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Abstract

Environmental noise, mostly related to human activities, has an immense impact on public
health. The development of noise reduction technologies is paramount in addressing this
problem. Because of practical and economic reasons, a compact, broadband, lightweight,
and mechanically robust solution is often compulsory. Existing noise reduction methods
typically fall short meeting these requirements. Passive absorbers are bulky and inefficient in
the low frequency range or present only a narrowband performance. Active noise reduction
methods, including active noise cancellation and acoustic impedance control, appear more
promising as they allow extending the bandwidth of operation and remain small compared
to a wavelength. An electrodynamic loudspeaker is conventionally a favourable choice for
a controlled transducer. However, it limits efficient technology application due to its fragile
diaphragm, relatively high weight, and inherent resonant nature, bounding the bandwidth of
control.

This thesis is devoted to the development of a fundamentally different plasma-based electroa-
coustic transducer for active sound control applications. The acoustic field is manipulated by
the partial ionisation of a thin air layer with an atmospheric corona discharge and its further
control with an alternating electrical field. The transducer consists of a set of high voltage
wires, separated with a grounded mesh by an air gap. Analytical and numerical models are
first developed to design and characterise the corona discharge actuator. Several feedback
impedance control strategies are adapted and implemented with the corona discharge ac-
tuator, resulting in achieving broadband impedance and sound absorption. A prototype of
a plasma-based active acoustic liner for noise reduction under grazing sound incidence is
proposed and assessed experimentally in laboratory facilities. A model-based feedforward
approach for broadband control of acoustic impedance is then developed. Exploiting the
unique physics of the corona discharge actuator with the help of the analytical model, per-
fect sound absorption and tunable acoustic reflection under normal incidence are achieved
over two frequency decades, from several Hz to the kHz range. Such unprecedented band-
width and compactness of the developed system, along with the simplicity of construction,
lightweight, and flexible design, opens new doors in noise control applications, and acoustic
metamaterials, among others.
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Résumé

Le bruit ambiant, principalement lié aux activités humaines, a un impact considérable sur
la santé publique. Le développement de technologies de réduction du bruit est primordial
pour faire face a ce probleme émergent. Ces solutions doivent étre opérationnelles sur une
large bande de fréquences, mais pour des raisons pratiques et économiques, elles doivent
étre compactes, légeres et robustes mécaniquement. Les méthodes de réduction du bruit
existantes ne répondent généralement pas a toutes ces exigences. Les absorbeurs passifs sont
encombrants et inefficaces dans la gamme des basses fréquences, ou ne présentent qu'une
performance a bande étroite. Les méthodes actives de réduction du bruit, notamment I’annu-
lation active du bruit et le controle de I'impédance acoustique, semblent plus prometteuses
car elles permettent d’étendre la bande passante de fonctionnement et restent petites par
rapport a une longueur d’onde. Le haut-parleur électrodynamique reste le transducteur le
plus souvent utilisé dans les applications de controle actif. Cependant, la fragilité de son dia-
phragme, ainsi que son poids relativement élevé et sa nature résonante, qui limite la largeur
de bande du controle, restreignent son application a certaines applications pratiques.

Cette these est consacrée au développement d'un transducteur électroacoustique a base de
plasma, fondamentalement différent du haut-parleur électrodynamique, pour des applica-
tions de controdle actif du son. Le champ acoustique est manipulé par 'ionisation partielle
d’une fine couche d’air avec une décharge corona atmosphérique et son controle ultérieur
avec un champ électrique alternatif. Le transducteur est constitué d'un ensemble de fils mis a
un potentiel électrique tres élevé, ainsi que d’une grille métallique mise a la terre, les deux
électrodes étant séparées par un espace d’air. Des modeles analytiques et numériques sont
développés pour concevoir et caractériser I'actionneur a décharge corona, évalué dans un pre-
mier temps comme source acoustique. Ensuite, plusieurs stratégies de controle d'impédance
acoustique par rétroaction sont adaptées et mises en ceuvre avec ’actionneur a décharge
corona, ce qui permet d’obtenir une impédance et une absorption acoustique, effective sur
une large bande de fréquences. Un prototype de « liner » acoustique actif a base de plasma
pour la réduction du bruit sous incidence rasante du son est ensuite proposé. Une approche
de controle alternative basée sur un modele du transducteur pour le controle a large bande de
I'impédance acoustique est enfin développée. En exploitant la physique unique de I’action-
neur a décharge corona a I'aide du modéle analytique, une absorption acoustique parfaite et

A%



Résumé

une réflexion acoustique accordable sont obtenues sur deux décades de fréquence, comprises
entre quelques Hz et quelques kHz. Cette bande passante sans précédent et la compacité
du systéeme développé, ainsi que la simplicité de construction, la légereté et la souplesse de
conception, ouvrent de nouvelles portes dans les applications de contréle du bruit et les
métamatériaux acoustiques, entre autres.
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Introduction

Context

In the contemporary urban environment, the population is constantly exposed to acoustic
noise. The current technological progress rapidly increases the presence of noisy machinery
in our lives. The growing noise levels negatively impact physical and psychological health of
the population [1]. In response to this, modern rigorous regulations get adopted to constrain
the emerging problem. Therefore, noise reduction methods have to progressively increase
efficiency and be suitable for the new needs.

On the other hand, noise becomes more difficult to tackle in various industry sectors. Aircraft
noise is considered to be one of the most annoying and harmful, especially in the vicinity
of airports [2, 3]. Aircraft noise is mainly emanated from the aerodynamic frame and the
engine. Recent research found novel aircraft configurations with promising low frame noise
characteristics [4]. However, the problem with the engine noise remains. Novel engine
developments have been focusing on reducing fuel consumption by increasing the by-pass
ratio that lowers down the fan’s rotation speed. As a result, the frequency range of the tonal
noise decreases compared to previous generations. This poses a challenge to the acoustic
treatment to be installed in the engine nacelle due to the limited space [5]. Indeed, the
available space for noise reduction treatment is limited in depth by several centimetres. It
should host a noise reduction solution capable of tackling the waves of much longer lengths.
Although the engine noise is tonal, the central frequency can considerably shift depending
on the regime. In addition, the total weight of the treatment and its compliance with the
harsh environmental conditions are essential factors to consider. The scope of examples
with potentially similar demands goes well beyond the aircraft sector. Increasing road traffic
also requires noise reduction solutions. Although the transition towards electric vehicles is
expected to bring benefits from the deliverance of a combustion system, the tire noise and
the exposure of an electrical motor remain the strongest factors of annoyance [6]. Ventilation
systems and machinery in workshops also emit low frequency but broadband noise. As its
sources cannot be isolated from the environment, the noise should be reduced. Therefore,
the need for a breakthrough in noise control technologies is now driving many industries and
interdisciplinary research in acoustics. Unfortunately, in the number of applications, the state-
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of-the-art methods cannot satisfy all the requirements, including compact size, broadband
performance, and mechanical robustness, among others.

Motivation

The active noise cancellation technique can be used to remarkably reduce the sound pressure
levels at a particular location with controlled electroacoustic sources. It was proven to decently
work with simple geometries, such as in headphones or ducts, suppressing tonal and low
frequency noises [7, 8, 9, 10]. However, three-dimensional spaces require a large number of
controlled transducers and sensors and high computational costs [11]. Moreover, the method
introduces additional acoustic energy in the acoustic volume and can make other locations
louder than without treatment. Alternatively, sound absorption methods also help lowering
down the noise in spaces.

Like any other sound, noise approaching a surface can be transmitted, absorbed, or reflected.
The surface properties define in what proportions the acoustic energy divides among these
three scenarios. Thus, a specifically engineered interface can reduce noise by absorbing
its energy. No matter how strange it may sound, after years of noise control engineering
development, the best sound absorber remains the bulk of a porous material. However, it
is well known that the visco-thermal losses should be induced in a size comparable to the
wavelength to efficiently absorb sound [12], which makes it impractical for space limited
applications, especially at low frequencies. To advance in the low frequency problem, various
resonator-based structures are proposed. They combine membranes, cavities, and resistive
layers, which can be adjusted to absorb selected frequencies, but the performance is inherently
narrowband. A relatively new research venue in passive acoustic meta-materials produces
rather appealing progress. Although such absorbers may be highly compact compared to
the wavelength of absorption [13], they still struggle to both hit the low frequency range and
be broadband. Moreover, the design is very case-specific, and fabrication often requires the
involvement of sophisticated additive manufacturing processes.

Sound absorption can be achieved by actively controlling the acoustic impedance in front of
an electroacoustic transducer. Impedance matching is also proposed by combining passive
and active approaches, where the active element acts as a sink for sound waves, inducing
energy loss through a passive resistive layer [14]. If the acoustic impedance of a boundary is
matched to the characteristic impedance of the medium, the incident energy can be absorbed,
leading to a noise reduction in the volume. Impedance control was shown to be relatively
simple to implement at a low computational cost [15, 16]. Its tunability and potential to treat
complex sound fields complete our motivation for the strategies investigated in this thesis.

The majority of works utilise membrane-based electroacoustic transducers (mostly electro-
dynamic loudspeakers) as the controlled actuators to convert an electric command into an
acoustic response. The dynamic behaviour of conventional loudspeakers can be well captured
by simple lumped-element analytical models [17]. The prevalence of loudspeakers on the
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market, their cost and electromagnetic properties make these transducers a favourable choice
for many control applications. However, this solution can be less suitable in certain situations.
For instance, when a large number of transducers is required to cover a surface, the weight of
the total system can become unacceptable. Furthermore, active control solutions are likely
to be required in harsh environments with high Sound Pressure Levels (SPL) and extreme
climatic conditions. Since a loudspeaker membrane is typically composed of cellulose, it may
not sustain extreme loads. Piezoelectric actuators are an alternative technology for active
noise control. Despite a more robust and lightweight design, a relatively small bandwidth of
operation limits their application. The passive impedance of these transducers is represented
by the one of a single degree of freedom resonator. At higher frequencies, it is controlled by
the mass, which limits the control of impedance due to its inertia. Decreasing the moving
mass in the transducer can reduce the controllability problem and extend the bandwidth of
the impedance control performance. Ideally, the way to control an air interface without any
additional mass raises the highest interest. The air ionisation phenomenon, which can be
classified as a partially ionised atmospheric plasma, and its control with an electric field can
be imagined. Different types of atmospheric plasma discharges showed their capability to
influence the air medium in the domain of flow control [18]. Moreover, a few works demon-
strate the possibility of plasma actuators to affect the sound field and behave as a loudspeaker.
The potential of plasma actuators for being actively controlled along with their robustness
qualities opens an absolutely new research domain, which becomes a central core of this
thesis.

Objectives

This thesis aims to develop an alternative electroacoustic actuator for use in active impedance
control that does not present several shortcomings of the conventional transducers. For
treatment of extended surfaces, a loudspeaker of a large radius is impractical due to the
immense mass of the membrane. A large number of transducers increases weight, circular
shape of the membrane cannot cover the surface efficiently. Thus, an alternative transducer
should be more flexible in design. Besides, as discussed previously, the lower weight of
the transducer is of high interest. The structural robustness and, more importantly, a large
bandwidth complete the scope of specifications for active control transducers. We propose
to leverage the inherently non-inertial dynamics of the plasma-based actuators to develop
an electroacoustic transducer for fundamentally broadband impedance control, which is
lightweight, can be scaled in size and mechanically robust. Specifically, this thesis focuses on
designing a corona discharge type transducer and impedance control methods for it. Since, to
the author’s knowledge, it is the first work in this field, the identification of the most optimal
basis for the transducer design is required, the physical model of its operation and control
should be developed, along with the implementation of the impedance control techniques.

The work in this thesis was partially supported by the Horizon 2020 project ARTEM - Aircraft
noise Reduction Technologies and related Environmental iMpact. However, the thesis is
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written in a more general sense since the current research results target a much broader
spectrum of potential applications and implementation.

Outline and contributions

This section summarises the composition and original contributions of the thesis chapters.

Chapter 1: Noise reduction methods

Description: The chapter provides a brief review of the state of the art of passive and active
noise reduction methods. The difference between active noise cancellation and impedance
control is illustrated. The key concepts of the active impedance control are presented together
with the focus on analysis of the conventional transducers used. The primary limitations
that constrain the acoustic performance of the conventional transducers are identified. The
chapter justifies the need for an alternative type of electroacoustic transducer.

Chapter 2: Plasma-based transducers

Description: A review of plasma-based actuators and their electroacoustic dynamics is carried
out. The application of these actuators to active sound control is discussed. The dielectric
barrier discharge and corona discharge are considered in more detail, including their princi-
ples of operation and produced sound spectra. Corona discharge actuator is identified as the
most promising. The relationship between applied voltage and current in a corona discharge
is discussed. Positive and negative polarities of a corona discharge are compared in terms of
produced background noise during the operation.

Original contribution: The analysis of existing plasma-based actuators in the view of active
control application leads us to the consideration of the dielectric barrier discharge and corona
discharge. Due to a strongly nonlinear electroacoustic response of the dielectric barrier
discharge, the transducer operating on the principle of atmospheric corona discharge is
identified as the most suitable for active control applications. The experimental voltage-
current characteristics of the discharge can be approximated by a simple formula that allows
developing an analytical model of the actuator. The direct comparison of the recorded sound
pressure spectra disqualifies the negative polarity of the corona discharge due to significantly
higher levels of background noise produced along with the useful signal.

