S0022460X96909050.

[Leo and Limpert(1999)] Leo, D. J., and Limpert, D. K., “Self-sensing tech-
nique for active acoustic attenuation,” Collection of Technical Papers -
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and
Materials Conference, Vol. 4, American Institute of Aeronautics and
Astronautics, Reston, Virigina, 1999, pp. 2603–2610. https://doi.org/10.
2514/6.1999-1530, URL http://arc.aiaa.org/doi/10.2514/6.1999-1530.

[Rivet et al.(2017)Rivet, Karkar, and Lissek] Rivet, E., Karkar, S., and Lis-
sek, H., “Broadband Low-Frequency Electroacoustic Absorbers Through

14

https://doi.org/10.1016/j.apacoust.2004.09.007
https://linkinghub.elsevier.com/retrieve/pii/S0003682X04001744
https://doi.org/10.1016/j.ymssp.2010.12.006
https://linkinghub.elsevier.com/retrieve/pii/S0888327010004309
https://linkinghub.elsevier.com/retrieve/pii/S0888327010004309
https://doi.org/10.1016/S0022-460X(73)80358-X
https://doi.org/10.1016/S0022-460X(73)80358-X
https://linkinghub.elsevier.com/retrieve/pii/S0022460X7380358X
https://linkinghub.elsevier.com/retrieve/pii/S0022460X7380358X
https://doi.org/10.1109/TCST.2006.890276
http://ieeexplore.ieee.org/document/4252096/
https://doi.org/10.1006/jsvi.1996.0905
https://doi.org/10.1006/jsvi.1996.0905
https://linkinghub.elsevier.com/retrieve/pii/S0022460X96909050
https://linkinghub.elsevier.com/retrieve/pii/S0022460X96909050
https://doi.org/10.2514/6.1999-1530
https://doi.org/10.2514/6.1999-1530
http://arc.aiaa.org/doi/10.2514/6.1999-1530


Hybrid Sensor-/Shunt-Based Impedance Control,” IEEE Transactions
on Control Systems Technology, Vol. 25, No. 1, 2017, pp. 63–72.
https://doi.org/10.1109/TCST.2016.2547981, URL http://ieeexplore.
ieee.org/document/7453162/.

[Goodwin et al.(2007)Goodwin, Graebe, and Salgado] Goodwin, G. C.,
Graebe, S. F., and Salgado, M. E., Control System Design, Vol. 27,
Prentice Hall New Jersey, 2007.

[De Bono et al.(2019)De Bono, Collet, Karkar, Matten, Lissek, and Laurence]
De Bono, E., Collet, M., Karkar, S., Matten, G., Lissek, H., and
Laurence, T., “Electroacoustic Resonators: System Identification and
Stabililty,” 26th International Congress on Sound & Vibration-ICSV26,
2019.

[De Bono et al.(2022)De Bono, Collet, Matten, Karkar, Lissek, Ouisse, Billon, Laurence, and Volery]
De Bono, E., Collet, M., Matten, G., Karkar, S., Lissek, H., Ouisse, M.,
Billon, K., Laurence, T., and Volery, M., “Effect of time delay on the
impedance control of a pressure-based, current-driven Electroacoustic
Absorber,” Journal of Sound and Vibration, Vol. 537, 2022, p. 117201.
https://doi.org/10.1016/j.jsv.2022.117201.

[De Bono et al.(2024a)De Bono, Morell, Collet, Gourdon, Ture Savadkoohi, Ouisse, and Lamarque]
De Bono, E., Morell, M., Collet, M., Gourdon, E., Ture Savadkoohi,
A., Ouisse, M., and Lamarque, C. H., “Model-inversion control to
enforce tunable Duffing-like acoustical response on an Electroacoustic
resonator at low excitation levels,” Journal of Sound and Vibration,
Vol. 570, 2024a, p. 118070. https://doi.org/10.1016/j.jsv.2023.118070,
URL https://linkinghub.elsevier.com/retrieve/pii/S0022460X23005199.

[Morell et al.(2024a)Morell, Gourdon, Collet, Ture Savadkoohi, De Bono, and Lamarque]
Morell, M., Gourdon, E., Collet, M., Ture Savadkoohi, A.,
De Bono, E., and Lamarque, C.-H., “Towards digitally pro-
grammed nonlinear electroacoustic resonators for low ampli-
tude sound pressure levels: Modeling and experiments,” Jour-
nal of Sound and Vibration, Vol. 584, 2024a, p. 118437.
https://doi.org/https://doi.org/10.1016/j.jsv.2024.118437, URL https:
//www.sciencedirect.com/science/article/pii/S0022460X24002001.

