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Abstract — In the majority of active sound absorbing systems, a conventional electrodynamic loudspeaker is
used as a controlled source. However, particular situations may require an actuator that is more resistant to
harsh environments, adjustable in shape, and lighter. In this work, a plasma-based electroacoustic actuator
operating on the atmospheric corona discharge principle is used to achieve sound absorption in real-time.
Two control strategies are introduced and tested for both normal in the impedance tube and grazing incidence
in the flow duct. The performance of plasma-based active absorber is competitive with conventional passive
technologies in terms of effective absorption bandwidth and low-frequency operation, however, it presents some
inherent limitations that are discussed. The study reveals that the corona discharge technology is suitable for
active noise control in ducts while offering flexibility in design, compactness, and versatility of the absorption

frequency range.
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1 Introduction

Recent aircraft engines developments have been focus-
ing on decreasing the fan’s rotation speed, with the aim of
reducing their fuel consumption. Consequently, the frequen-
cies of the tonal noise emitted with such architectures are
lower than for previous engine generations [1, 2]. Absorbing
sound within this new frequency range would not be such a
challenge if the space and the weight allocated to the acous-
tic treatment were not limited. Thus, conventional aircraft
liners based on quarter wave-length resonators [3, 4] may
not be an optimal solution anymore, and new sub-wave-
length liner concepts have to be found.

A good example of such materials are membrane-based
acoustic resonators which allow increasing the ratio
between the acoustic wavelength to be absorbed and the
absorber thickness (in [5] the ratio reaches 200). However
in this case, the high sub-wavelength ratio is associated
with a very narrow absorption peak that is not well suited
for nacelles applications. Slow sound devices have been also
investigated in the framework of this problem, but dramatic
flow effects were found to be critical for their performance
and final use in the aeronautic context [6]. Finally, recent

*Corresponding author: herve.lissek@epfl.ch

progress in modelling and 3D printing of porous and
meta-porous materials placed them as serious candidate
concepts to perform broadband absorption while reducing
the mass of the acoustic treatments [7, 8]. However, their
application in real environmental conditions is still to be
evaluated.

Alternatively, active sound absorbing systems have
been intensively investigated. Different approaches demon-
strated their ability to manipulate the sound field in a wide
frequency range [9-11]. Active absorbers are specifically effi-
cient at low frequencies while staying relatively small com-
pared to the wavelength [12]. Several acoustic liner
prototypes operating with active control principles have
already been reported [13-15]. Moreover, as it is possible
to digitally change control parameters, the same absorbing
device can target different frequency ranges which is useful
in case of a drifting noise emitted by an aircraft engine.

When implementing active noise reduction methods,
typically electrodynamic loudspeakers are employed as con-
trol transducers. It is a favorable choice for many applica-
tions, since loudspeaker drivers have a rather wide
frequency response. Moreover, they are inexpensive and
can be precisely modelled analytically [16]. However, for
certain situations, such as an aircraft nacelle, their utiliza-
tion may appear difficult. In particular, the loudspeaker
membranes constitute a fragile part in such extreme
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conditions. At high sound pressure levels the displacement
of the membrane can exceed the specified limits and lead
to strongly nonlinear response. Additionally, a great num-
ber of active cells needed to cover large area [15] is likely
to yield an excessive total system weight. Thus, piezoelec-
tric transducers have been proposed as a substitute since
they are more compact and lighter [13]. Unfortunately,
the narrow frequency response limits their application for
active control [14]. Summarizing the desirable properties,
the transducer for active control should be light, mechani-
cally robust and be able to operate at high sound pressure
levels (up to 150 dB), operate in a sufficient bandwidth
(from 100 Hz to a few kilohertz), have sufficiently low har-
monic distortion. Therefore, an alternative actuator which
can satisfy most of the aforementioned requirements is of
the high importance to find.