Chapter 3: Development of a corona discharge actuator for sound control

Description: This chapter considers the wire-to-mesh geometry of the corona discharge
actuator. For the transducer development, it is helpful to have a model that can substitute
resource-consuming experimental work. Moreover, some details, such as the distribution of
the electrical parameters between the electrodes of a plasma-based transducer are difficult to
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measure. Therefore, this chapter presents two models for this purpose. First simple analytical
model considers discharge as a small portion of the medium with acoustic sources that can be
defined through the voltage and total current flowing through the actuator. It can describe the
transducer’s low frequency sound radiation in the far field approximation. Second numerical
model considers the actuator’s fine geometry. Along with the radiation data, it can provide the
distribution of electrical field, current, charge, as well as the distribution of acoustic sources in
the interelectrode volume. With the help of the numerical model, the final geometry is defined
for further experimental testing.

Original contribution: Through the review of state of the art and requirements for active
sound control, we justify the choice of the wire-to-mesh geometry for the corona discharge
actuator. The developed analytical model does not require any sophisticated calibration
procedure to fully define it. Instead, a simple measurement of voltage-current characteristics
is sufficient to set up the model. A numerical model, in contrast to the analytical one, is
self-sufficient and can be used to design the actuator completely without experimental part.
Several simplifications in the model are proposed in order to avoid complete modelling of the
ionisation phenomenon. The coupling with the acoustic domain gives access to the radiation
properties of the transducer. The simulation data provides indirect validation of several
assumptions made in the analytical model. The numerical simulation is used to optimise the
arrangement of the high voltage wires in the actuator in order to maximise the electrical and
acoustic output power.

Chapter 4: Electroacoustic characterisation of the corona discharge actuator

Description: The corona discharge actuator is evaluated as a sound source. A 5x5 cm? pro-
totype, which is used in all the experimental studies of this thesis, is presented. The voltage-
current characteristics of the discharge is measured to set up the analytical model. The basic
acoustic characteristics such as frequency response, directivity patterns, and total harmonic
distortion are assessed. The experimental measurements are compared to the estimations
given by the numerical and analytical models.

Original contribution: Good correspondence of the experimental measurements with the
analytical and numerical estimations proves the validity of the models. The low frequency
behaviour, which covers the frequency range of interest for control applications, can be well
captured with the analytical model. The numerical simulation remains accurate at higher
frequencies, because the size and shape of the actuator is taken into account. The analysis of
the experimental data confirms the suitability of the developed actuator for sound control.

Chapter 5: Feedback impedance control of corona discharge actuator

Description: The chapter starts with the introduction of the feedback impedance control
methods. Then it considers the hybrid passive-active and direct pressure-velocity feedback
impedance control for implementation with a corona discharge transducer. The principle of
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each control strategy is first presented. The experimental assessment under normal sound
incidence is carried out when the system targets full absorption. The application of these
feedback techniques under grazing incidence is also considered. The prototype of a plasma-
based acoustic liner consisting of two adjacent transducers is tested under grazing incidence
in a rectangular duct with the aim to induce maximal transmission losses in a broadband
manner or focusing on a specific frequency range. The measurements without and with the
presence of a mean flow are presented.

Original contribution: Feedback methods allow controlling the acoustic impedance of an
arbitrary transducer with the use of external sensors. Hybrid passive-active method and
direct pressure-velocity with a proportional feedback design are proposed. The study on the
approaches to estimate the particle velocity in front of the corona discharge actuator is carried
out. The control methods are simple to implement and the target impedance can be imposed
in a broad frequency range. Broadband sound absorption can be achieved under normal
sound incidence. The specifically designed impedance for grazing incidence in a duct can
lead to broadband or selective transmission losses. The advantages and limitations of each
method in the perspective of operation with the corona discharge actuator are analysed.

Chapter 6: Feedforward model-based impedance control of corona discharge actuator

Description: This chapter introduces an approach that relies on a physical model of a corona
discharge transducer to control the acoustic impedance. The analytical model, which esti-
mates the acoustic sources of the actuator in chapter 3, is further elaborated to derive a control
transfer function. The influence of the time delay in a realistic controller on the performance
at high frequencies is studied. The control approach is implemented experimentally. Various
impedances are targeted to either induce a perfect broadband absorption, or partial sound
energy reflection.

Original contribution: The model-based strategy is proposed resulting in usage of a single
microphone sensor as the input for the controller. The sound absorber becomes significantly
more compact and goes deep in a subwavelength scale down to A/1000 ratio while operating
over two frequency decades. The initially almost lossless system can be tuned to absorb
partially or fully acoustic energy. The consideration of a real-life controller time delay is
essential to improve the high frequency performance. The achieved performance represents a
significant milestone in broadband control of sound.

Chapter: Conclusions

Description: The key findings of the present thesis are summarised in this chapter. It is
followed by the analysis of the current limitations observed in work and the suggestions for
potential improvement and further research.



|§ Noise reduction methods

This chapter reviews the existing passive and active methods of noise reduction. Active noise
cancellation (ANC) and active impedance control methods are compared in the example of
noise reduction in a duct. The advantages and limitations of each method are discussed.

1.1 Passive sound absorption

One of the conventional methods for noise reduction is the use of porous materials such
as mineral and organic wools, open pore foams, fibrous materials, etc. The incident sound
propagates inside the material and dissipates its energy due to the thermoviscous interaction
with the material structure. Among the acoustic applications in rooms and noisy environments,
these materials are widely used in civil engineering since they serve in parallel as thermal
insulators. When a rigid wall backs a porous material, the sound pressure is maximal, but
particle velocity is close to zero near the boundary. As a result, the induced losses are minimal
at the long sound wavelengths. To increase the absorption at low frequencies, a large layer
of porous material comparable to the wavelength is needed. Thus, these absorbers become
quite inefficient when a low frequency sound should be absorbed with a compact treatment.
As an example, Figure 1.1 shows a normal incidence absorption coefficient of a 35 mm layer of
fibreglass backed with a rigid wall (35 mm is a typical available size of treatment for acoustic
liners used in aircraft engine noise reduction). The curve represents a typical absorption
dynamics of a porous material with such thickness. It absorbs more than 80% of acoustic
energy only above 1000 Hz. However, machinery and transportation noise often contains
energy in the lower frequency range.
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Figure 1.1: Sound absorption of a 35 mm layer of a fiberglass backed with a hard wall (blue
line), and of a matched Helmholtz resonator with a similar depth. Models are taken from [19].

1.1.1 Passive absorption with compact treatment

To decrease the ratio of the treatment size to the absorbed wavelength, the resonating struc-
tures are employed [20, 21]. They include Helmholtz resonators, which consist of rigid cavities
connected to the environment through thin air-filled necks. By varying the porosity, depth
of the necks, and the cavity dimensions, the sound attenuation can be tuned to a specific
frequency range [22]. This type of resonant absorbers is commonly used for the reduction of
noise in the aircraft engine and is called an acoustic liner (Figure 1.2). The sound absorption
induced by a Helmholtz resonator of a few centimetres depth is illustrated in Figure 1.1 with
the orange curve. As can be seen, low frequency absorption can be achieved, but the peak
is narrowband due to the high quality resonance. Such an absorber can suit well for a tonal
signal at a fixed frequency. However, for instance, during the aircraft engine operation, the
prevailing noise frequencies shift during take off and landing phases. Hence, multiple degrees
of freedom resonators combining different diameters of holes and cavity sizes can be inter-
connected to increase the number of frequency regions that can be absorbed [23]. Despite
the improved acoustic results, the greater thickness and weight of such absorbers limit their
application. Alternatively, vibrating membrane absorbers can also address a low frequency
sound [24]. The combination of Helmholtz resonators with membranes and porous materials
increases the system damping and can slightly extend the absorption bandwidth [25, 26]. In
the last decades, various acoustic metamaterial concepts have been proposed to manipulate
sound. The metamaterials are also commonly constituted by an ensemble of subwavelength
resonators. These structures are intricately designed to exhibit remarkable acoustic properties,

8
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among which the low frequency perfect absorption can also be found [27, 28, 29, 30, 31, 32, 33].
However, the frequency regions over which they effectively operate are still either narrowband
or located at relatively high frequencies.

Figure 1.2: Conventional liner structure with face sheet 1, honeycomb core 2, and a back plate
3. Source [25].

Alternatively, the reciprocity of electroacoustic transducers can be utilised to absorb sound. In
this control method named “shunt-based", a passive electrical circuit connects the terminals
of a transducer and introduces an electrical resonance. It is designed in a way to match at a
certain frequency the impedance of a transducer to the optimal one for vibration damping or
sound absorption. Such a control technique was studied to absorb low frequency sound with
electrodynamic loudspeakers and piezoelectric transducers [34, 35, 36].

As can be seen from this short review, passive sound absorbing structures struggle to both
hit the low frequency range and be broadband. Indeed, Kramer-Kronig relations constrain
the response of any passive, linear, causal system. It can even be translated into unavoidable
bounds between the device size and the bandwidth of operation [37].

1.2 Active sound control

Active control enables overpassing the limitations of passive materials and metamaterials [13].
By providing energy to a system, it is possible to expand the frequency range of operation
with desirable properties and achieve new functionalities. Moreover, active approaches allow
reconfiguring the materials in real-time, thus achieving various behaviour without structural
modification [38]. Noise reduction can be realised using active noise cancellation (ANC)
techniques and acoustic impedance control.

1.2.1 ANC versus impedance control

First, let us highlight the physical concepts and difference between active noise cancellation
and impedance control strategies. For this purpose let us consider a finite air-filled duct as
a propagation medium (Figure 1.3) with a velocity source u; at the position x = 0. The total
sound pressure and particle velocity at point x can be written as a sum of two plane waves

9
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propagating in the directions shown in Figure 1.3:
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Figure 1.3: Long finite duct with the sound source of constant flow velocity us and controlled
source with velocity u,.
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where p is the medium density, ¢ is sound speed, k = w/c is a wavenumber at angular frequency
w. Here the time dependence is omitted. If a hard wall is present at the right end of the duct,
the particle velocity at the position x = L is zero. The velocity at x = 0 is controlled by the
source and equals us. With these two boundary conditions, the amplitudes A and B of the
incident and reflected waves can be derived and recover the pressure field in the whole duct.
The resulting pressure field presents the resonance frequencies corresponding to L/A =0, %, 1,
etc, that are associated with a closed-closed duct.

Suppose the controlled transducer with velocity u. is placed at the right termination. In this
case, the boundary conditions are the following: ©(0) = us, ©(L) = —u, (minus sign imitates the
reversed position of the controlled transducer relative to the source). The resulting amplitudes
of the incident and reflected waves are:

U + uce_jkL e/kL

1— e—J2kL

Us+ Uc

A=pe TPkl

, B=pc (1.2)

From this, the total pressure field along the duct in Equation (1.1) can be calculated. Now we
can discuss the effect of each control strategy. The velocity u. of the secondary source is a
parameter that we are free to vary in order to obtain the desired result.

The first strategy is the cancellation of pressure at the target position. For example, to set the
total pressure at the position of the secondary source to zero, one should satisfy the boundary
condition at the right termination p(L) = 0. Using this condition for the pressure field with

10
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wave amplitudes from Equation (1.2), the velocity of the controlled transducer should be the
following:

Us

= cos(kl)’ 9

Under this condition, the duct behaves as closed/open instead of closed/closed without

control. It means, that despite a silent location at position L, the duct still resonates at the
13
A
in the no control case. Although we consider an example of a controlled termination in a

excitation frequencies L/ A = £, 5, etc. leading to higher SPLs at some locations in a duct than
duct, the same effect can be observed in more complex spaces. Creating a noise reduction
locally does not mean the noise is reduced in the whole space. To achieve this, a more complex
control with a greater number of transducers and sensors is needed. The complexity further
increases if the control is needed at higher frequencies [39, 40, 41].

The second strategy relies on the controlled transducer’s absorption of the incident pressure
wave. In this case, the reflected wave amplitude B should equal zero. In Equation (1.2) itis
achieved when:

ucz—use_jkL. (1.4)

This velocity of a controlled transducer makes the right termination of the duct fully absorbing.
Finally, the sound pressure has a constant magnitude along a duct, which commonly leads to
noise reduction and pressure equalisation in spaces because the energy does not accumulate
in a system. If we define a specific acoustic impedance Z(x) = p(x)/u(x), it can be found from
Equations (1.1) and (1.3) with transducer velocity from Equation (1.4) that the impedance
at the right termination equals to characteristic impedance of air pc. In other words, it is
possible to drive the secondary source in order to create an impedance matched condition,
which leads to sound absorption. This method is referred to as impedance control and was
found to be a powerful tool for sound absorption utilising electroacoustic transducers.

1.2.2 Sound absorption through impedance control

Impedance control can be considered as a local method, where the boundaries of the acoustic
field are controlled in order to absorb sound power. Different approaches exist to assign a
desired impedance to the transducer interface. If the transducer is reciprocal (can be used as
a source and as a sensor), the abovementioned passive but also active electrical shunts can
be connected to it and synthesise the needed impedance [42, 43]. Feedback control relies on
the use of external sensors providing information from the acoustic field. For electrodynamic

11
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transducers, the formal analogies are made, unifying the theory for passive shunts and active
impedance control approaches [44]. The analytical model of the transducer can be integrated
in the feedforward control design in order to reduce the number of used sensors [45]. The
feedback and feedforward impedance control approaches are further discussed in more detail
in Chapters 5 and 6 of the present thesis.

