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Abstract
This paper introduces an application of a plasma-based actuator for active noise reduction problems. The
actuator is based on an atmospheric corona discharge in a wire-to-mesh geometry. Its satisfactory
electroacoustic characteristics and the absence of moving parts make the corona discharge actuator a serious
alternative to conventional electrodynamic loudspeakers for active impedance control techniques. In this work,
a pressure-velocity feedback impedance control strategy for active sound absorption adapted to corona
discharge actuators is presented. Two approaches of particle velocity estimation with two microphones are
considered. The first is based on the linear approximation of pressure gradient, the second measures flow
velocity through an additional resistive layer in front of the actuator. The experimental validation is performed
in an impedance tube under the normal sound incidence. According to the results, such a system with a corona
discharge actuator as a controlled transducer can provide high sound absorption over a wide frequency range
using any of the methods of velocity estimation.
Keywords: active noise control, sound absorption, corona discharge, plasma actuator.
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Introduction

With recent advances in real-time digital controllers active sound control becomes a common solution for noise
reduction problems in low and middle audio frequency ranges. Various techniques such as noise cancellation
and impedance control find their applications in different areas [1]-[5]. The electrodynamic loudspeakers are
commonly used as controlled sources to manipulate the sound field. Low cost, ease of implementation,
frequency response and low distortion qualify these transducers as an optimal choice for many cases. However,
in certain situations an alternative transducer may be preferred. For instance, implementation of active noise
control systems in window panels requires transparency of the transducer. Although piezoelectric films are
proposed [6], the polymer-based membrane can be fragile to a mechanical impact. Also, in the many cases
where weight and available space are the main factors, such as acoustic liners [7][8], light, compact but still
resistant to harsh environment solutions would be beneficial. Moreover, conventional loudspeakers have
typically circular or elliptical membrane shape, whereas more flexibility in design might be needed in order to
optimally cover a treated area in complex installations. Finally, electrodynamic loudspeaker presents a
mechanical resonator which limits the absorption bandwidth in impedance control methods [9]. Thus, there is
a great potential for active control methods to benefit from the alternative electroacoustic transducers that do
not exhibit the abovementioned shortcomings.
Plasma-based transducers are considered as a possible candidate for active noise control applications.
Extensively studied in the field of flow control [10], these actuators can also produce sound [11]. Sound
generation results from direct transfer of mechanical momentum from ionized particles to the surrounding
medium and a heat release from a discharge zone. Thus, without any moving parts, the plasma-based actuators
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are simple in design and lightweight, have short response time to the input signal. In the previous work [12],
the authors studied the transducer operating on the principle of the atmospheric corona discharge (CD). The
analysis of basic acoustic characteristics such as frequency response, directivity, and harmonic distortion
brought to the conclusion that the CD actuator is potentially suitable for active noise control. The follow-up
work presented the implementation of the so-called “hybrid absorption method” with the use of CD actuators
[13]. Although high and broadband absorption was achieved under normal incidence, the FxLMS based
methods need the measurement of reference noise, which is not always available. Moreover, in this control
strategy, the fixed resistance of a passive porous layer determines the target acoustic impedance. Thus, any
change in impedance for optimal absorption, e.g. grazing sound incidence, requires a change of material, which
is impractical. In this study, we design a feedback impedance control method, which relies on direct
measurements of acoustic pressure and velocity. The target impedance for optimal absorption can be changed
numerically without any intervention into the hardware. Two approaches of estimating velocity are considered.
Finally, the system is implemented experimentally and the sound absorption performance is evaluated in the
impedance tube.
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Control methods

The knowledge of an analytical model of the actuator helps reduce the number of used sensors and
consequently the cost of implementation of noise control system [9]. However, electroacoustic dynamics of
the corona discharge depends on a number of medium properties such as humidity and ion mobility, which
can vary during operation, making the development of actuator model and its implementation to real-time
control an arduous task. Thus, pressure-velocity feedback method can be applied to control acoustic impedance
in front of the CD actuator.
The absence of any moving part in the actuator poses some constraints on how the particle velocity can be
estimated, as a laser velocimeter or accelerometer cannot be used. In this study the particle velocity is estimated
with two different methods illustrated in Figure 1 and Figure 2 using a pair of microphones. Their relative
performance is compared in the impedance tube in the next section. Since there are no acoustic sources between
two microphones in Figure 1, velocity can be measured using one dimensional Euler equation. If the pressure
gradient is approximated by a simple difference (𝑝1 − 𝑝2 )/𝑙, the estimated velocity between the microphones
can be written in frequency domain as:

𝑣𝑒𝑠𝑡 =

𝑝1 −𝑝2
𝜌𝑙𝑠

,

(1)

where 𝑠 = 𝑗𝜔 is a Laplace variable, 𝑙 is the separation between two microphones, 𝜌 is the air density. The
accuracy of velocity estimation depends on the ratio of the sound wavelength to distance between microphones:
𝑙 should be fairly small compared to wavelength. However, if the wavelength is too large, the parasitic noise
in the sensors can be greater than the actual pressure difference at positions 𝑝1 and 𝑝2 . Thus, a compromise in
a desired frequency range of operation should be found. The pressure measurement 𝑝2 with desired acoustic
impedance 𝑍𝑡𝑔 (target impedance) defines the target velocity 𝑣𝑡𝑔 = 𝑝2 /𝑍𝑡𝑔 that is needed in order to achieve
𝑍𝑡𝑔 in front of the actuator. The difference between 𝑣𝑡𝑔 and 𝑣𝑒𝑠𝑡 yields the error signal which should be
minimized. The error is amplified by a dimensional gain 𝐺 and forms a voltage 𝑢 that applies to the actuator.
Higher the gain, closer the achieved impedance should be to 𝑍𝑡𝑔 . However in practice, there is always a limit
above which the system becomes unstable. Rectangular blocks represent continuous-time transfer functions
which should be discretised and implemented on a hardware. The transfer function 1/𝑍𝑡𝑔 is stable and proper.
Within these requirements various complex frequency-dependent target impedances can be implemented.
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Figure 1. Scheme 1: pressure-velocity feedback impedance control schematic 1 for corona discharge
actuator. Velocity is estimated with two microphones separated by 30 mm.
Figure 2 illustrates the control scheme similar to one mentioned above but with different approach to estimate
particle velocity in front of the actuator. A thin porous layer, e.g. a wire mesh, with known flow resistance 𝑅
is placed between the microphones. At low frequencies the particle velocity through a porous layer is controlled
by its resistance [14]. Therefore, the estimation for acoustic velocity reads:

𝑣𝑒𝑠𝑡 =

𝑝1 −𝑝2
𝑅

.

(2)

Figure 2. Scheme 2: pressure-velocity feedback impedance control schematic 2 for corona discharge
actuator. Velocity is estimated with two microphones separated by a wire mesh with resistance of 0.3𝜌𝑐.
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At high frequencies inertial forces become non-negligible reducing the accuracy of equation (2). In Figure 2
the target velocity is calculated with the use of microphone 𝑝1 since the total impedance presented by an active
absorber is the one on the front face of the wiremesh.
Target acoustic impedance can be changed digitally in the controller that allows adjusting the system to optimal
absorption in various configurations. Moreover, since it is possible to set a complex frequency-dependent
impedance, this method is advantageous compared to the hybrid absorption method under grazing incidence
[8][13].
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Implementation and achieved absorption

This section presents an overview of corona discharge actuator used in the laboratory measurements,
experimental setup and achieved performance of impedance control with two methods of velocity estimation.
3.1

Corona discharge actuator

The corona discharge actuator prototype is built in a wire-to-mesh geometry (Figure 3). The frame with 50x50
𝑚𝑚2 hollow area is manufactured on a 3D printer from PLA plastic. The high voltage electrode is made from
a single 0.1 mm in diameter nichrome wire which passes five times the internal area. All parts of high voltage
wire are parallel and separated by 10 mm forming a plane. The grounded electrode is made from a stainless
steel perforated plate which is fixed parallel to high voltage electrode plane at the distance of 6 mm. Due to
the coarse perforation, the plate presents negligible acoustic resistance and thus is almost transparent to sound.
In this configuration a stable positive corona discharge can be formed, at atmospheric conditions, within the
voltage range ~6-10 kV with interelectrode current up to 1 mA. When a constant positive voltage is applied to
the high voltage electrode, positive ions are generated close to it and drift towards the grounded plate. In the
interelectrode volume ions elastically interact with the neutral air particles transferring mechanical momentum
and consequently creating the air flow. Part of total energy locally releases in the form of heat. If the constant
voltage is superimposed with alternating one, the modulation of airflow and heat release finally creates a sound
wave. For more details, refer to [12].