This study focuses on a plasma-based actuator as a pos-
sible solution for active control applications in aircraft
engines. It is worth noting that these actuators are widely
used in the flow control research [17-19]. Some acoustic
applications such as instability wave control in a turbulent
jet and tonal cavity noise reduction have been reported in
the literature [20, 21]. In general, a plasma actuator simply
consists of two metallic electrodes separated by a dielectric
gap. Several types of gas discharges such as dielectric bar-
rier and corona discharge can be used to control the velocity
field in the vicinity of the actuator. This is done by gener-
ating a volume force due to the constant air ionization
induced by a strong electrical field. When an alternating
electrical signal is applied to the plasma actuator, the mod-
ulation of the body force and the heat release in the vicinity
of the electrodes lead to the perturbation of the local pres-
sure and velocity fields. Thus, sound waves are created |22,
23]. The common characteristic of plasma actuators is a
simple construction without any moving parts. Conse-
quently, they are light, mechanically robust, with a short
response time to an electrical signal. In [24], the acoustic
properties of an electroacoustic actuator based on the atmo-
spheric corona discharge in a wire-to-mesh geometry have
been investigated. Its non-resonant frequency response, sat-
isfactorily low harmonic distortion, along with the above-
mentioned properties of plasma-based actuators make it
an appealing candidate for active noise control applications.
In the present work, we further investigate such capabilities
by implementing two active noise reduction strategies
called “hybrid absorption” and “active impedance control”.
Their performance with a plasma actuator are evaluated
and compared. The paper is divided in three main parts.
First, the two sound absorption methods are introduced.
Then, experimental assessment of two prototypes applying
each control strategy is carried out in an impedance tube
under normal incidence. Finally, the prototype of an acous-
tic liner is presented and experimentally characterised
under grazing incidence. Its capabilities to induce broad-
band sound absorption and to attenuate a certain frequency
interval are presented. The advantages and shortcomings of
the developed system are discussed in the conclusions.

2 Absorption concepts and corona discharge
actuator

The previous study [24] introduced simple analytical
model of a corona discharge (CD) actuator sound radiation
in free space with far field approximation. Nonetheless, it
does not describe the near field behaviour when the system
is enclosed. In addition, the radiated sound pressure is influ-
enced by the effective ion mobility parameter. This param-
eter depends on the gas mixture, its density, and humidity,
and can vary in different environments [25]. Consequently,
the active control strategies which use a physical model of
the transducer (e.g. feedforward model inversion [12])
appear difficult to rely on because of the high sensitivity
to model inaccuracies. Therefore, two noise control strate-
gies with feedback architecture were chosen and imple-
mented which do not require any analytical model of the
actuator. The first technique, referred to as “hybrid absorp-
tion”, utilizes the absorbing properties of passive structures
combined with the active control of the actuator. The sec-
ond method consists in a direct active impedance control,
using pressure-velocity feedback.

2.1 Hybrid absorption

When a constant pressure difference is applied between
the two opposite sides of a porous layer of thickness d, the
velocity u of the generated fluid flow can be written as:

u=(p, —p,)/rd, (1)

where r is the flow resistivity of a material. The same
equation holds for acoustic pressure and velocity at low
frequencies assuming the porous layer is purely resistive
[11, 13]. If the pressure behind the porous layer p, is set
to zero, the material flow resistance rd becomes equal to
the acoustic impedance at the front surface of the layer:

rd =7, = p,/u. (2)

In the hybrid absorption strategy, the CD actuator is
employed to impose a null pressure py = 0 behind the porous
layer at each frequency. To obtain perfect absorption, the
problem consists in finding a material with a resistance close
to the optimal impedance. Since the latter is different for the
normal and grazing incidence experiments, the implementa-
tion details are provided in the following sections.

This approach is advantageous for the corona discharge
transducer since it only relies on pressure measurements
close to the CD and requires a low signal distortion from
the actuator. The main drawback of this technique, how-
ever, is that there is no possibility to influence the reactive
part of the acoustic impedance. Instead, it is always set to
zero. More sophisticated method involving the control of
both p; and p, can be used to target frequency dependent
impedances, but in this case another resistive layer will be
needed to protect the exposed microphone against the flow
which complicates the design [14].
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2.2 Direct impedance control via pressure-velocity
feedback

If the actuator model is unknown, the acoustic impe-
dance of the actuator can be controlled with a feedback
loop, estimating both acoustic pressure and particle velocity
in front of the actuator in real time [26]. For simplicity of
implementation, a proportional feedback is chosen. The
proposed control architecture is schematically presented
in Figure 1. The two input signals are the pressures p;
and p, sensed with closely spaced microphones. It is impor-
tant to mention that the control method only relies on the
microphones, because they are inexpensive and can deliver
velocity information in front of CD compared to other avail-
able sensors (e.g. accelerometer, laser velocimeter, P-U
probe, etc.).

The estimation of the particle velocity w. in time
domain is obtained from the one dimensional Euler equa-
tion [27]. Approximating the pressure gradient by the differ-
ence between pressure measurements at two positions, the
equation reads:

e t) = — dp—(t)dtzl/pil(t) ol g, ()

0 dx 0 /
where [ is the distance between the microphones. In the
frequency domain, equation (3) becomes

s) — pyls

Vet (5) = l%’ (4)
with s = jw the Laplace variable and p the air mass den-
sity. Such an estimation of the particle velocity implies
that [ is reasonably smaller than the wavelength of the
acoustic signal. On the other hand, when the wavelength
is much larger than [, the separation may be not sufficient
for an accurate estimation of the velocity in presence of
any parasitic noise in the system. Therefore, the distance
[ is constrained by both lowest and highest frequency of
interest. In this work we consider a frequency range below
2000 Hz (more difficult to tackle with passive materials in
a limited space). The distance /is set to 30 mm in order to
remain smaller than the quarter of the wavelength at 2000
Hz and still be accurate at low frequencies.