An electrodynamic loudspeaker is typically used as a controlled transducer. As was discussed in
the introduction, these transducers are reasonably a favourable choice for many control cases.
However, their large weight when assembled in arrays, fragile membrane and suspension,
and a constraint on a bandwidth of control limit the use in certain cases. The problem of
the constrained bandwidth originates again from the resonant nature of the transducer and
should be commented more in detail.

A loudspeaker can be considered as a single degree of freedom resonator, which is actuated
with a voice coil moving in a magnetic field. The mechanical part is represented by a mass-
spring-damper system in the low frequency approximation. The passive specific acoustic
impedance of a loudspeaker reflects the mechanical one and, in the case of the open circuit in
the frequency domain, writes:

Z(w)—'wM+R+ L (1.5)
SO =IO T ST uCs '

In this expression, M is a moving mass (primarily membrane and voice coil), C is the mechan-
ical compliance taking into account suspension and the acoustic compliance of the enclosure,
R is amechanical resistance representing damping in the system, S is the diaphragm area. The
additional term appears in Equation (1.5), if the loudspeaker is supplied with power. At low
frequencies, the impedance is controlled by the compliance, and at high frequencies, by the
mass. Thus, away from the resonance frequency, its magnitude is high because of the reactive
terms. To obtain a constant resistive impedance with control, a loudspeaker driver would
require the energy supply, which increases as the frequency furthers from the resonance. It
happens due to the growing mismatch of passive and target impedances. Thus, targeting pure
resistance can lead to unstable behaviour. In this sense, as the mass and compliance cannot
be completely removed, the target impedance similar to the passive is proposed in [45].

] M R 1
Zst(w) = jouy— +Ur—= + Uc= (1.6)

S S jwCS’

The weighting factors u change the targeted impedance from the passive one. For a broadband
absorption under normal incidence, the g should be chosen to match the resistance to the
characteristic medium impedance, and yc, s should be reduced to the minimum, which is
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defined by stability threshold. Figure 1.4 shows an example of the modelled target impedance
response from Equation (1.6) and achieved sound absorption coefficient of Peerless SDS-
P830657 driver in a 10 dm? closed-box (data is taken from [45], case C) when the largest
bandwidth of absorption is aimed. The absorber presents relatively broad but still band-pass
performance due to the presence of reactive terms. With pc = pps = 0.15, the deviation from an
ideal pc impedance is seen away from the resonance frequency. Moreover, if a model-based
control is used, it is typically susceptible to the quality of parameters estimation around the
natural resonance frequency. It can cause artefacts in the achieved impedance and absorption
and lead to loss of stability [46, 47]. Similar mechanical-acoustic analogies relate to the
piezoelectric transducers, if their impedance is controlled [48, 49].
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Figure 1.4: Bode plots of specific acoustic impedance from (1.6) and corresponding absorption
coefficient. Data is taken from [45].

1.3 Conclusions

Finally, reactive components in the conventionally used transducers limit the bandwidth of
impedance control. Therefore, controlling the air medium without any moving parts could
significantly reduce the inertia and increase the bandwidth. This idea, together with the other
abovementioned potential limitations of the conventional transducers, including the driver
weight, and compliance to harsh environments, smoothly brings us to the considerations of
plasma-based actuators. The next chapter guides through the domain of plasma actuators
and focuses on a design of a specific type of plasma-based transducers most suitable for active
control applications.
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2.1 Introduction

Plasma in physics is one of the four fundamental states of matter. This name, which initially
appeared due to some analogies with blood plasma, implies that a substance contains a
significant proportion of charged particles: various ions and electrons. As a consequence, the
electric and magnetic fields play a significant role in the particle interaction processes. This is
a particularly fascinating aspect for the present work. Indeed, to manipulate the sound field
with conventional transducers, one should apply an electrical signal to its terminals, which
converts into a mechanical movement of a diaphragm and by this locally acts on the air bulk.
This disturbance propagates then as an acoustic wave. An alternative electroacoustic process
can be imagined with plasma. In the case of not fully ionised plasma, the charged particles
are diluted together with neutrals. The movement of charged species can be controlled by
an external electrical signal, which locally induces an electrical field. The energy gained in
the electrical field by charged particles can be transported to the neutral particles through
elastic and inelastic collisions. Therefore, if a neutral gas surrounds the plasma volume, it
is possible to create a controllable movement that further propagates as a sound wave. In
such a hypothesis, we can suppress the mechanical part of the transducer, which slows down
the electroacoustic conversion due to its inertial response to an electrical signal. The time
constants of interaction in atmospheric plasmas lay in the range 10~?—~107°. Thus, no resonant
behaviour can be expected in the audible frequency range, which is particularly interesting for
broadband control of sound.

Gas can be ionised in different ways. To ionise a particle, sufficient energy should be provided
to it. This can be done by heating the gas (stars and some hot flames), extreme gas confinement
(plasma in tokamaks), chemical ionisation (in organic gases), or by applying a strong electrical
field (gas discharges). As the goal is to work in the atmospheric air close to normal conditions,
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the gas discharge is the most reasonable option to produce a volume of ionised gas.

A gas discharge implies the electrical current flow in the gas gap between the electrodes. The
ionisation process is triggered by the free electrons always present in the gas volume. If within
a distance A called free path length the electron can gain enough energy, at the collision
with a particle the latter can lose its own electron. The process will continue exponentially,
causing an electron avalanche and establishing a discharge in the electrode gap. At the
atmospheric conditions in air, most of the discharges can be considered as the transducers,
as they directly interact with the surrounding gas volume and transfer the energy in various
forms. The sound waves can be produced and transmitted to the medium by applying a
particular driving voltage signal. Further, in the context of this thesis, the atmospheric gas
discharges will be often called plasma-based transducers or actuators to highlight their nature
and difference from the conventional electroacoustic transducers. They can be classified into
two distinctive categories by the dominating mechanism of interaction with the surrounding
medium: hot-plasma and cold-plasma transducers.

2.1.1 Hot-plasma transducers

The transducers of this type involve an arc, streamer or high frequency discharge. These
discharges form high density plasma regions or channels. As a result, due to intensive ion-
isation, recombination and other inelastic processes, most of the energy is lost into heat.
The heat released in the discharge zone is further transferred to the surrounding gas. Local
temperatures can reach thousands of degrees. Thus, the discharge is accompanied by an
intensive glow. However, along with the past and present applications such as street lighting,
welding and precise heating, these discharges are capable of manipulating the sound field
(50, 51, 52, 53]. Indeed, modulation of the electrical current in the discharge produces the
fluctuation of the heat release and its transfer. This causes the perturbation of the neutral gas
density, which absorbs the power, and leads to the acoustic wave generation if the modulation
is done in the audible frequency range. Typically, the discharge zone does not exceed a few
centimetres in dimensions and acts as a point acoustic source.

2.1.2 Cold-plasma transducers

The most frequently used cold-plasma actuators are the dielectric barrier (DBD) and the
corona type of discharge (CD). The common feature of such actuator types is the generation of
so-called “ionic wind”. It constitutes a controllable movement of ions which interact with the
neutral particles as a volumetric force. Close to the electrodes edges, in the zone of the most
intensive ionisation, a heat release also takes place. The relative effect of the released heat and
generated force on the medium depends on the discharge type and particular geometry [18,
54]. However, heat release is not a predominant mechanism, and the use of the actuators does
not include any heating related applications. Hence, they are named cold.
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The cold-plasma actuators are intensively studied in several research fields. Airflow control for
aeronautic applications is one of them. High interest in a surface dielectric barrier discharge
and surface corona discharge took place at the beginning of the 2000s. These actuators were
studied to control a laminar-turbulent transition and a local drag reduction on the interface
between solid media and airflow. This consequently attracted the strong attention of the
aircraft industry. First, it was shown that both surface DBD and CD are capable of producing
the airflow with velocities 0.1-10 ms in the area of several centimetres around the electrodes
[55, 56]. The important aspect is that the air velocity is mostly induced in the region close to
the surface, which belongs to the boundary layer. Therefore, the control of the transition from
laminar to turbulent flow along the surface at low Reynolds numbers was studied [18, 57, 58].
As a consequence, an increase in the lift coefficient was observed when the surface discharge
is mounted on the airfoil and subjected to the airflow [59, 58]. Moreover, flow laminarisation
by the plasma actuators caused a new wave of research in the domain of aerodynamic noise
reduction [60, 61, 62]. Ignition of the discharge on the surface of bluff bodies such as cylinders
or aircraft wings has been shown to achieve a broadband noise reduction. DBD can also be
applied for suppression of tonal noise created by the interaction between a cavity and the
mean flow [63].

Another area of research relates to electrostatic propulsion. Since cold-plasma transducers are
capable of generating volumetric forces acting on gas, they can be used as electrohydrody-
namic thrusters, and pumps [64, 65, 66]. Due to the simplicity of construction and absence of
moving parts, these actuators can be an interesting option to propel miniature objects and
small aircrafts [67, 68, 69].

Finally, cold-plasma transducers can interact with the sound field. If an alternating signal
is applied to the CD actuator along with the constant voltage difference that maintains the
ionisation process, the sound waves are generated [70, 71, 72, 73]. The signal distortion can
stay in reasonable bounds if an alternating signal is limited in amplitude [72]. DBD actuator
was shown to generate the tonal signals at audible frequencies if a periodic signal is applied to
its terminals [74].

2.2 Application to active sound control

As we saw in the previous paragraphs, plasma-based actuators present high interest in various
engineering and research areas. What is particularly important for the work conducted in
this thesis, all of them present physical mechanisms to interact with the acoustic field. The
motivation of this work to develop a plasma-based transducer for active sound control is
governed by their unique and distinctive property - interaction with the medium through a
controllable ionised portion of initially the same medium. The absence of any intermediate
moving mechanical parts facilitates the design and provides a fast acoustic response to an
input electrical signal essential for real-time control. However, the application of some plasma
transducers to sound control can present a considerable challenge. Hot-plasma transducers
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clearly should not be placed close to the walls or objects due to the risk of the material over-
heating and damage. Moreover, as mentioned above, these discharges act as point acoustic
sources, however, the most common active sound absorption methods require a surface
distribution of sources over which the acoustic impedance can be controlled. On the contrary,
cold-plasma transducers produce a moderate amount of heat that generally does not impact
material integrity. In numerous examples from reviewed literature it can be seen, that these
transducers can be arranged on any arbitrary surface and cover a certain area where the
volumetric force can be generated. These qualities make such actuators preferable for active
control applications. Therefore, dielectric barrier discharge and corona discharge principles
can be potentially used in order to develop a dedicated to active sound control plasma-based
actuator.

Electroacoustic transducers for active sound control have to obey most of the specifications for
sound reproducing transducers. The signal distortion should be low in order to not generate
higher harmonics while working with tonal noises. The transducer has to be able to generate
the waves at audible frequencies, especially in the low frequency range up to several kilohertz,
where most of the environmental noise in concentrated. Both DBD and CD actuators were
shown to generate waves at frequencies around a few kilohertz. Relatively low distortion
of some CD designs was also mentioned. However, there is no direct data available on the
linearity of DBD transducers. The data from some studies indirectly indicates that the DBD
actuators can produce higher harmonics along with the fundamental driving the electrodes
[75, 61]. Thus, the physics of plasma formation in DBD actuators and its potential influence
on the acoustic response should be investigated in more detail.

Dielectric barrier discharge

At atmospheric pressure with electrode gaps greater than approximately 1 cm, the discharge
has a streamer form [76]. A streamer (microdischarge) is a thin ionised channel growing from
a sharp electrode towards the other. Dielectric barrier discharge is one example of streamer
discharges. The distinctive characteristic of a DBD is the separation of the electrodes by a
solid dielectric material which does not allow a direct breakdown from one electrode to the
other. As an example, let us consider a flat plate surface DBD (Figure 2.1).

HV electrode plasma area

dielectric layer

encapsulation

Figure 2.1: Schematic of a flat plate surface dielectric barrier discharge.
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The actuator consists of 2 thin rectangular electrodes separated by a layer of dielectric material.
To prevent plasma formation on the grounded electrode, the latter is commonly encapsulated.
When a positive high voltage is applied to the upper electrode, electron avalanches appear
in the area around the electrode edge. The electrons die on the anode leaving a cloud of
positive space charge. The excited atoms provide energetic photons, which cause further
photoionisation close to the positive cloud. New electrons that appear in the process are
attracted to the anode. During their drift to the HV electrode, electrons excite atoms and mix
with positive ions left from the primary avalanche forming quasi-neutral plasma. As a result,
the positive volume charge (streamer head) shifts away from the electrode and leaves the quasi-
neutral plasma behind (streamer body). Streamer formation and growth last approximately
10-50 nanoseconds [77]. A positive charge also covers the dielectric surface and then shields
the external electrical field near the exposed electrode, which eventually stops the streamer
development. After stopping, a few microseconds are needed for the electrical field to recover
its breakdown value. Generally, many separated streamers develop simultaneously along the
edge of the electrode. The length of the streamer does not exceed a few centimetres with
applied voltage magnitudes of several kilovolts.

The DBD actuator can be powered in different ways. First, a high voltage pulse with a duration
of 50-500 ns can be applied. During the pulse, only a single wave of streamers forms [77]. The
pulse is repeated with a frequency of several kilohertz. Any other periodic high voltage signals
such as sinusoids at audible frequencies can power DBD. In this case, during the half period of
the signal, the number of microdischarges occur with time intervals of a few microseconds.
The current signal consists of displacement current term and number of current pulses during
the voltage rise and fall stages corresponding to the formation of microdischarges [78, 57].
Thus, the acoustic response to this signal should be principally different from the short pulse
excitation. Two similar surface DBD prototypes were manufactured in order to assess this type
of transducer.