[da Silveira Zanin et al.(2023)da Silveira Zanin, Labetoulle, De Bono, Gourdon, Collet, and Ture Savadkoohi]
da Silveira Zanin, C. E., Labetoulle, A., De Bono, E., Gourdon, E., Col-
let, M., and Ture Savadkoohi, A., “Experimental evidences of nonlinear

15

https://doi.org/10.1109/TCST.2016.2547981
http://ieeexplore.ieee.org/document/7453162/
http://ieeexplore.ieee.org/document/7453162/
https://doi.org/10.1016/j.jsv.2022.117201
https://doi.org/10.1016/j.jsv.2023.118070
https://linkinghub.elsevier.com/retrieve/pii/S0022460X23005199
https://doi.org/https://doi.org/10.1016/j.jsv.2024.118437
https://www.sciencedirect.com/science/article/pii/S0022460X24002001
https://www.sciencedirect.com/science/article/pii/S0022460X24002001


programmable electroacoustic loudspeaker,” Building Acoustics, Vol. 30,
No. 3, 2023, pp. 249–263. https://doi.org/10.1177/1351010X231184040.

[Morell et al.(2023)Morell, Collet, Gourdon, and Savadkoohi] Morell, M.,
Collet, M., Gourdon, E., and Savadkoohi, A. T., “Control of an acoustic
mode by a digitally created Nonlinear Electroacoustic Absorber at low
excitation levels: Analytical and Experimental results,” Surveillance,
Vibrations, Shock and Noise, 2023.

[Morell et al.(2024b)Morell, Gourdon, Collet, Ture Savadkoohi, and De Bono]
Morell, M., Gourdon, E., Collet, M., Ture Savadkoohi, A., and De
Bono, E., “Nonlinear Digitally created Electroacoustic Absorber
Designed for Acoustic Energy Pumping,” 2024b, pp. 4807–4810.
https://doi.org/10.61782/fa.2023.0862.

[Morell et al.(2021)Morell, De Bono, Collet, Gourdon, and Savadkoohi]
Morell, M., De Bono, E., Collet, M., Gourdon, E., and Savadkoohi,
A. T., “An Electroacoustic Absorber featuring Nonlinear dynamics at
low excitation amplitudes,” SPIE Smart Structures + NDE, 2021.

[Morell et al.(2024c)Morell, Gourdon, Collet, Ture Savadkoohi, and De Bono]
Morell, M., Gourdon, E., Collet, M., Ture Savadkoohi, A., and De
Bono, E., “Nonlinear Digitally created Electroacoustic Absorber
Designed for Acoustic Energy Pumping,” 2024c, pp. 4807–4810.
https://doi.org/10.61782/fa.2023.0862.

[Collet et al.(2006)Collet, David, and Berthillier] Collet, M., David, P., and
Berthillier, M., “Active acoustical skin using distributed electrodynami-
cal transducers,” EURONOISE 2006 - The 6th European Conference on
Noise Control: Advanced Solutions for Noise Control, Vol. 125, No. 2,
2006, pp. 882–894.

[Karkar et al.(2019)Karkar, De Bono, Collet, Matten, Ouisse, and Rivet]
Karkar, S., De Bono, E., Collet, M., Matten, G., Ouisse, M., and
Rivet, E., “Broadband Nonreciprocal Acoustic Propagation Using
Programmable Boundary Conditions: From Analytical Modeling to
Experimental Implementation,” Physical Review Applied, Vol. 12, No. 5,
2019, p. 054033. https://doi.org/10.1103/PhysRevApplied.12.054033,
URL https://link.aps.org/doi/10.1103/PhysRevApplied.12.054033.

[De Bono et al.(2024b)De Bono, Collet, and Ouisse] De Bono, E., Collet,
M., and Ouisse, M., “The Advection Boundary Law in absence of

16

https://doi.org/10.1177/1351010X231184040
https://doi.org/10.61782/fa.2023.0862
https://doi.org/10.61782/fa.2023.0862
https://doi.org/10.1103/PhysRevApplied.12.054033
https://link.aps.org/doi/10.1103/PhysRevApplied.12.054033


mean flow: passivity, nonreciprocity and enhanced noise transmission
attenuation,” arXiv preprint arXiv:2403.10426, 2024b.

[De Bono et al.(2023)De Bono, Ouisse, Collet, Salze, and Mardjono] De
Bono, E., Ouisse, M., Collet, M., Salze, E., and Mardjono, J., “A
nonlocal boundary control, from plane waves to spinning modes control.”
Active and Passive Smart Structures and Integrated Systems XVII, Vol.
12483, SPIE, 2023, p. 74. https://doi.org/10.1117/12.2658382.

[Salze et al.(2024)Salze, De Bono, Billon, Gillet, Volery, Collet, Ouisse, Lissek, and Mardjono]
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