As can be seen in Figure 1, the two microphones used to
estimate the particle velocity are placed close to the front
face of the CD actuator. The estimated velocity v is fur-
ther compared to the target v. The target velocity is the
one needed to achieve the target acoustic impedance Z;
for a given input acoustic pressure value. Thus, it is calcu-
lated in the frequency domain by dividing the pressure from
microphone 2 by the target impedance:

- Pa(s)
by = Zt(s)' (5)

The steps corresponding to equations (4) and (5) are shown
in Figure 1 with rectangular blocks indicating continuous
time transfer functions which should be discretized for
implementation on a digital platform. The difference
between v, and v, represents the error that should be
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Figure 1. Schematics of the direct impedance control loop via
pressure-velocity feedback.

nichrome wire‘

grounded
mesh

Figure 2. Photo of corona discharge actuator in a wire-to-mesh
geometry.

minimised. This error is multiplied by a dimensional pro-
portional gain G to provide the appropriate voltage signal
1 to the actuator. The control action proportional to veloc-
ity is chosen since the CD actuator is considered to be a flow
velocity source by its physical principle of operation.

Compared to hybrid absorption where only constant
real valued impedances can be achieved, and where any
adjustment requires a replacement of the porous layer,
the active impedance control method allows changing it
digitally. It can also be set as a frequency dependent func-
tion. Theoretically, the target impedance is achieved only
when the gain G is infinitely high. In practice, the actually
achieved impedance tends to the target value as the gain G
increases up to the threshold of stability.

2.3 CD actuator

The experimental prototype of the corona discharge
actuator used for both control strategies has been built in
a wire-to-mesh geometry (Fig. 2) according to the design
proposed in [24]. The first electrode is made of nichrome
wire with 0.1 mm diameter strung on a plastic frame, form-
ing a pattern of thin parallel wires in one plane. A perfo-
rated stainless steel plate is used as the second electrode.
The air gap between the electrodes is 6 mm. For the impe-
dance tube measurements, the operating area of the actua-
tor is 50 x 50 mm? as can be seen in Figure 2. For the
experiments under grazing incidence, the area has been
increased to 50 x 70 mm?® When a positive 8.2 kV DC
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Figure 3. Schematic of the normal incidence experiments. The wire mesh is only installed for the hybrid absorption method, whereas
p1 and melamine foam are only used for the direct impedance control. Not to scale.

voltage is applied to the nichrome wire, the actuator pro-
vides a stable corona discharge. Adding the alternating
voltage component to the constant one leads to the sound
generation [22, 23, 28]. The frequency response, directivity
patterns and harmonic distortion of this actuator were eval-
uated in [24].

3 Assessment of the control strategies under
normal incidence

3.1 Experimental setup and implementation

For the purpose of the normal incidence experiments, an
impedance tube with a rectangular cross section of
50 x 50 mm® was used (Fig. 3). A noise source represented
by a loudspeaker is installed at one side of the tube. At the
other end, the active absorber is mounted. It excites sinu-
soidal sweep signal from 100 to 2000 Hz. The CD actuator
is enclosed with a 20 mm cavity from the high voltage side.
Two microphones M; and M, estimate the achieved absorp-
tion coefficient and acoustic impedance according to ISO
10534-2 standard. PCB 130D20 ICP microphones (cutoff
50 Hz) are used in the experiment for both the measure-
ments and the control (My, Ms, py, ps in Fig. 3). Perfect
absorption is obtained when the sample impedance matches
the characteristic air impedance value Z; = pc, where c is
the speed of sound in air. For the hybrid absorption
method, a porous layer with a resistance close to this impe-
dance is required. To that end, four layers of the same wire
mesh are stacked together resulting in a total structure
thickness of 1.5 mm with a resistance of 1.07 pc. It is
installed 10 mm in front of the actuator.