The schematic of the prototypes is the same as in Figure 2.1. The prototypes are identical
except for the dielectric material separating the electrodes: epoxy and ceramics were chosen to
compare the influence of dielectric material on the response. First, the dielectric permittivity
€ of epoxy and ceramic can impact plasma development. Second, the different stiffness of
two dielectrics may affect the acoustic coupling between the actuator and the surrounding air.
The electrodes are made of copper with a thickness of 50 um. Kapton tape encapsulates the
grounded electrodes. The length and width of electrodes are the same in both cases and equal
to 90 mm and 10 mm, respectively. The high voltage and grounded electrodes are located in
such a way that their edges are aligned vertically (as illustrated in Figure 2.1).

First, both DBD samples were powered with 200 ns duration and 8 kV in amplitude rectangular
pulse signals at a frequency of 1 kHz. Then, a sinusoidal signal with an amplitude of 8 kV and
1 kHz frequency was supplied to the electrodes. The produced acoustic signals were recorded
by the microphone at 1 m from the actuators. The time series of acoustic pressure and power
spectral densities in the case of nanosecond pulse and sinusoidal excitation are presented in
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Figure 2.2: Time series of acoustic pressure signal and its power spectral density when DBDs
are excited with 200 ns pulses with frequency 1 kHz and magnitude of 8 kV.

Figures 2.2 and 2.3.

In the case of nanosecond pulse excitation, the pressure pulses separated by 1 ms interval
are clearly visible in the time series (Figure 2.2). On the power spectral density curve, the
signal is represented by a set of harmonics with frequencies F = n x Fy, n € Z, where the
primary frequency Fy = 1 kHz. The primary frequency and the first harmonic could be masked
by external noise in the laboratory (see background line in Figure 2.2). Every voltage pulse
induces a pressure shock wave that propagates in the air with a velocity close to the speed of
sound in the air and is then detected by the microphone. The high amplitude of the shock
wave is linked to the plasma development mechanism on the dielectric surface. As was already
mentioned, in the case of nanosecond pulse excitation, only a single strong microdischarge
forms and transfers part of its energy to the air volume. A rather different acoustic response
can be obtained from DBD when excited with a sinusoidal signal (Figure 2.3). Although the
voltage amplitude is the same as the nanosecond pulse, the time pressure signal does not
contain any visible peaks since the microphone is not able to resolve the individual streamer
response. As aresult, a set of harmonics with lower amplitudes than in the first case is observed
on the spectrum. As can be seen, the response of the actuator is indeed strongly nonlinear,
which makes it inapplicable for the active control of sound. In the phase of the signal, when
the voltage amplitude is low, the streamers are not generated. It means that the plasma is
produced only during a portion of the period of a sinusoidal signal. With an understanding of
the discontinuous dynamics of streamers, which constitutes the discharge, we can conclude
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Figure 2.3: Time series of acoustic pressure signal and its power spectral density when DBDs
are excited with AC sinusoidal signal at 1 kHz and magnitude of 8 kV.

that it cannot be used to reproduce continuous tonal signals needed for active sound control.

Although the acoustic responses are nonlinear, the nanosecond pulse excitation of a DBD
transducer can still find some applications in acoustics. It provides triggered development of a
microdischarge, which produces a sharp pressure pulse. This can be used as an acoustic trigger
for measurements. The amplitude of such pressure shock wave and the interval between the
pulses can still be controlled.

To sum up this section, the dielectric barrier discharge actuator cannot be employed for
the active impedance control applications because of its inherent nonlinear response. The
analysis continues with the physics and preliminary assessment of the CD-based actuator.

2.3 Corona discharge actuator

In this section, we discuss the mechanism of corona discharge operation and how the sound is
produced. Then we discuss the shape of the voltage-current curve, which is a central element
for analytical model development and will be referred to many times throughout the thesis.
Finally, we make a choice on the polarity of the corona discharge based on the background
acoustic noise level produced by the actuator.

21



Chapter 2 Plasma-based transducers

2.3.1 Mechanism of corona discharge

lonization region Drift region

C neutral particle O— ¢
€ npositive ion I —
e  electron

Figure 2.4: Mechanism of a positive corona discharge operation. The direction of movement
of the charged particles is illustrated with arrows. E - emitter electrode, C - collector electrode.
Schematic, not to scale.

A corona discharge actuator consists of two electrodes separated by an air gap. Its simplified
mechanism of operation is illustrated in Figure 2.4. One of the electrodes (emitter, marked
as E in Figure 2.4) is sharp with a small characteristic radius (in the range of 20 - 500 ym). It
can be represented by a thin wire, needle or a sharp conducting edge. The other electrode
(collector, marked as C in Figure2.4) has larger dimensions with surfaces of considerably
smaller curvature. For example, a metallic plate or a grid can be used. The air gap between the
electrodes is also larger than the dimensions of the emitter. Such geometry allows establishing
a corona type of discharge and improves its stability against arcing [18]. Here we discuss the
mechanism of a positive corona discharge, but similar reasoning can be carried out in case of
negative polarity.

If a positive constant high voltage (+HV) applied to the emitter increases and the collector
electrode is connected to the ground, at some point, the electrical breakdown happens locally
around the emitter, starting the ionisation process. The thickness of this ionisation region is
of the order of the emitter radius and increases with applied voltage. Indeed, the electrical
field magnitude close to the emitter electrode changes as 1/r, with r being a distance from
the emitter centre [79]. Therefore, it can exceed the breakdown threshold of approximately
3.1-10% V/m in air, although staying well below this value in most of the volume between
the electrodes. The produced electrons are attracted by the emitter. Thus, the ionisation
region accumulates a positive space charge. Then, positively charged ions drift towards the
collector electrode in the external electric field. As the magnitude of the electric field in the
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drift region is lower, the gained energy is not sufficient for further ionisation. As a result, the
ions transfer their momentum in elastic collisions with neutral particles, which dominate in
the interelectrode volume. Each ion transmits its energy thousands of times over a several
millimetre path, since a mean free path in the air at atmospheric pressure is in the order of
100 nanometres. This process can be considered as an effective volumetric force that acts
on neutral air. Finally, this force induces an airflow with velocities in the range 0of 0.1-5 m/s
(80, 81]. The interesting feature of this flow is its homogeneity and low turbulence due to the
absence of moving parts in the actuator in contrast to conventional fans [82, 83]. The speed of
the airflow depends on the voltage difference on the electrodes.

2.3.2 Sound generation with corona discharge

Along with the constant voltage Upc, one can apply a sinusoidal voltage at frequency w with
amplitude u4c. The resulting signal has a from U(t) = Upc + uacsin(wt). The alternating
voltage component creates the fluctuation of the electric field, which, in turn, causes the
change in the force acting on the air. It changes the velocity of the airflow that finally produces
the sound waves. Alternatively, the ionisation region constantly releases heat due to inelastic
processes. The variation in the mean electric field changes the volume of the ionisation region
and, therefore, the amount of released heat, which finally acts as a second sound source in
the discharge. However, since the ionisation volume is much smaller than the volume of
the drift region, the heat sound source is weaker than the one from the fluctuation of the
volumetric force. The ratio of sound pressure levels produced by the force-based and heat-
based acoustic source depends on the particular actuator geometry, as was discussed earlier.
From an acoustic viewpoint, the heat release conforms to a monopolar source. The volumetric
force corresponds to a dipolar source and can be imagined as an intangible, transparent for
air particles membrane. One important observation is that the position of these two sources
does not coincide: the heat source is concentrated around the high voltage electrode, and
the centre of the force source is located in the middle between the electrodes. However, in
the actuator, which is designed in this thesis, the interelectrode distance is only 6 mm, so the
location mismatch of 3 mm should not be noticeable at frequencies up to several kilohertz
and will be verified further.

2.3.3 Voltage-current characteristics

Figure 2.5 illustrates the typical voltage-current characteristic of a corona discharge showing
the averaged electrical current depending on applied constant voltage. It should be mentioned
that the CD’s current is composed of high frequency pulses with a nonzero mean value named
after Trichel [84, 85]. The frequency of the pulses lays in the low MHz range and highlights more
complex phenomena in the ionisation region than discussed in Section 2.3.1. Fortunately,
for the active sound control applications, which stay well below this frequency range, we will
consider the CD actuator as a constant current glow discharge.
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Figure 2.5: Voltage-current characteristics of a corona discharge actuator in a wire-to-mesh
geometry measured experimentally and its approximation with a Townsend formula.

Atlow voltages, the electrical field magnitude does not exceed the breakdown value even in
the vicinity of the emitter electrode. As a result, no plasma can be produced, and the discharge
current is zero. The voltage Uy, at which the electrical current appears, indicating the initiation
of the discharge, is called the onset voltage of corona discharge. On the other side, too high
voltage leads to an electrical arc between the electrodes. In this case, the electrical field exceeds
the breakdown value in the drift region and shorts the electrodes with a conducting plasma
channel, which can finally damage the thin emitter electrode. In practice, the electrical arc
happens at lower voltages than in theory because of the presence of various microscopic
surface defects on the electrodes, which create a local high electrical field regions. Therefore,
corona discharge exists in a well-defined voltage range, between the state with no plasma and
a transition to an electrical arc.

The cumulative electrical current in corona discharge has a nonlinear dependence on the ap-
plied voltage. Townsend analytically showed for coaxial geometry of a corona discharge (high
voltage wire in the centre of a cylindrical collector) that the current-voltage characteristics
follows the law [86]:

I1=CUU - Uy). 2.1)
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In Equation (2.1), C is a dimensional constant depending on the actuator geometry (inter-
electrode distance, emitter curvature, etc.) and gas parameters (static pressure, ion mobility,
etc.). Later it was shown empirically that Townsend’s formula (2.1) approximates well voltage-
current curves of corona discharges with various geometrical configurations of electrodes
[76]. Figure 2.5 illustrates Equation (2.1) approximating a voltage-current characteristics of a
corona discharge in a wire-to-mesh geometry. It suggests the quadratic evolution of current
with respect to the applied voltage and its vanishing at voltages below Uy. Various polynomial
and more complex empirical formulas were suggested in the literature to describe more pre-
cisely the voltage-current evolution in particular geometries [87, 88, 89]. However, Townsend’s
formula captures well the nonlinear nature of the voltage-current relation with a low order
polynomial, including the approximation of the onset voltage, and thus, containing the most
necessary information from the curve. For these reasons, Townsend’s formula (2.1) will be
used in this work to analytically describe a voltage-current characteristics.

2.3.4 Positive versus negative corona discharge

The same CD actuator can be powered with both positive and negative polarities of high
voltage. Different types of charged particles traverse a drift region in two cases: positive ions
at positive polarity; negative ions with electrons at negative polarity. Both polarities are often
used in the reviewed literature. This allows us to identify which polarity of the transducer is
more suitable from the viewpoint of sound reproduction and sound control.

When a constant high voltage is applied to the emitter electrode, the discharge produces
low intensity but still audible broadband noise. To compare the noise levels, the following
measurement is carried out. A constant DC voltage Upc = +8.2 kV is applied to the actuator
along with a sinusoidal waveform u ¢ at frequency 1 kHz. The u ¢ magnitude (200 Vrms for
positive and 150 Vrms for negative polarities) is adjusted in order to match the sound pressures
at the tested frequency of u4c. The CD actuator used for this experiment is described further
in Section 3.2. The measurement is carried out in the anechoic chamber with a low noise level.
The microphone is placed at 1 m from the actuator on the axis of symmetry.

The sound pressure spectra obtained for positive and negative polarities of a corona discharge
are shown in Figure 2.6. Additional data showing the octave integrated noise without a
sinusoidal signal is presented in Figure B.1 in Appendix B. The sharp low amplitude peaks
starting at frequency 150 Hz are visible on both spectra as well as on the reference noise signal
and relate to the electrically induced noise. One can see that although the main frequency and
its higher harmonics have similar magnitudes, the noise floor is significantly higher across the
whole frequency range in case of negative corona discharge. The difference is slightly higher
at lower frequencies of measured spectra, which are of the most importance for active sound
control. Since a microphone is required to be placed closely in front of the actuator in most of
the active control methods [90, 91], the stability of the system can be affected by the additional
noise. Therefore, positive polarity is a preferred mode of the CD operation.
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Figure 2.6: Sound pressure spectra of a corona discharge actuator powered with positive
and negative polarity. Constant voltage level Upc = + 8.2 kV, alternating sinusoidal voltage
component u,c equals to 200 Vrms for positive polarity, 150 Vrms for negative polarity at
frequency 1 kHz. Background noise - the actuator is not powered.

2.4 Conclusions

After the review of existing hot- and cold-plasma transducers, the dielectric barrier and
corona type of discharges were identified as the most optimal candidates for sound control
applications. The reasons for this choice are the non-thermal effects prevalent in the sound
generation process, and the possibility to organise a discharge on an extended area. Therefore,
the closely placed objects would not be exposed to considerable heat, and the particle velocity
can be controlled over a relatively large surface.