Figure 3. Photo of corona discharge actuator in a wire-to-mesh geometry used in this study.
3.2

Experimental setup

To evaluate the absorption performance of the impedance control methods with CD actuator, the measurements
under normal sound incidence are performed in the impedance tube. The length of the tube is 1.1 m, cross
section is 50x50 mm2. The actuator is backed by rectangular enclosure with 50x50 mm2 cross section and 20
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mm depth and fixed at one termination of the impedance tube. A 10 mm-thick layer of melamine foam is fixed
at the enclosure termination in order to increase control stability (due to sound reflections on the back wall).
Such dimensions allow to study absorption qualities under normal plane wave incidence at frequencies below
3 kHz. The termination at the left is closed by a loudspeaker used to generate bidirectional sinusoidal sweep.
Microphones 𝑀1 and 𝑀2 placed 50 mm apart assess acoustic impedance and absorption coefficient of CDbased active absorber according to ISO-10534-2 standard [15]. Signals from these microphones are processed
with Brüel&Kjaer Pulse frequency analyzer.
The hardware used to control the CD actuator is depicted at the right in Figure 4. A pair of PCB130D20 quarter
inch microphones sense the pressure at positions 𝑝1 and 𝑝2 . The control schemes from Figure 1 and Figure 2
are implemented in real-time platform Speedgoat IO-334. The discretised loop runs at frequency 50 kHz. As
the controller cannot generate high voltage, the following procedure is performed. The voltage calculated by
controller to supply the actuator (in the range of kV) is reduced by a factor 1000 before the output. Controller
is then connected to TREK 615–10 high voltage AC/DC amplifier (±10 kV, 10 mA) which amplifies the signal
back by 1000 and supplies the actuator.
The performance of the active absorber is evaluated in the frequency range 100 – 2000 Hz so that the lower
limit is higher than the cut off frequency of the control microphones (50 Hz) and the higher limit is sufficiently
lower than the sampling rate of the controller. Therefore, to estimate velocity in scheme 1 the separation 𝑙 =30
mm was chosen as a compromise to keep the sound absorbing system small and work in the considered
frequency range. When 𝑣𝑒𝑠𝑡 is measured according to scheme 2, the wire mesh with thickness of 0.3 mm and
flow resistance 𝑅 = 0.3𝜌𝑐 is installed, 𝑙 =9 mm.

Figure 4. The schematic of experimental setup. The impedance control system is depicted on the right. To
implement scheme 1, wire mesh is removed, 𝑙 = 30 mm. To implement scheme 2, wiremesh is installed, 𝑙 = 9
mm. Not to scale.
3.3

Achieved impedance and sound absorption

Performance of plasma-based sound absorber is evaluated sequentially for two approaches of particle velocity
estimation. The measurements are carried out in the same environmental conditions and levels of sound source
excitation. The feedback gain 𝐺 in both cases is set the highest before the control system becomes unstable.
The target impedance is set to 𝑍𝑡𝑔 = 𝜌𝑐 ≈ 418 Pa∙s/m in order to aim the maximal absorption in the impedance
tube. Figure 5 represents the performance of the active system in terms of achieved impedance in comparison
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with passive operation. For scheme 1 the plane of impedance measurement is positioned in the middle between
the two control microphones; for scheme 2 it is located at the front face of the wire mesh. When the actuator
is not controlled (passive case), the low frequency behaviour in both scheme 1 and scheme 2 (dashed lines) is
mostly governed by the stiffness of the actuator enclosure. It leads to high magnitudes and negative phase of
measured impedance. At frequencies above 1000 Hz the trends are rather different for two installations since
the impedance measurement is carried out at slightly different distances from the back wall, and additional
resistive wire mesh is installed in scheme 2. When the control is on (solid lines in Figure 5), the impedance
magnitude in both cases drops to values much closer to 𝜌𝑐, than in passive operation. The phase of the
impedance shifts closer towards zero, since target impedance is purely real. In the range from 1 kHz the actively
achieved impedance tends closer to the passive values. This can mean that the control either loses its efficiency
or the passive absorption increases towards high frequencies and strong control action is not needed anymore.
In passive case for scheme 2 (dashed orange line) it is visible that the impedance magnitude and phase are
relatively close to 𝑍𝑡𝑔 towards 2000 Hz. Bottom line, the acoustic impedance is both active cases moves
towards 𝑍𝑡𝑔 = 𝜌𝑐 in the whole frequency range considered.