The microphone ps located close to the front face of the
actuator is used to minimize the acoustic pressure behind
the porous layer. The control procedure of the hybrid
absorption method is based on the adaptive least mean
square algorithm (FxLMS), which takes a (buffered to 50

previous values) reference noise signal p(t) from M, as an
input, and the pressure signal e(?) from p, as an error. At
each time step ¢, the weights vector W () of the adaptive
filter changes according to:

W(t) = W(t = 1) + pe(t)p’ (). (6)

In the above equation, u is an adaptation step size. When
the weights are updated, the reference noise signal is filtered
out using these coefficients, inverted, and played back to
the CD actuator as the AC voltage component. The algo-
rithm includes a plant model Finite Impulse Response
(FIR) filter of length 50 that takes into account the
response of the CD actuator and a signal path from it to
the error microphone [26]. FIR feedback compensation filter
with 50 coefficients is also added to cancel feedback path
from CD to the reference microphone. The algorithm is
built in Matlab Simulink and the real time input-output
communication is carried out with Speedgoat 10 334 Real
Time Target Machine. It runs at a sampling frequency of
20 kHz. The calculated output voltage from the controller
for the CD actuator is reduced by a factor of 1000. It feeds
the high voltage amplifier (TREK 615-10) with a voltage
gain of 1000 which is further connected to the actuator.
Before the operation, the plant model and feedback filters
are estimated and fixed by creating the broadband noise
with the CD actuator. Then the LMS filter weights W(¢)
are adapted and fixed with broadband noise from a sound
source as suggested in [26]. After this procedure, the coeffi-
cients are kept wunchanged during the absorption
measurements.

The second algorithm, implementing the direct impe-
dance control strategy, uses the signals from two micro-
phones p; and p,. A simple proportional feedback
controller was built according to the scheme described in
Figure 1. The distance [ is set to 30 mm. Compared to
the setup for hybrid absorption, the porous layer is
removed, and a 10 mm layer of melamine foam has been
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Figure 4. Hybrid absorption, normal incidence. Sound absorption coefficient (left) and acoustic impedance (right) measured for the
CD actuator when powered (red curves) or not (passive response, blue curves). A wire mesh with a resistance of 1.07 pc is installed.

glued on the enclosure wall in order to increase the control
stability at high frequencies. The other aspects including
the hardware and sampling frequency are similar to the
hybrid absorption case.

3.2 Results with hybrid absorption

Figure 4 displays the measured absorption coefficients
and acoustic impedance as functions of frequency. The
quantities are obtained for the passive case (CD actuator
is switched off) and when the actuator is controlled with
the hybrid method. In the passive regime, sound absorption
is mainly due to the presence of the wire mesh in the tube.
The stainless steel grounded plate from the CD actuator
was measured to have a resistance of 0.02 pc, thus, its con-
tribution to the total sound absorption is assumed to be
negligible. Therefore, the passive termination forms a quar-
ter wave length resonator, which reaches a peak of absorp-
tion around 1850 Hz. When the control is on, the system
becomes almost a perfect absorber in the whole frequency
range from 100 to 2000 Hz. Indeed, the absorption coeffi-
cient remains close to one at low frequencies and gradually
decreases to 0.97 for the highest measured frequencies.

The achieved acoustic impedance measured at the posi-
tion of the wire mesh is depicted in Figure 4 (right). The
real part of the imposed impedance remains almost con-
stant around 480 Pa-s/m, which falls close to the measured
wire mesh resistance. In the low frequency range, the reac-
tance stays close to zero. However, a steady rising trend can
be observed above 500 Hz, suggesting the presence of an
acoustic mass in the porous layer. Therefore, the assump-
tion of a purely resistive material is not completely valid
anymore. At frequencies higher than 2 kHz, we thus expect
a further increase of the controlled reactance, leading to a
degradation of the absorption performance. Nevertheless,
the hybrid absorption method applied to the CD actuator
permits to successfully change the interface acoustic impe-
dance from high magnitudes in both resistance and reac-
tance towards lower target values, especially in the low
frequency range. This leads to a broadband sound absorp-
tion in the impedance tube.

3.3 Results with direct impedance control

The direct impedance control method was also tested in
the impedance tube. As the experiments were carried out
under normal incidence, the target impedance was set to
the specific impedance of air pc = 410 Pa-s/m.

The achieved absorption and impedance are displayed
in Figure 5 for both passive and active systems. In the pas-
sive case, the real part of the measured impedance is signif-
icantly lower than the target impedance above 400 Hz (blue
line in the right panel of Fig. 5), whereas the increasing
imaginary part corresponds to the cavity compliance. The
resulting absorption coefficient remains within the range
0.15-0.2 at low frequencies. A further growth up to 0.5
for higher frequencies is caused by the presence of the thin
absorbing melamine layer at the termination. When the CD
actuator is controlled via the feedback loop, the impedance
changes considerably. In particular, the real part (red line in
the right panel of Fig. 5) shifts towards the target value of
410 Pa-s/m. Although the target value is purely real, the
achieved reactance is not totally equal to zero that can
occur due to the limitation of proportional control, unavoid-
able control delays, and not perfect estimation of velocity.
Note that the active measurement presented here corre-
sponds to the maximal gain value G at which the control
remains stable. For higher gains, the system tends to insta-
bility, and ways to address this issue need to be further
investigated in order to achieve better performance.