The manufactured simple DBD actuators were powered with different periodic signals. The
nanosecond pulsed signal evidently cannot lead to a single tone sound spectrum, but it
confirms from an acoustic viewpoint the streamer nature of the discharge. A fast propagating
plasma channel generates an acoustic shock wave that is recorded as a short pressure pulse.
Thus, the AC applied signal does not transform in the linear spectrum because the signal
consists of many low amplitude pulses, non-distinguishable in the time domain pressure
signal. The discharge could be potentially modulated at high frequencies (=200 kHz) in
order to maintain a constant plasma layer [92], but it would lead to inadequately high power
consumption and heating, basically transitioning it to the hot-plasma actuators.
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Corona discharge is a constant current discharge that allows providing a continuous interac-
tion with surrounding air in contrast to discrete streamers in the DBD. The airflow created
by the ions pushing the neutrals, together with some heat release in the ionisation region,
can be modulated to produce sound. The actuator has visibly lower signal distortion and
will be assessed in the next chapters. The lower background noise in the positive corona
discharge defines the choice of polarity. Therefore, a positive polarity CD actuator is evaluated
as the most suitable for the sound control application. The work continues with this type of

discharge.
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8] Development of corona discharge
actuator for sound control

3.1 Introduction

This chapter investigates a positive corona discharge actuator built in a wire-to-mesh geometry.
A simple but efficient analytical model is proposed to describe the acoustic sources of a corona
discharge and calculate its far field acoustic response. For more insights on the physics of the
electrical field and space charge distribution, as well as more accurate frequency response
calculation, a finite element model for a CD actuator is proposed. Thanks to it, we optimise
the prototype geometry, which is used later in most of the experiments throughout the work.

The chapter contains some of the material published in the following paper:

Sergeev, S., Lissek, H., Howling, A., Furno, L., Plyushchey, G., and Leyland, P. (2020). Develop-
ment of a plasma electroacoustic actuator for active noise control applications. Journal of
Physics D: Applied Physics, 53(49), 495202.

3.2 Geometry of the corona discharge actuator

The majority of studies investigate the corona discharge in a point-to-plane or point-to-grid
configuration. The interelectrode distance does not exceed 20 mm. This constrains the
transverse discharge dimension to the same order of magnitude. It happens because the
ions tend to follow the electric field lines, which are concentrated in the region with the
shortest distance between electrodes. Such a discharge resembles a point acoustic source up
to high frequencies. However, for active sound control, a surface-distributed source would
be preferable to control an acoustic plane. This can be achieved by manufacturing a two-
dimensional array of points connected to the same potential as was done in the work of
Matsuzawa [70]. One can understand that such an assembly is rather challenging to fabricate
in order to keep all the points equidistant and maintain the same distance from the collector
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electrode, otherwise the discharge can be more concentrated at a particular location and lead
to early arcing.

emitter wires  U(t) = Upc + uac (t)
[ ] [ ] [ ] [ ] [ ]
Ld
G G O B O e
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Figure 3.1: Schematic view of a CD actuator in a wire-to-mesh geometry. Not to scale.

In this study, we work with a wire-to-mesh design of the CD actuator. This geometry is
schematically illustrated in Figure 3.1. The emitter electrodes are represented by a group of
thin wires strung parallel to each other and the collector grid. It is relatively simple to maintain
the exact distance between the emitter plane and the collector electrode by tensioning the
wires and stretching them over an arbitrary surface. Although having the set of electrodes
charged to the same high voltage potential leads to the reduction of maximal electrical field
around the emitter and subsequently higher onset voltage, this geometry presents several
advantages. The electric field in the drift region has a more uniform distribution with a strong
normal component from the plane of corona wires to the collector. It can be approximated as
the field in a parallel plate capacitor. Such an assumption simplifies the analytical description
of the discharge. Furthermore, the flow velocity and acoustic particle velocity are expected
to have similar magnitude all over the surface of the electrodes and be directed normally to
it, which is not the case for a single corona wire setup [93]. This is particularly important for
impedance control techniques where the normal velocity is typically controlled as a function
of the sound pressure.

3.3 Analytical model for sound sources in corona discharge

A physical model of a transducer allows predicting its radiation properties without performing
the actual measurements. It can also be needed to optimise control approaches. In this section,
we develop an analytical model that can describe the far field low frequency electroacoustic
behaviour of the CD actuator in the geometry, illustrated in Figure 3.1.

Several analytical electroacoustic models for corona discharge actuator can be found in
literature [71, 70, 94, 72, 73]. The early work of Matsuzawa [70] considers the volumetric force
as the only acoustic source due to its dominance. The works by Bequin [94, 72] demonstrated
that a heat release also plays a non-negligible role in the sound radiation and included both
sources in the model. However, to adjust all the unknown model parameters, the directivity
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patterns measurements should be performed with a CD actuator, which presents a non-trivial
task without a dedicated equipment. Here, we propose a simple macroscopic description of
a corona discharge with force and heat acoustic sources. Setting all necessary coefficients
only requires a measurement of the voltage-current discharge characteristics that is relatively
simple to perform.

3.3.1 Governing equations

The gas in most of the volume of a CD actuator is weakly ionised (degree of ionisation lower
than 1073). Thus, we can describe the neutral gas in the volume between the electrodes,
neglecting the influence of plasma on the gas parameters. lons can be indirectly included into
consideration as the external force and energy source interacting with neutral gas [95]. The
mass conservation can be written as:

B | poVu=0 (3.1
g POV =D '

where § = p — py is the variation of neutral gas mass density, and u is the particle velocity.
Since the explicit presence of ions is neglected, the ionisation and recombination processes
changing the density are not considered.

Most of the energy from ions to the neutral air particles is transferred through elastic collisions
in the drift region [76]. It can be described as a volume averaged force acting on the neutral air.
Then, the Newton’s equation takes the form:

Mot (3.2)
Poat p= .

In Equation (3.2) p = P—Py is a variation of pressure over the static value Py, which corresponds
to the acoustic pressure in our case, fis the mechanical force from ions per unit volume.

Heat release is considered as an injection of energy into the volume between the electrodes. It
can be integrated as a source in the energy balance equation:

B
PoToa—j =h, (3.3)

where Tj is a static gas temperature, s =S—Sy - change of entropy per unit mass, h - heat power
per unit volume.
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The set of equations (3.1), (3.2), (3.3) is closed with the equation related to the gas properties.
Assuming an ideal gas with adiabatic transformation the relation between density, pressure,
and entropy writes:

_(% 8_0) _Ll, b
5_(8P)sp+(88 ps_czp CPs, (3.4)

where Cp is the heat capacity at constant pressure per unit mass, c is the speed of sound in the
gas. The system of four equations allows deriving the wave equation for pressure:

SOP g2, Y g (3.5)
C

In Equation (3.5) v is the specific heat ratio (taken as 1.4 for air). In the frequency domain the
wave equation takes the form:

(K2 +V2) p= WM V£, (3.6)

where k = w/c is the wave number, j = v/—1. As was discussed in 2.3.1, the heat and force
sources are not exactly collocated in the discharge. Nevertheless, the distance between the
electrodes does not exceed a few millimetres. Placing both sources at the centre of coordinates
in the analytical model cannot affect the pressure dynamics at low frequencies. The solution
of the wave equation in the frequency domain with the CD actuator centred at position ry can
be expressed as:

p(x) = fff[@(ro) =V -(ro)1g(rlre)d vy, 3.7
with
. -1
@(I‘O) = —](1)71'1 (38)
In Equation (3.7) g denotes the free space Green’s function. The solution of this equation is
non-zero only in the discharge volume v, where the sources exist. The monopolar term ¢
describes a sound source in the centre of the discharge with heat power density h. The second

term in Equation (3.7) represents the dipolar acoustic source created by the force vector f. By
the superposition principle, we can find the sound pressure field generated separately by heat
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and force sources. Assuming a small source region compared to a wavelength, the heat pj,
and force py pressures are derived accordingly:

e (] [rav
ph(@) = ETER hduv, |exp (jklrl]),

_ jk
pe(r) = pE (k|l‘| )(ffffdvo)coseexp (jklr]).

In the expression of p¢ in Equation (3.9), 8 is the angle between the force vector and direction

(3.9

of observation. It is assumed here, that fhas the same direction (from emitter plane to collector
plane) in the whole interelectrode volume. The total sound pressure in Equation (3.7) is the
sum of the two terms in Equation (3.9): p(r) = p(r) + ps(x).

3.3.2 Force and heat sources

The integrals in these expressions designate the cumulative force and heat power produced in
the discharge. Let us denote them F,, = [ [ [fdv, and H,, = [ [ [hdv,, where the subscript
expresses a function in the frequency domain. We can consider these quantities in the time
domain in order to obtain their estimations. The cumulative heat power being released in
the discharge at a time moment ¢, can be approximated by its upper bound as the power that
goes to Joule losses: H(t) = U(¢)I(t), where U(t) and I(¢f) are the applied voltage and total
current in the CD actuator. The current can be expressed as a function of applied voltage using
Townsend'’s approximation I = CU (U — Up) of the voltage-current characteristics (see Section
2.3.3). Then, the heat power writes:

H(t)=U®)I(1) = CUW* U (1) - Uy). (3.10)

The applied voltage is the sum of the constant and alternating components U(f) = Upc+uac(t)
with the latter one in the form of a harmonic oscillation usc(f) = uacexp (jwt). With this
formulation of voltage U(t), the heat power can be broken down into a constant and time
dependent terms:

H(1) = C[U},c(Upc — Ug) + BUpc = 2UpcUp) tac (1) +
+@BUpc - Ut () + U3 (D]. (3.11)

The first component in Equation (3.11) represents a constant power that is injected into the
discharge volume if the actuator is biased with a voltage Upc. It has the greatest magnitude but
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does not participate in sound generation. The other terms depict the functions that vary with
frequencies w, 2w, and 3w. The linear component with magnitude C(3 Uzz)c —2UpcUp)uac is
responsible for sound generation. The higher order terms introduce distortion to the signal.
The magnitudes of the heat source components can be written in a following way:

2 U u
H(,u:C(?’U%C_ZUDCUO)”AC:3CU]:3)C(1———O)i
3Upc) Upc
1 U usc \?
HZw=C(3UDC—U0)uiC=30U§,C(1———0 )(—AC) (3.12)
3Upc)\Upc
2 3 Uac 3
H3w:CuAC:CUDC(—) .
Upc

We can estimate their relative magnitudes. In a typical regime of corona discharge operation,
Upc is 1.5 times higher than the onset voltage Uj. If the alternating component amplitude
uac does not exceed 5 % of Up(, the term of the second order is 15 times weaker than the
linear one. This corresponds to the sound pressure level of the second harmonic 18 dB lower
than the main tone. The third order source term is 670 times weaker than the main and can be
considered negligible. If bias voltage is much higher than the onset voltage (Upc > Uyp), the
ratios of the magnitudes can be seen directly from Equations (3.12):

~

H, Upc Hy

Hyy uac Hzpw 1 ( uac )2 (3.13)
3 : :

Upc

A more detailed study of the CD’s harmonic distortion is presented in Section 4.6. Nevertheless,
itis a rather acceptable level in the view of active control applications. Thus, only the linear
term will be taken into account in the analytical model to estimate py,, which writes as:

H,=C@BU?—2UpcUp)tac. (3.14)

The volumetric force, which describes the transfer of mechanical momentum from ions to the
neutral air in the drift region, is represented by the Coulomb force. It acts on the ions from the
electric field f= p;E (p; is the density of positive ions, and E is the electric field). The force is
directed from the high voltage wires plane normal to the collector plane as the electric field
vector. The current density magnitude in the drift region can be written as J = u;p; E, where y;
is the mobility of positive ions. Here we assume that all the ions produced in the discharge
constitute an effective mass of particles with +1 charge and properties described by effective
mobility y;. Thus, the cumulative force F reads:
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szffpiEdvoszfidvozE (3.15)
Hi Hi

Here d is the interelectrode distance. The integration of the current density over the discharge
area is substituted by the total current I. The following derivation is identical to the heat
power term. The current in Equation (3.15) is expressed through the voltage using Townsend’s
voltage-current relationship. Separating the constant and time-dependent terms yields:

Cd
F(t)= —I[(Upc —Uo)Upc + (2Upc — Up) uac(t) + Ui (0] (3.16)

1

The first term represents a constant force that leads to a steady airflow generation, if the
actuator is not enclosed. Its magnitude depends on the bias voltage Upc. The time-dependent
terms present only linear and second order components. They can be rewritten in a similar
way as the Equation (3.12):

cd cd .,
Fw:_'(ZUDC_UO)uACZZTUDC 1-
14 1
Fy=—u%-=—U — .
O AT e P\upe

1 Up ) uac

2Upc) Upc

(3.17)

Under the same operational conditions, as discussed for the heat power (Upc = 1.5U), tac =
0.05Up(), the magnitude of the nonlinear component appears to be 25 times smaller, than the
one for the main harmonic (results in 23 dB lower sound pressure level). Under assumption
(Upc > Up) the ratio of second harmonic to the main one becomes:

Foo 1 uac

ot _ (3.18)
Fy 2 Upc

It means that the force related sound pressure pr introduces even lower harmonic distortion
than py,. Finally, the linearised force amplitude in the frequency domain is written as follows:

Cd
Fy = 7(2UDC - Uo)uac, (3.19)
1

The derived expressions (3.14) and (3.19) for heat power and force generated in a wire-to-mesh
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CD actuator can be implemented in Equations (3.9) in order to estimate the far-field acoustic
behaviour of the discharge, which includes frequency response and directivity patterns. This
formulation also allows assessing the level of distortion produced by the actuator. To get the
values of all necessary parameters for the model, such as the dimensional constant C and
the onset voltage Uy, only a simple measurement of the voltage-current characteristics is
needed. Effective ion mobility i; can be found in the literature for a given air humidity level
[96]. Various acoustic characteristics of the CD actuator will be assessed using the proposed
analytical model in the next chapter and compared with experimental data. This description
of the force and heat sources can also be used to implement an active control approach based
on the transducer model. Further, the numerical electroacoustic model of the CD transducer
is developed.