Figure 5. Frequency responses of acoustic impedances measured for scheme 1 (blue lines) and scheme 2
(orange lines) in two cases: the actuator is supplied only with DC voltage (passive, dashed lines), and the
actuator is controlled (active, solid lines). Magnitude is normalized by 𝜌𝑐.
The analysis of acoustic impedance above is supported by the achieved sound absorption shown in Figure 6.
At low frequencies, the passive systems almost do not absorb sound. In scheme 1 all passive absorption is
provided by a 10 mm melamine layer. Thus, it reaches only 50% at 2000 Hz. In scheme 2 additional resistive
wire mesh transforms passive system to a quarter wavelength resonator with size of approximately 40 mm,
which substantially increases absorption at higher frequencies. However, it does not reach perfect absorption
as the mesh resistance is not matched to 𝜌𝑐.
Both active schemes reach absorption values higher than 0.8 in the whole considered frequency range which
proves the efficiency of the concept to use CD actuator as the controlled source. It can be seen, that sound
absorption gradually decreases for scheme 1 (blue solid line in Figure 6) above 1000 Hz. Authors suggest that
it can be the result of growing error in 𝑣𝑒𝑠𝑡 as the sound wavelength decreases compared to microphone
separation making linear approximation of pressure gradient less accurate. Absorption performance of active
absorber in scheme 2 (orange solid line in Figure 6) also locally decreases till 500 Hz. Since the assumption
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of purely resistive wire mesh is valid only at low frequencies, the increasing error in 𝑣𝑒𝑠𝑡 can be the reason of
such dynamics. At higher frequencies this effect is compensated by growing passive absorption of the system.
Therefore, velocity estimation through the Euler equation (1) (used in scheme 1) leads to a slightly higher
absorption at frequencies from 250 Hz to 1150 Hz than with the second approach. Above this, up to 2000 Hz,
the system with a wiremesh performs better. In the low frequency range both approaches provide absorption
more than 90%. Nevertheless, the achieved bandwidth of effective absorption covers the whole studied range
from 100 Hz to 2000 Hz and can be possibly extended to lower frequencies with different control microphones.

Figure 6. Sound absorption coefficient calculated for scheme 1 (blue lines) and scheme 2 (orange lines) in
two cases: the actuator is supplied only with DC voltage (passive, dashed lines), and the actuator is
controlled (active, solid lines).

4

Conclusions

In this study the application of active acoustic impedance control method to an electroacoustic actuator based
on corona discharge is presented. Specifically, pressure-velocity feedback approach is implemented since the
model of the actuator is unknown. Estimation of particle velocity is performed in two ways using two
microphones: based on the Euler equation, and based on low frequency approximation of flow velocity through
a resistive layer. The absorber performance is evaluated in the impedance tube under normal incidence.
The achieved sound absorption remains higher than 80 % in the frequency range from 100 to 2000 Hz.
The motivation to use the plasma-based actuators in active noise control consists in their simple, flexible, and
mechanically robust design. Porous electrodes make the transducer transparent for sound and flow. In contrast
to conventional loudspeakers, where the presence of acoustic mass and stiffness cannot be completely
mitigated [9], the CD actuator does not present any resonant behaviour. As a consequence, it does not impose
any additional physical limitation on the control performance and allows achieving greater bandwidth of
effective absorption as demonstrated in this work. On the other side, the voltage range that can be applied to
the actuator is bounded between the beginning of ionization process and transition to a continuous arc.
Therefore, a particular CD actuator has a limit on the output power which is not straightforward to overcome.
Compared to a hybrid absorption strategy, the direct impedance control provides flexibility in change of the
target impedance assuming the closed loop transfer function is stable, which makes this approach attractive
for grazing incidence absorption. Although in scheme 2 the impedance presented by the passive wire mesh
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should be taken into account (it limits the lower resistance to aim), the system appeared to be more compact
than in scheme 1 which needs greater microphone separation for accurate measurements.
The performance of the active feedback impedance control strategy with the use of the CD actuator reveals a
great potential of this transducer for active control purposes.
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