In the implemented feedback scheme the final voltage
applied to the CD actuator is proportional to the velocity
difference (Fig. 1). The particle velocity estimation contains
the integration step, which can accumulate a constant or
non periodically changing signal and lead to the presence
of significant voltage offset in the output. Finally, such an
error can move the DC voltage powering the actuator out
of the corona discharge region, leading to either too low
voltage for air ionization or too high voltage transmitting
discharge to an electrical arc. To avoid this, the high pass
filtering of the input signals from p; and p, microphones
is added which leads to the ineffectiveness of the active sys-
tem below 170 Hz.
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Figure 6. Test section for grazing incidence experiments with two mounted active cells. Top view on the left (one cell is partially

disassembled), bottom view with removed duct wall on the right.

Despite the abovementioned limitations at low frequen-
cies, the impedance achieved by the direct impedance con-
trol technique induces a substantial increase in sound
absorption across the whole frequency range, compared to
the passive case.

4 Assessment of the control strategies under
grazing incidence

4.1 Experimental setup

Noise reduction in a duct under grazing incidence
requires an adjustment of the control parameters, as well
as a slight modification of the actuator geometry.

In the impedance tube, below the first cutoff frequency
the actuator size makes no difference to the control, since
the wave fronts are parallel to the actuator surface. This
means that the acoustic pressure at any point on the actu-
ator plane is the same. However, it is not the case for graz-
ing incidence, where the sound waves propagate along the
actuator plane. Such a configuration imposes a restriction
on the actuator size: the length of the active cell should
not be larger than half of the acoustic wavelength of inter-
est. In this study, the setup includes two active cells
(Fig. 6). Each one covers an area of 10 x 5 cm?, although
the operating area is restricted to 7 x 5 cm? With
such dimensions active control can be efficient up to

approximately 2 kHz. To tackle higher frequencies, more
cells should be arranged per unit length, and the control
delays should be reduced. Each cell comprises one or two
microphones depending on the control strategy. The input
signals are processed separately, and the individual output
signals are given to the actuators through two high voltage
amplifiers. The actuators are designed in a modular way.
Two cells are screwed side by side to the duct wall. First,
the cavity for the microphone is screwed to the duct. Then,
the perforated plate (ground electrode for corona discharge)
is placed on top. Further, the plastic frame with high volt-
age wires is positioned. Finally, the system is enclosed with
a rigid plastic wall set to 2 cm, as in the normal incidence
case.

Figure 6 illustrates the mounting of the actuators for the
hybrid absorption method. For the direct impedance con-
trol, a cavity hosting two microphones should be installed.
Since a certain minimal distance should be kept between
the sensors in order to resolve the low frequency compo-
nents, the system is more cumbersome than for hybrid
absorption.

4.2 Flow duct

The performance of the plasma-based acoustic liner
under grazing incidence is evaluated in a rectangular duct
with a cross section of 40 x 50 mm? (Fig. 7). It is plugged
to a fan that generates the flow, and is equipped by
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anechoic terminations at both sides. The acoustic charac-
terisation of the actuators arrangement is performed using
six flush-mounted microphones (M; — M), with three of
them placed on each side of the measurement section.
Acoustic plane waves are generated by a compression
chamber which is mounted either upstream or downstream
relative to the test section. The signal consists of a sinu-
soidal sine sweep going from 100 to 2000 Hz with steps of
10 Hz. A constant amplitude for the incident acoustic wave
is maintained across the whole frequency range.

The scattering matrix of the corona discharge actuator
is computed using two different acoustic states: one with
the upstream source on (downstream source off) and one
with the downstream source on (upstream source off). At
each frequency step, the acoustic pressure on each micro-
phone is obtained by averaging over 400 cycles without
flow, and over 1000 cycles with flow. The scattering matrix
consists of the reflection coefficients (R, R~) and the trans-
mission coefficients (7', 7). The + symbols correspond to
the case where the incident plane waves come from
upstream to the sample. The — symbols indicate that the
waves come from the downstream direction. Then, the per-
formance of the plasma-based liner is evaluated in terms of
transmission losses defined as:

TL* = 201log 10 (7)

F .

The sample impedance is educed by an inverse method
based on the multi-modal calculation of the acoustic field
in a 2D lined channel with a uniform flow [29]. More details
on the duct facility as well as on the measurement tech-
niques used for grazing incidence and grazing flow experi-
ments can be found in [30].