3.4 Numerical model for a corona discharge design

Most of the studies related to the electroacoustic investigation of corona discharge actua-
tors are either entirely experimental or provide a theoretical characterisation of the sound
generation process. The authors report measured pressure frequency responses and applied
voltage and current signals. However, the particle velocity or pressure can be of high interest
in the vicinity of the electrode system in order to characterise the acoustic impedance at the
collector plane. Since the actuator has no moving parts like a membrane, this task is not trivial.
Moreover, the acoustic velocity is biased by the presence of constant flow. Particle image
velocimetry could be potentially applied to extract the acoustic component [97, 98]. However,
the technique is rather complicated to set up, it requires post-processing and mostly resolves
only high acoustic wave amplitudes. Electrical field measurements are another problem
that is difficult to tackle experimentally. The presence of a probe in the ionised gas disturbs
the distribution of particles and changes the actual vector field. Analytical models typically
describe the far field acoustic behaviour of the CD actuator. The electrical field, potential, and
charged particles distributions between the electrodes cannot be accurately estimated, as
they strongly depend on a particular actuator geometry, which is often simplified in theory.
Therefore, numerical modelling of a corona discharge coupled with acoustics presents an
alternative solution to the abovementioned problems. The actual geometry of the transducer
can be taken into account in much greater detail. Moreover, the possibility to change one
parameter without influencing the rest allows conducting parametric studies, which are less
uncertain and faster than the fully experimental approach. The numerical simulation can
provide valuable insights on the electrical parameters of the interelectrode zone. Although
some works targeted to simulate the noise produced in coronating high voltage lines [99], to
our knowledge, there is no numerical approach proposed to model the sound generation in a
biased corona with alternating voltage applied to the emitter.

This section provides a transient simulation of the electrical and acoustic behaviour of the
corona discharge actuator when it is supplied with a voltage signal in the form U(¢) = Upc +
uac(t). First, the electrical potential field is computed. The movement of charged particles
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between the electrodes is taken into account. Then, the model is coupled with the acoustic
environment, where the sound sources are taken from the electrical model. The induced
constant airflow could also be calculated. However, as discussed in the previous section, the
velocities do not exceed several meters per second and cannot influence the sound generation
process noticeably. Since the main focus of the simulation is electroacoustic modelling, the
constant flow is not considered. If a precise distribution of static pressure and airflow velocity
is required, a sub-simulation can be performed as a separate stationary problem. The physics
of the ionisation region is quite complex and can lead to unacceptable computational time in
a time-dependent study if taken into consideration. Moreover, the region is negligibly small
compared to the interelectrode distance. Instead, its size is assumed to be zero in the model.
To model the rest correctly, the positive ions are explicitly injected from the high voltage
electrode, which was shown to be a good compromise to complete modelling of plasma
physics [82, 93, 100, 101].

3.4.1 Electrostatics modelling

The governing equations for the electrostatic problem characterise the electric potential V
and concentration of the positive particles p;. The distribution of electric potential provided
by the Poisson equation:

V- (=o€, VV) = pi, (3.20)

In Equation (3.20), €q is the electrical permittivity in vacuum, ¢, the relative electrical permit-
tivity of the medium (for air €, = 1). The electric field vector is defined as the gradient of the
electric potential E=—-VV. The model considers a single type of ions with a charge number +1
because these species constitute most of the space charge in a positive corona. The current
density J can be expressed in the drift-diffusion form:

J=uiEp; —D;iVp;. 3.21)

In Equation (3.21), the first part describes the drift of ions in the electric field with their effective
mobility y;, which is assumed constant in the whole discharge volume. Its value is taken from
available experimental data for a given gas (data from [96] is used for the following simulation)
with respect to actual humidity and static pressure. The second component takes into account
the diffusion of particles. D; is the averaged ion diffusion coefficient (5x 10~° m?/s in the air).
This term, finally, in not taken into account in the simulation as its magnitude is several orders
lower than the drift term. The system of equations (3.20) and (3.21) is completed by the charge
conservation equation:
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V-J=0. (3.22)

Boundary conditions

The boundary conditions are the following. The time-dependent high voltage signal is applied
to the corona discharge electrodes. The collector electrode is connected to zero potential. The
space charge density should also be specified on the electrodes since the ions are explicitly
introduced in order to not model the breakdown and ionisation processes. For this purpose,
an assumption on the HV electrode is made. It was first introduced by Kaptsov [102]. The
lowest voltage at which the corona discharge initiates, or the onset voltage U, corresponds to
the critical magnitude of the electrical field E; on the surface of the emitter electrode. The
hypothesis states that if the voltage exceeds the onset voltage, the electric field magnitude at
the electrode remains equal to E.. This assumption lets us choose the correct space charge
density p; as a boundary condition on the corona electrode at a given voltage U () so that the
electrical field always equals E.. The critical value E, in dry air can be calculated according to
Peek’s semi-empirical formula [103]:

3.08-1072

V6R

E.=3.1-10% (1 + ) [V/m]. (3.23)

In this formula, R is the radius of curvature of the emitter electrode, 6 is a parameter, ac-
counting for the changes in the static pressure and temperature. For normal conditions § = 1.
Initially, expression (3.23) was obtained for the coaxial cylindrical geometry of the electrodes
but later was proven to be valid with slight adjustments in coefficients for other configurations,
including wire-to-mesh and wire-to-plate [76, 93, 82]. If the surface of the electrode is not
perfectly smooth in the experiment, the E, value decreases. The recent works demonstrate
that the critical field strongly depends on the relative air humidity [104]. Finally, we use the
magnitude of the critical field reduced by 25 %, because the experimental measurements to
assess the performance of the numerical model were carried out with relative humidity of
58%.

The voltage applied to the actuator is time-dependent. Thus, the space charge density should
vary accordingly in order to satisfy Kaptsov’s hypothesis at every time step. It means that the
space charge density can be represented as a function of applied voltage p;(U(t)) for a given
geometry. To obtain this relationship, numerous stationary studies are performed applying
different constant voltages to the actuator. Then the data is interpolated to cover the whole
range of U(t) variation. To sum up, the boundary condition of the space charge on the corona
wires is a function p; (U(?)) satisfying Kaptsov’s assumption, and zero at the grounded collector
electrode.
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3.4.2 Acoustics modelling

To model the acoustic behaviour of the discharge, the wave equation is solved. It has a form
similar to Equation 3.5:

c? 02 T2 ot

L&Pp o, ¥-10h oo (3.24)

The heat power density is defined as a Joule power loss h =J-E. The force density is in-
cluded in the model as the Coulomb force f = p;E. The significant difference between the
numerical model and the analytical one is that both force and heat sources are considered
space-dependent variables. They use the distributions of electrical current density, electrical
field, and space charge density from the solution of Equations (3.20)-(3.22). As a result, we
can benefit from a better precision of sources estimation, which better reflects the actuator’s
geometry.

The boundary conditions for the acoustic study are straightforward. The electrode surfaces
are treated as the sound rigid boundaries (zero velocity). The external air domain boundaries
are defined as sound absorbing in order to measure free field responses.

3.4.3 Implementationin COMSOL

The numerical simulation is implemented in the finite element software COMSOL Multi-
physics. The geometry studied in the model should represent the actual prototype that will
be used in the experimental work. The collector mesh is chosen to have a rectangular cross-
section of 50x50 mm?. Thus, the actuator has similar dimensions to a small electrodynamic
driver. Moreover, with this size, the actuator is easier to study in the impedance tube (in the
following chapters). Its size is relatively small compared to a wavelength at low frequencies so
it can be considered as a point source in the far field. The distance between the collector mesh
and the emitter electrode equals 6 mm. The emitter electrode is represented by a set of wires
with a diameter of 0.1 mm. The electrode gap was chosen in order to operate at voltages below
10 kV because of the available high voltage amplifier for further measurements. The emitter
wires are parallel to the collector plane and have the same distance between each other. The
other parameters used in the simulation are listed in Table 3.1.

Equations (3.20)-(3.22) are processed in two-dimensional geometry because the quantities
are assumed to not change in direction along the wires. This compromise was undertaken
to keep the calculations time within reasonable limits and allow the computational mesh to
be fine enough for the resolution of strong potential gradients close to HV electrodes. As a
result, emitter wires are modelled as an array of circles with a diameter of 0.1 mm, and the
collector is built as an array of 13 rectangles with 1 mm thickness, 3 mm width and spacing of
1 mm between the edges. The modelled collector represents the geometry of the perforated
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Table 3.1: Physical and geometrical parameters of the CD.

Parameter Symbol Value Unit
Positive ions mobility  p; 1.1-107*  m?/Vs
Voltage offset Upc 8.2 kv
Critical electric field  E. 1.3:10°  V/m
Air mass density p 1.23 kg/m3
Emitter radius R 510 m
Interelectrode gap d 6-1073 m
Wire length l 5-1072 m
Width of collector w 51072 m

plate further used to build the actuator. The electrode arrangement is placed in the centre of a
circular air domain with a radius of 0.1 m.

The acoustic problem is modelled in a three-dimensional domain. The CD actuator is placed
at the centre of a 0.1 m radius spherical domain. Another air domain with a thickness of 0.05
m encloses the sphere and represents a perfectly matched layer. It is used to model a free
field radiation from the CD actuator with a compact size of the computational domains. The
emitter electrodes are implemented as a set of cylinders, the collector as 13 parallelepipeds.
Both arrays correspond to the height of 50 mm. The cross-sectional dimensions are the same
as in 2D electrostatics modelling.

The simulation first computes the electrical potential and transport of charge problem in the
time domain in 2D. Then, the 3D acoustic time domain simulation is performed based on the
solutions of the first computation. The calculated distributions of current density, electric field,
and space charge density are extruded along the electrodes over 50 mm (direction of extrusion
corresponds to the z-axis in Figures B.2, 3.5. The mesh size was defined after preliminary
sensitivity analysis. It consists of roughly 100 000 triangular elements for 2D electric simulation
with minimal size of 5 um (applied around the electrode edges), maximal size 10 mm and
maximal growth rate 1.3. The mesh for acoustic computation contains 350 000 tetrahedral
elements and has a larger characteristic dimension than in the electrostatic problem (minimal
element size 5 ym, maximal element size 3 mm, maximal grow rate of 1.6 for 1 kHz signal
study).

3.4.4 Maximising the output power

The geometry of the corona discharge actuator (interelectrode distance, emitter radius) is
almost completely defined by the available voltage range up to 10 kV and the mechanical
strength of the wires (the smaller the radius - the higher the electrical field at a given voltage,
but too thin wires are fragile). One adjustable parameter left is the number of HV wires to be
placed over a 50 mm distance. This small study aims to choose the number of wires distributed
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over the 50x50 mm?, which corresponds to the maximal output acoustic power. Therefore, we
can run a parametric study in the numerical model in order to evaluate the performance.

Let us first analyse the expressions for a heat and force sources obtained from the analytical
model. The Equations (3.14) and (3.19) can be rewritten in a slightly different form if we use a
Townsend’s relation also for a constant electrical current: Ipc = CUpc(Upc — Up). After few
transformations:

H, = @2Ipc+CUA)uac,

d uac (3.25)
F,=—(pc+CU?.)—=.
7 Wi b b Upe

We can see from Equations (3.25) that for a fixed bias voltage Upc and alternating component
uac, the magnitudes of the sources are greater for higher constant current /¢, and parameter
C. When several wires are combined as the emitter electrode, the voltage-current curve also
has a steeper growth with a greater C value [104]. All this increases the magnitude of the
sources. If condition Upc > Uy is satisfied, the total current from Townsend’s formula is
Ipc = CU% .. The sources take a form:

d usc
Hy,=3Ipcusc, Fo=2Ipc——=. (3.26)
i Upc

Therefore, H, and F,, can be proportional to the total electrical current and increase if the
current grows. However, if too many wires are strung closely, the DC current can drop due
to increased onset voltage Uy. Thus, the numerical simulation can be carried out in order to
determine the configuration, which results in the maximal DC current and, consequently, the
maximal value of acoustic sources.

The numerical simulation was conducted with a constant voltage Upc = 8.2 kV applied to the
emitter wires. The n wires are aligned symmetrically with respect to the collector electrode.
The distance between each wire is d x = w/n, and the distance between the external wires
and collector edges is 0.50x. Figure 3.2 illustrates an example of n = 5 wires (the number
of collector rectangles is 13 in the simulation). To evaluate the electrical current, only 2D
simulation calculating electric potential and charge transport problems was performed.

Figure 3.2 presents the cumulative electrical current in the CD actuator as a function of the
number of the emitter wires n. It can be seen that the current increases by more than two
times when the number of wires changes from 1 to 3. The highest current is observed for
the number of wires from 5 to 7. Arranging more wires over the 50 mm distance leads to
a considerable decrease in the current magnitude. Therefore, we identified the possible
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geometrical configurations that maximise the acoustic power. For the reasons of convenience,
n =5 was selected for further simulations and the experimental prototype.
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Figure 3.2: CD actuator electrical current dependence on the number of emitter wires. Con-
stant voltage Upc is applied.