4.3 Results with hybrid absorption

The choice of the wire mesh used for hybrid absorption
technique depends on the resistance to target under grazing
incidence. In a 2D lined duct of height h, the impedance Z,;
of the infinite wall that maximizes the modal sound absorp-
tion is given by the Cremer’s formula [31, 32]:

Zopt = (0.929 — j0.744) @ (8)
Note that, even if (8) is derived for an infinite duct, a finite
length liner with an impedance close to the Cremer one still
achieves convincing attenuation performance [33]. It has
also been verified for the specific case of this study by a
2D multi-modal calculation.

In the present experiment with duct height h = 40 mm,
the optimal normalized resistance linearly increases from
0.02 to 0.44 in the 1002000 Hz frequency range. Thus,
for the hybrid absorption method, a wire mesh with a resis-
tance of 0.25 was chosen to front the CD actuator, since this
value falls close to the middle of the target interval.

The two active cells share the same reference signal dur-
ing the measurements for the test of hybrid absorption con-
cept. However, different microphones are used for upstream
and downstream measurements. One of the six flush-
mounted microphones (M; or My) located 20 cm away from
the beginning of the test section upstream or downstream
accordingly provides the reference signal. The filters calibra-
tion procedure described in Section 3.1 is performed individ-
ually for each cell.

Figure 8 (left) illustrates the transmission losses TL" and
TL™ as a function of the frequency. The amplitude of the
incident wave is 90 dB and the results obtained with and
without the hybrid control of the CD actuator are shown.
In the passive case, the system consists simply of a cavity
covered with the wire mesh, since the corona electrodes
are transparent to sound. Thus, sound attenuation is
insignificant at frequencies below 600 Hz and increases
towards a peak value of approximately 17 dB at 1500 Hz.
When the cells are active, sound is absorbed more efficiently
at frequencies up to 1550 Hz. Indeed, the transmission loss
achieved with hybrid absorption exceeds 20 dB between
140 and 1500 Hz. For higher frequencies, the advantage
of the active system becomes negligible and passive attenu-
ation even outperforms the controlled case. One can observe
that the transmission losses measured in each direction of
acoustic incidence are not totally the same. Such phe-
nomenon occurs due to the slight difference in the calibra-
tion of the system in the upstream and downstream
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Figure 8. Transmission loss (left) and normalized acoustic impedance (right) of hybrid absorption system in comparison to passive
behaviour without mean flow. The Cremer impedance is calculated for a duct height of 40 mm.

configurations. Since the test duct is not perfectly symmet-
ric relative to the lined section (e.g. the anechoic termina-
tions are built differently), the obtained filters differ for
the two directions of sound propagation, finally resulting
in slight variations of the transmission curves.

Figure 8 (right) shows the educed normalized acoustic
impedance found using the previously described inverse
method. The impedance given by the Cremer formula for
h = 40 mm is also displayed. As can be seen, Cremer’s impe-
dance implies both rather low resistance and reactance in
the frequency range from 100 to 2000 Hz. The passive sys-
tem impedance is far from these values, except at around
1.5 kHz where the resistance comes to a minimum and
the reactance crosses the Cremer optimum. As a conse-
quence, rather high sound absorption is obtained in this
region. When the system is controlled, the impedance
imposed on the duct wall presents almost constant resis-
tance, around 0.4 pc, close to the expected one. The mea-
sured reactance evolves in a similar way to the one
observed for the normal incidence case. However, its devia-
tion from target zero value starts at lower frequencies,
around 200 Hz. These curves explain the good absorption
results displayed in Figure 8 (left). Indeed, high values of
transmission loss are achieved in the low frequency range
due to a good match between the target and achieved reac-
tance, with an overall low resistance. As frequency grows to
1 kHz, the major role in sound absorption transfers to the
controlled resistance, as the imaginary part of impedance
no longer follows the optimal curve. At higher frequencies,
both components of impedance deviate from the Cremer’s
optimal, leading to the drop in transmission loss in Figure 8

(left).

4.4 Results with the direct impedance control

The direct impedance control method allows a fre-
quency dependent impedance to be targeted. Moreover,
since it does not involve any complex filtering, it can be
used without preliminary calibration. For the grazing inci-
dence application the target impedance transfer function
7, is modelled as follows:

1
Zy =sazM + a,R+ a.—,

e 9)

where s is a Laplace variable. Equation (9) describes the
passive impedance of the CD actuator as the air volume
with a resistive grid backed with a cavity. It is written
as a sum of impedances governed by an acoustic mass
M, a resistance R and a compliance % with their corre-
sponding weights a,,, a,, a.. Note that the resistance R
has been taken as a constant for a sake of simplicity,
although it is not completely true in experiments (see
for example Fig. 9 right, passive case). The values M =
0.044 kgm ™2, R = 35 Pa-sm™ ' and C = 4.3e—7 m-Pa™!
were estimated at the front face of the actuator from nor-
mal incidence measurements, when the control is off.
Thus, when the coefficients a,,, a,, and a. equal 1, this
impedance is close to the passive case. By changing these
parameters it is possible to effectively target the impe-
dance different from the passive one.