3.4.5 Simulation capabilities

The numerical model can compute the sound pressure at an arbitrary location relative to the
actuator. Figure 3.3 shows the three-dimensional directivity pattern by calculating the sound
pressure level over a sphere of 1 m radius centred at the CD actuator. The transducer is biased
with CD voltage and supplied with an 8 kHz sinusoidal signal. Three-dimensional radiation is
rather complicated to measure. It is useful for the corona discharge actuator because it can be
designed with a great geometrical freedom having non-symmetrical electrode arrangement.
As can be seen, the high frequency radiation is rather complicated at high frequencies when
the actuator geometry is not symmetric relative to the main axis (y-axis in Figure 3.3). An
example of low frequency radiation by the CD actuator is provided in Appendix B in Figure B.2.

The distribution of acoustic pressure in the vicinity of the electrodes is illustrated in Figure
3.4 in the plane that cuts the actuator in the center. The data is taken from the time-domain
simulation. Negative and positive pressure regions indicate the presence of the external force
directed in the negative y-axis direction. The high magnitude pressure regions can be observed
around the HV electrodes and under them on the collector grid inner side closest to the HV

42



Development of corona discharge actuator for sound control Chapter 3

Figure 3.3: Three dimensional directivity pattern of the corona discharge actuator at 8000 Hz.
Upc =8.2kV, usc =300 Vrms. The sound pressure level on the colour bar corresponds to the
magnitude at the distance of 1 m.

Figure 3.4: Acoustic pressure in the vicinity of the electrodes at an arbitrary time moment.
Actuator is biased with Up¢ = 8.2 kV with applied sinusoidal signal at 1 kHz with amplitude
uac =425 V. The distribution is shown in the horizontal plane.

electrodes. Nevertheless, on the outer side the pressure is more homogeneous along the
collector grid. Therefore, the actuator creates a rather uniform pressure front as a membrane
transducer. The other acoustic characteristics, such as frequency response, and directivity
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Figure 3.5: a) Electric field magnitude with equipotential lines; b) Space charge density; c)
Current density magnitude. The actuator is supplied with constant voltage Upc = 8.2 kV. The
magnitude ranges indicated on the figures correspond to “min-max” colourbar, but do not
represent the highest values calculated in the simulation.

patterns at different frequencies, which are calculated with the numerical model, will be
presented in Chapter 4.

Along with the acoustic radiation modelling, the simulation can provide an insight on the
electrical parameters in the corona discharge. Figure 3.5 illustrates the electrical field, positive
ions density, and electrical current density distributions close to the electrodes. The electrical
field presents a rather uniform distribution in bulk between the electrodes. Its magnitude
becomes negligible behind the collector grid. This aspect can be important for the experimen-
tal measurements. It indicates that the sensors, which might be sensitive to a high electrical
field, can be placed in the vicinity of the actuator without danger. The potential isolines also
accompany the electrical field map. The lines are horizontal in most of the volume between
the electrodes, which confirms that the electrical field is directed normally from the emitter
plane to the collector plane and can be approximated by the field of the flat plate capacitor.
This indirectly validates one of the assumptions made in the analytical model in Section 3.3.
An example of the electrical field distribution in the CD actuator with two wires forming the
emitter electrode is provided in the Appendix B (Figure B.3). In this case, such an assumption
does not hold.
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Figure 3.6: a) Heat power density b) Force density magnitude. The actuator is supplied with
constant voltage Upc = 8.2 kV. The magnitude ranges indicated on the figures correspond to
“min-max” colourbar, but do not represent the highest values calculated in the simulation.

The space charge density in Figure 3.5 is concentrated around the wires. As we can see, the
charged particles generated in the vicinity of each electrode form distinctive clouds which
stretch towards the grounded grid. They do not merge because of the Coulomb force acting
on the similarly charged particles. The current density looks similar to the ions distribution,
however, around the HV electrodes, the maximal values are shifted towards the collector. Fi-
nally, the three quantities from Figure 3.5 are linked by a simple relation: J = u;p; E. Therefore,
by knowing two distributions, the third one can be easily calculated. If fewer wires form the
emitter, the distributions are different. The clusters of ions expand, and greater movement
along the x-axis can be observed. As we are interested only in the vertical movement of the air
particles (from the emitter electrode to the collector) for the active control applications, the
larger number of electrodes is to be favoured.

Figure 3.6 shows the distribution of the heat power density and y component of force density
magnitude. The plots represent the values in the case when the actuator is supplied with a
constant voltage. However, the case with an AC component looks identical. It can be observed
that the heat power is more concentrated around the emitter wires than the force source.
These quantities were estimated over a rectangular area with a thickness of 0.5 mm (along the
y-axis) and width of 50 mm (along the x-axis), where the emitter wires are positioned in the
centre. The measurement was compared to the total heat power and force, integrated over the
whole volume between the electrodes. As a result, a thin layer around the emitter contains
more than 25 % of the total heat power produced in the discharge. It is not the case for the
force calculation, where less than 8 % is constrained around the emitter compared with the
whole volume. In contrast to the analytical model, where the distributions of heat and force
are considered uniform, the numerical simulation takes the space-dependent sources into
account to calculate the acoustic response.
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3.5 Conclusions

The chapter studied the positive corona discharge in a wire-to-mesh geometry. Such configu-
ration was chosen because stringing the array of wires allows distributing the discharge over
a larger surface which can be potentially controlled. In order to grasp more understanding
of the underlying corona discharge physics and its electroacoustic principles, the analytical
model and numerical model in finite-element software were developed.

The analytical model considers the CD as a small volume of air, where the mechanical force
and the supply of heat energy exist. The force is the mechanism of momentum transfer from
the charged particles to the neutral air particles with 100% efficiency, where the density of
ions is assumed to be negligible. The force has an electrical origin and is defined as the
product of the charge and external electric field, which is created by the electrode system.
The heat source is considered as the total Joule losses in the discharge. The model operates
by the quantities averaged over the whole discharge. Thus, it only requires knowledge of the
relationship between voltage and current. This has to be estimated experimentally by simply
measuring the voltage-current characteristics, which is a relatively simple procedure. As a
result, the magnitude of the sound sources and the radiated sound pressure can be estimated.

The numerical model takes into account the geometrical details of the actuator. It first solves
the electrostatic problem with the transport of charge and consecutively the acoustic radia-
tion. The model is still considerably simplified compared to the complete discharge physics.
Nevertheless, it provides access to the distribution of the electrical parameters between the
electrodes and indirectly validates some analytical model assumptions. An important result
is the rather uniform electrical field distribution. It finally causes the generated acoustic
pressure and velocity to be the same over the whole collector surface. Simulation results
were used to finalise the geometry of the CD actuator prototype that maximises the electrical
and, consequently, the acoustic power. One outstanding feature of the numerical model is its
self-sufficiency. The simulation does not require any experimental data from a given actuator.
Therefore, it can be potentially used to design and evaluate the CD-based transducers without
tedious experimental measurements. Further studies can also exploit the model for transducer
optimisation purposes with more parameters than presented here.

However, the models should be validated by direct comparison with the experimental mea-
surements. This task is merged together with the acoustic characterisation of the experimental
prototype in the next chapter.
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This chapter presents the experimental assessment of characteristics of the corona discharge
actuator prototype. It is essential for active sound control applications to have a transducer
which does not introduce distortion to the signal. The prototype is designed with the dimen-
sions defined previously and taking into account the parametric study performed with the
numerical model. The following characteristics are measured: free field frequency response,
pressure directivity patterns, and total harmonic distortion. This experimental data, also
including the voltage-current curve, is compared with the numerical simulation results and
the analytical model presented in the previous chapter.

The chapter contains some of the material published in the following paper:

Sergeev, S., Lissek, H., Howling, A., Furno, L., Plyushchey, G., and Leyland, P. (2020). Develop-
ment of a plasma electroacoustic actuator for active noise control applications. Journal of
Physics D: Applied Physics, 53(49), 495202.

4.1 CD actuator prototype

The corona discharge prototype is illustrated in Figure 4.1. The two electrodes system is
designed in a wire-to-mesh geometry. The HV electrode is made of a single wire of 0.1 mm
diameter. Nichrome alloy is chosen for this electrode because of its mechanical strength even
with such a diameter. Moreover, this material is known to be resistive to oxidation, which is
caused by local ionisation and heating. The wire is arranged in a back and forth pattern of
5 parallel wire lengths spaced by 10 mm through the rigid plastic frame. It results in the 5
identical segments which participate in the ionisation process because the rest of the wire is
hidden inside the frame and does not produce ions. Such a corona electrode is strung parallel
to the second grounded electrode. The latter is fabricated from a perforated stainless steel
plate with a thickness of 1 mm. This electrode has a large open area ratio so that its flow
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resistance is low (it was measured to be 2% of the characteristic air impedance). It should
be mentioned that the geometry of the plate is taken into consideration in the numerical
simulations since the thickness of the modelled rectangles and percentage of open area are is
similar (see Section 3.4.3). The frame separating the electrodes is 3D-printed from Polylactic
acid (PLA) plastic. The actuator hollow area is 50 x 50 mm?, and the distance between the HV
and collector electrodes is 6 mm. When the actuator is biased with a positive high voltage, a
stable corona discharge is produced with a homogeneous glow along the wire lengths. The
geometry in Figure 4.1 provides a corona discharge in the 6.5-10 kV voltage range. At higher
voltages, sparking is observed.

emitter wire

grounded mesh

R

So ) Mo o) Mo ale ) e

Figure 4.1: Photo of the corona discharge actuator designed in a wire-to-mesh geometry. The
top-right magnified picture highlights the high voltage electrode formed by the nichrome wire
segments.

4.2 Experimental setup

The acoustic measurements presented in this chapter are carried out in the anechoic chamber
of EPFL (cut-off frequency 80 Hz). The schematic of the experimental setup is shown in Figure
4.2. The pressure signal is recorded with PCB 378B02 1/2" free-field condenser microphone.
The CD actuator is fixed on a turntable in order to be able to measure its directivity in the
horizontal plane. The frequency response measurement corresponds to the angle 8 = 0°. In
this case, the collector mesh faces the microphone. The distance between the microphone and
the actuator is 1 m. TREK 615-10 high voltage amplifier (+10 kV, 10 mA) powers the actuator.
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It amplifies the input signal by the factor 1000 to obtain u ¢ and adds a constant bias voltage
Upc. The generation of the signal to the high voltage amplifier and the acquisition of the
microphone signal is carried out with Briiel&Kjaer Type 3160 Pulse Multichannel Analyser.

e VVVVVVVV

o

U u

turntable <
L/
= ANNNNN

analyser

Figure 4.2: Schematic of the CD actuator measurements setup. Not to scale.

4.3 Voltage-current characteristics

To be able to use the analytical model for the frequency response estimation, the voltage-
current curve should be measured experimentally (Figure 4.3). The DC current is sensed with
a micro amperemeter connected in series with the actuator to its grounded terminal. The
measurement is conducted in the voltage range up to 9 kV. As can be seen, the DC current
in the actuator does not exceed 0.5 mA. Thus, the actuator consumes approximately 2 W
of DC power in the middle of the operation range at 8 kV. The experimental curve (blue
curve) is superimposed with the characteristics calculated in the numerical simulation (green
curve in Figure 4.3). The total current is estimated in the model as the integral of the current
density over the whole emitter surface. We can observe that both curves exhibit prominent
nonlinear dynamics. However, the electrical current in numerical simulation (green curve)
presents a less steep rise than in the measurements. Besides, the discharge initiates at slightly
lower voltages in the model. The difference with the experimental curve could occur due
to several reasons. First, the exact geometry of the actuator cannot be completely reflected
in a two-dimensional simulation, although the porosity and thickness of the collector grid
are considered. The electrodes can also have some imperfections, such as a non-circular
cross-section of the emitter wire or sharp edges on the perforated plate, which can lead to
the increase of the actuator current. Second, the effective mobility of ions is assumed to be
constant in the model. Its value is taken from the literature at average air humidity, which
cannot be the case in the experiment. Nonetheless, the numerical simulation captures the
essential features of the discharge, such as its initiation and slightly nonlinear dynamics. If
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the bias voltage Upc is set close to 8 kV, the mismatch between the simulated and measured
curve does not exceed 10% for u4¢ up to 800 V.

The experimental data is also fitted with Townsend’s formula (red curve). The weights of the
least-squares approximation are focused around the voltage of 8 kV as it corresponds to the
middle of the operating range. The retrieved parameters C = 1.69e — 11 A/V?, Uy =6190 V are
used further to set up analytical model from Section 3.3.
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Figure 4.3: Voltage-current characteristics of the corona discharge actuator from Figure 4.1.
Blue dots - measurements; red curve - least-squares fit of the experimental data with formula
I=CUU-U),C=1.69e—11A/V?, Uy=6190V; green curve - numerical simulation.

4.4 On-axis frequency response

To measure the frequency response, the CD actuator is biased with Upc = 8.2 kV. As the al-
ternating component, a swept sinusoidal signal is applied with the amplitude of 300 Vrms.
The sound pressure levels (SPL) recorded in the anechoic chamber and obtained with ana-
lytical and numerical models are presented in Figure 4.4. The red curve from the analytical
model is obtained as the magnitude of the total sound pressure, which is the sum of heat
and force-induced components from Equations (3.9), at a distance of 1 m and 8 = 0°. The
sources are calculated from Equations (3.14) and (3.19). All the needed parameters are taken
from Table 3.1. It should be noted that at frequencies below 300 Hz and above 3 kHz, the
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Figure 4.4: On-axis sound pressure levels of the corona discharge actuator in the frequency
range 100 - 10000 Hz, measured at 1 m with Upc =8.2 kV, usc =300 Vrms in blue. The data is
compared with the analytical model (red curve) and numerical model (green curve).

measurements do not fully satisfy the far field and small source conditions correspondingly,
which are assumed in the analytical model.