The experimental setup is similar to the one depicted in
Figure 6, except that the part accommodating the control
microphone is replaced by a longer section in order to install
two sensors. Instead of the wire mesh, a thin layer of Kevlar
(weight = 61 g-m ™2, thickness = 0.12 mm) is glued on top
of the cavity to prevent the flow from entering inside the
actuator.

The measurements were first carried out in the absence
of mean flow. The transmission losses induced by the active
system employed with two different sets of parameters are
presented in Figure 9 (left), along with the passive system
absorption. Active case 1 corresponds to the setup where
a,, = 0.5, a, = 2, a. = 0.2, whereas active case 2 targets a
purely resistive impedance with a,, = a. = 0 and a, = 2.
The passive liner absorbs noise locally around 1050 Hz.
The absorption peak is located at lower frequencies com-
pared to the hybrid absorption case, since the liner cavity
is longer. When the actuators are active, the frequency of
the absorption peak is proportional to \/a./a, [12] and
can thus be shifted, either towards the lower or the higher
frequency range. The control parameters chosen for the
active case 1 (red curve in Fig. 9 on the left) decrease the
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Figure 9. Transmission loss (left) and normalized acoustic impedance (right) of direct impedance control system in comparison to
passive behaviour without mean flow. The Cremer impedance is calculated for a duct height of 40 mm.

peak absorption frequency. The resulting transmission
losses exceed 15 dB from 500 to 1000 Hz. The greatest losses
are obtained at 620 Hz, where the transmission loss reaches
approximately 34-36 dB. Active case 2 (yellow line in Fig. 9
on the left) induces generally lower transmission losses, but
the sound attenuation remains higher than 10 dB between
100 and 1500 Hz. Still, the obtained performance does not
reach the one obtained with hybrid absorption. It is worth
noting that the final response of the system and the associ-
ated noise absorption is the cumulative result of many con-
trol parameters such as: input high pass filtering of the
signal, target impedance, gains achieved in the feedback
loop. Finally, since the target impedance Z; is controlled
in front of the actuator, the achieved impedance at the duct
wall is also influenced by the propagation delays to the wall
and the additional resistance of the Kevlar layer.

The achieved impedance is depicted in Figure 9 on the
right and compared with the Cremer’s target. Below 200
Hz, the control is affected by the high pass filtering of the
microphone signals. Although the system remains stable,
active case 1 loses passivity at frequencies up to 500 Hz,
which is indicated by the negative resistance and the nega-
tive transmission loss values (CD actuator reinjects more
energy than it absorbs). Due to reduced a,, and a. the abso-
lute value of reactance (red dashed line in Fig. 9) decreases
faster than the passive curve. Together with low resistance
such combination leads to a sharp rise of achieved transmis-
sion loss. Active case 2 indeed imposes rather constant resis-
tance with relatively low reactance up to 1300 Hz, but the
achieved resistance is higher, than with hybrid absorption
method (Fig. 8). As a result, the sound attenuation is
broadband, but presents a lower efficiency than in the case
of hybrid absorption. Above approximately 1300 Hz the
obtained impedance in both cases deviates from the optimal
because of the significant propagation delays compared to
the wavelength at this frequency. Nevertheless, the two
very different active behaviours demonstrate the wide scope
of possible control cases implementable with direct impe-
dance control.

4.5 Mean flow effects

The direct impedance control strategy is now applied in
the presence of a mean flow with a Mach number M = 0.05
(approximately 15 m-s~'). With one Kevlar layer the out-
put corona signal was saturated due to the flow induced
noise. To improve the protection of the liner’s microphones
from the flow, two layers of Kevlar were mounted on the
active cells. As a drawback, the total resistance of the sys-
tem was increased. The transmission loss achieved with
direct impedance control is presented in Figure 10 (left),
along with results for the passive case. For both active
and passive cases, the transmission of the waves coming
from the upstream of the sample is not equal to the one
measured for waves coming from the downstream. This loss
of reciprocity due to convection effects is classical for flow
duct experiments: acoustic waves which propagate with
the flow are transmitted better than the ones travelling in
the opposite direction. Nevertheless, the active system
demonstrates similar performance relative to the passive
one. Without control, the liner absorbs sound the most effi-
ciently in the region around 900 Hz. With the direct control
of the impedance, transmission loss values are 2-3 dB lower
in the same frequency range. Compared to the no flow mea-
surements, weaker maximal absorption is obtained in gen-
eral. However, the bandwidth of sound attenuation is
extended towards the low frequencies.

The following control parameters were set for the target
impedance: a,, = 0.5, a, = 2, a, = 0.2. The corresponding
acoustic impedance is depicted in Figure 10 (right). Below
200 Hz, the active system does not operate correctly due
to the high pass filtering of input signals. In the middle
range the reactance approaches zero faster than in the pas-
sive case due to the reduced compliance coefficient a.. This
explains improved sound absorption. At higher frequencies,
the reactance follows closely the passive curve governed by
the mass term. Since two layers of Kevlar impose a rela-
tively high resistance, the real part of achieved impedance
lays higher than in the experiments without flow. Thus, it
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yields overall lower transmission losses than in the no flow
case.

One must note that the Cremer’s impedance (black
curve in Fig. 10 on the right) should be corrected by the fac-
tor 1/(1 + M)? in the presence of flow [32]. Since the flow
velocity is reasonably low, the deviation does not exceed
10% and no change was applied to Z for upstream and
downstream measurements. For the same reason, the no
flow Cremer’s impedance is displayed in Figure 10 (right).
Finally, as in the absence of flow, direct impedance control
in the experiment with M = 0.05 allows shifting noise atten-
uation towards the lower frequency range, compared to the
passive case. The tests at higher flow velocities were not car-
ried out successfully, because the signal on the control
microphones was considerably distorted by the flow and
fan noises.

Hybrid absorption has also been tested in the presence
of flow. Unfortunately, the system is not able to counteract
the turbulent flow noise. The sound pressure level at the
control microphones was already around 95 dB without
any additional acoustic excitation in the duct. Therefore,
the output voltage of the actuator was already saturated
and could not completely minimize the acoustic pressure
in the cavity behind the wiremesh. Thus, the target impe-
dance could not be reached. Additional work regarding
ways to increase the output level and to filter out the tur-
bulent flow noise contribution is needed to tackle the graz-
ing flow problem.

5 Conclusions

In this work, a plasma-based electroacoustic actuator
generating sound waves by the use of the atmospheric cor-
ona discharge has been employed to perform acoustic
absorption in real time. To that end, two control strategies
have been introduced and tested for both normal and graz-
ing incidence.

The hybrid absorption method induces high sound
absorption in a broadband manner, when an appropriate
porous layer is used. In particular, the results for grazing

incidence seem to be very competitive with conventional
passive technologies in terms of absorption bandwidth
and low frequency behaviour. However, since the trans-
ducer has a limited acoustic power output [24], the expected
performance is only achieved for sound pressure levels up to
90-95 dB. Moreover, only constant and real impedance can
be targeted.

Thus, an alternative direct impedance control solution
based on pressure-velocity feedback has been proposed.
Complex frequency dependent impedance is targeted for
grazing incidence sound absorption, and higher incident
sound pressure levels are attenuated. Moreover, promising
results with mean flow are presented in the studied range
of velocities. The achieved absorption is extended towards
the low frequencies compared to the passive liner. However,
the overall absorption values and its frequency bandwidth
are lower than with hybrid absorption, mostly due to the
way the particle velocity is estimated. Indeed, alternatives
should be found in the future to improve or replace the
two microphone-based estimation of the particle velocity.

More research should be now addressed to tackle the
grazing incidence case with flow. For example, the response
of each cell should be taken into account. Since two active
cells are operating independently, it is noticed during the
measurements, that most of the control effort falls on the
cell closest to the noise source, thus partially missing an
optimal contribution from the second cell. The control algo-
rithm could be modified in order to better distribute the
power among the cells resulting in the increase of the max-
imal total sound level the active system can sustain. Finally,
improvements concerning the modelling of the actuator
would permit to increase the system output power and to
make it tolerate faster flows.

This study revealed several positive aspects of the CD
actuators. They offer flexibility in design and implementa-
tion. In particular, the actuator itself is compact, with a
thickness smaller than 1 cm. Also, its operational area can
be easily scaled without any change in frequency response
and control voltage ranges if the distance between the high
voltage wires remains the same (longer actuators could be
used if target frequencies to absorb are lower). Similarly,
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the shape of the actuator can be designed arbitrarily and is
not restricted to a rectangular one. All this can bring sav-
ings in electronics due to the reduced number of controlled
actuators.

Eventually, it appears that the CD technology can be
applied for active noise control under normal and grazing
incidence and achieve a broadband sound absorption. This
type of electroacoustic actuators can be considered in some
cases as a potential alternative to the conventional
loudspeakers.
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