As expected, the CD actuator does not present any resonant response due to the absence
of moving mass. The sound pressure level increases with the rate of +6 dB per octave. This
dynamics is well in line with the tendency obtained with both analytical and numerical models.
On the other hand, we see that the sound pressure levels simulated numerically lay (green
curve) on average 1.5 dB lower than the experimental curve. Referring to the comparison of
voltage-current characteristics (Figure 4.3), a less steep slope of the numerical curve leads to
the smaller swing of electrical current in the actuator at the same magnitude of u4¢, which
can lead to slightly lower generated sound pressure. In contrast, the levels obtained with the
analytical model (red curve) match well with the experimental results up to 4 kHz. If force
and heat sources are considered dipolar and monopolar correspondingly, constant slope also
confirms that the distance between these acoustic sources can be neglected in this frequency
range, otherwise the phase shift would change the slope of the curve. At higher frequencies,
the measured response slightly deviates from the 6 dB/octave slope. This can be because
the prototype dimensions are not negligible compared to the wavelength anymore, and the
spatial distribution of the sound sources plays a more important role. Moreover, the analytical
model does not consider the electrical resistance and capacitance of the discharge, which
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at high frequencies can contribute to low-passing the alternating current component and
reduce the radiated sound pressure [94]. Therefore, it keeps the same slope and does not
follow the experimental curve. The numerical response also gradually changes the slope at
high frequencies. Since the numerical model does not use the abovementioned assumptions,
it can describe the response trend at high frequencies more precisely. Nevertheless, in the
frequency range of interest for sound control, which does not exceed few kilohertz, both the
analytical model and numerical simulation provide a reasonable estimation of the frequency
response of the CD actuator of comparable size.

From the frequency response and the voltage-current characteristics, we can make an estima-
tion of the CD efficiency in terms of the electroacoustic conversion. At 1000 Hz the actuator
produces 48 dB SPL at 1 m with an input signal amplitude u©4c =300 Vrms. It corresponds
to approximately 10~/ W in terms of acoustic power. The AC electrical power can be upper-
bounded by the product of AC current and voltage magnitudes, which results in = 20 mW. As
we can see, the AC power is much smaller than the DC one that maintains the ionisation (= 2
W). Therefore, the efficiency as the ratio of acoustic power to the AC electrical power equals
0.5-107°. According to the frequency response plot, it is higher towards the high frequencies
and decreases in the opposite direction.

4.5 Directivity patterns

The measured directivity patterns and the ones derived from both models are presented in
Figure 4.5. The measurements are conducted at discrete frequencies (250, 500, 1000, 2000,
4000, 8000 Hz). In the frequency range 250-2000 Hz, the pressure is estimated with 10° step,
at higher frequencies, it is refined to 5°. In the low frequency range, the patterns correspond
to a supercardioid shape, which is the combination of a dipole and a monopole operating in
phase. Both analytical and numerical models replicate precisely the shape of the radiation.
From the difference in the magnitudes between front and back radiation at low frequencies
that corresponds to 4 dB, we can conclude that the dipolar source (force source) is 4.4 times
stronger than the monopole (heat source). This pattern shape was also observed in different
geometrical configurations such as point-to-plane [105, 72], but the relative strength of the
sources is considerably different (force-related pressure is approximately 2 times higher).
Thus, the geometry of the actuator can be potentially adjusted to obtain the desired radiation
pattern. It also highlights that the heat-produced pressure is non-negligible compared to the
part generated by the electrical force. As the frequency increases, the CD actuator becomes
more directive. It can be seen that although the front radiation (corresponds to the frequency
response) stays in good correspondence with analytical data till high frequencies, the rest
of the pattern does not match the model. Since the analytical model describes the perfect
monopole and dipole, the directivity shape does not change. However, at 8 kHz, the secondary
lobes can be observed in the experiment. The numerical model is able to capture the general
shape of the radiation pattern at high frequency since it is influenced by the actuator geometry
and sources positions. In addition, the difference between the front and back radiation also
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Figure 4.5: Directivity patterns of the corona discharge actuator at frequencies 250, 500, 1000,
2000, 4000, 8000 Hz. Magnitude is in dB normalised to 20 uPa. 0 = 0° corresponds to the
frequency response case. Upc =8.2 kV, uac =300 Vrms.
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increases towards high frequencies. It suggests that the relative strength between the force and
heat sources evolves with frequency, and the heat radiated pressure approaches in magnitude
to the pressure created by the force.

4.6 Total harmonic distortion

The total harmonic distortion (THD) of the transducer expresses the relative contribution
of the higher order harmonics to the generated acoustic pressure at a given frequency when
a pure sinusoidal electrical signal is applied. It indicates the degree of non-linearity in the
electroacoustic conversion. The THD in percentage can be written as:

THD =100 (4.1)

where A is the amplitude of the fundamental frequency, and A, is the amplitude of the n-th
harmonic. The evaluation was performed by measuring the sound spectra of the sinusoidal
signals of various frequencies and amplitudes. The acoustic signal was recorded at 1 m
distance from the actuator at 6 = 0°. The amplitudes at the fundamental frequency and its
harmonics are recorded, then THD is calculated according to Equation (4.1).

Figure 4.6 presents the THD of a CD actuator at selected frequencies for excitation voltages
usc from 50 to 400 Vrms. The bias voltage is set to 8.2 kV, so the alternating component
does not exceed 7 %. The resulting THD remains lower than 10 % for the highest excitation
voltage at any of the considered frequencies. Most of the curves, which correspond to a single
frequency, indicate the linear increase of the THD when the excitation voltage increases. There
is no visible evidence if higher or lower frequencies are more distorted. At some frequencies
(250, 4000, 8000 Hz), the distortion decreases at low u ¢, but then also tends to grow linearly.
We cannot suggest any reasonable explanation for the measured drops in THD at these
frequencies. Although the overall distortion may be unsatisfactory for sound reproduction
applications, the levels are still sufficiently low for active control to bring enough benefit [106].
For the sake of comparison, the THD of the CD actuator, when it is biased with the negative
high voltage, is provided in Figure B.4 in Appendix B.

The total harmonic distortion can be also predicted by the means of analytical model. The
sound sources from Equations (3.11), (3.16) have the following amplitudes:

H, = CBUpc—2UpcUp)uac, Haw=CBUpc—Unuse, Hzw=Cll)e.

cd cd , 4.2)
Fy=—QUpc—-Uo)uac, Fon=——Uye-
1 1
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Figure 4.6: Total harmonic distortion in percents of the CD actuator at frequencies 250, 500,
1000, 2000, 4000, 8000 Hz. The actuator is biased with Up¢ = 8.2 kV.

We can see that approximating voltage-current characteristics of the discharge with Townsend’s
formula results in the appearance of the second and third harmonics in sound sources. Higher
order polynomial approximation of the curve would lead to a greater number of harmonics.
From formulas (4.2), it can be seen that the relative strength of the nonlinear terms depends
on the amplitude of u ¢, compared to the fixed bias voltage Upc and onset voltage Uy. Fi-
nally, the rest is to plug components from Equation (4.2) in the corresponding terms of the
pressure solution in Equation (3.9), and estimate the harmonic distortion of the total pressure
according to Equation (4.1). The result is shown in Figure 4.7.

The lines corresponding to different frequencies superimpose. Only very low frequencies
can present different distortion (lower values) due to the presence of the factor jk(j/kr +1)
in the force-induced pressure from Equation (3.9). Otherwise, according to the analytical
model, THD almost does not depend on the frequency and behaves as a linear function
of the usc amplitude when uyc is much smaller than Upc. Although the model slightly
overestimates THD, compared to the experiment, a generally good agreement can be seen. If
the high frequency experimental measurements of THD (4000 and 8000 Hz in Figure 4.6) are
considered to be outliers, then the measurements at the other frequencies are rather close to
each other, resembling the model result. Finally, the linear trend indicates that the distortion
is governed mainly by the second harmonic.
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Figure 4.7: Total harmonic distortion in percents of the CD actuator at frequencies 250, 500,
1000, 2000, 4000, 8000 Hz, calculated with the analytical model from Equations (4.2). The
actuator is biased with Upc = 8.2 kV, the needed parameters are taken from Table 3.1, and
Figure 4.3.

4.7 Conclusions

In this chapter, we investigated the acoustic characteristics of the corona discharge actuator.
For this purpose, the experimental prototype was manufactured in a wire-to-mesh geometry.
It has an active area of 50 x 50 mm? and an electrode gap of 6 mm. The arrangement of the
emitter wires reflects the result of electrical current optimisation in the numerical simulation.
The experimental measurements are cross-compared to the results provided by analytical and
numerical results to evaluate the validity of the models.

In free field, the CD actuator is able to generate the sound pressure, which frequency response
presents a 6 dB/octave rise in the low frequency range in free field. This tendency is the result
of the heat and force sources radiation. From this perfect slope, we can conclude that the
magnitude of the sources does not vary with frequency, thus, they can be considered ideal.
However, at frequencies where the size of the actuator is of the same order as the wavelength,
the curve deviates from this ideal response. The directivity measurements allow determining
the relative strengths of the heat and force sound sources. At low frequencies, the patterns
have a supercardioid shape, while at high frequencies, secondary lobes appear.

The harmonic distortion of the CD actuator appears to be proportional to the excitation am-
plitude if it is limited compared to Upc. The linear dependence reasonably comes from close
to the almost quadratic dependence of electrical current on the applied voltage, which results
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in a prominent second harmonic in both sound sources. Although the discharge is rather
convenient to control in voltage, the direct control of electrical current can potentially lower
the harmonic distortion [107] because both heat and force sound sources are proportional to
the current. Nevertheless, the distortion level stays in sufficiently low bounds for active sound
control, which makes CD the most suitable among the other plasma-based actuators.

The numerical and analytical models demonstrate, in general, a good agreement with the
experimental data. The analytical model describes well the low frequency response of the
actuator. It means that the sound sources are sufficiently precisely estimated via voltage-
current characteristics. Thus, this framework can be potentially used to implement the
model-based control system. However, the analytical model cannot be used to predict the
dynamics of an actuator design which has not been manufactured yet. When the design needs
to be evaluated with fewer resources, the numerical model appears to be useful. Although
some discrepancies with the experimental data in the calculated sound pressure levels are
observed, the model better reflects the high frequency part of the acoustic response. From the
numerical simulation, it was seen in the Chapter 3 that the current density is concentrated
around the emitter wires. Thus, the high frequency response of the analytical model could be
improved if the actuator is considered as the combination of several identical smaller sources
separated in space.

To conclude, it should be mentioned that the construction of the actuator is relatively simple
and mechanically robust. Since the sound radiation is governed by the ionised particles, which
dynamics does not change with the actuator surface, the CD actuator can offer some flexibility
in design and applications without change of the response at low frequencies. All this makes
the CD-based actuator in the proposed geometry an attractive alternative to conventional
transducers for active noise control.
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5.1 Introduction

As discussed in the introduction, active sound control with the aim of noise reduction can be
achieved by minimising the acoustic pressure at a given location or absorbing the incident
sound wave [108]. As in any other field of active control, the transducers are driven in a
feedback or feedforward manner [8]. The feedforward method manipulates the controlled
sources in a predefined way, often involving a model of the transducer which is experimentally
estimated or theoretically derived. In contrast to this, the feedback architecture typically
provides all the necessary information for control from external sensors. As a consequence,
this approach does not require any model of the transducer and can inherently be more
adaptive to the changing environmental conditions. The first electroacoustic sound reducing
device was proposed in [7]. A proportional feedback signal from a microphone drives the
controlled loudspeaker in order to minimise the sound pressure locally at the sensor position.
At low frequencies, it forms a so-called “silent zone” which can reduce sound levels in enclosed
volumes or block the transmission through the partitions [109, 110, 111]. Alternatively, the
impedance control aims to suppress any reflections of sound waves that impinge on the
active interface. Using a pair of sensors (two microphones, accelerometer and microphone,
laser velocimeter and microphone, etc.), it is possible to estimate the acoustic pressure and
particle velocity close to the transducer and adjust their ratio to the target impedance value
in a feedback loop [112, 113, 114, 115]. A passive porous material with a controlled source
releasing pressure at its back can also be used for impedance control. In the case of a matched
impedance, it leads to sound absorption [116, 114]. Such a combination improves a low
frequency absorption of a passive quarter-wavelength resonator. However, the bandwidth
of absorption of both direct impedance control and hybrid impedance control are limited
by the resonant response of the actuator as was discussed in the introduction. To extend
the bandwidth of operation, the impedance control techniques can be combined with the
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adaptive LMS algorithm [113, 117, 90, 118].

The above-mentioned feedback impedance control approaches require low signal distortion
from an electroacoustic transducer to absorb sound successfully. The CD actuator presented in
the previous chapter, with its satisfactory low harmonic distortion and non-resonant response,
can potentially extend the bandwidth of control. It should be mentioned that there are
no works in the available literature so far (except the ones published by the author of this
thesis) which investigate the active sound absorption with plasma-based actuators. One
attempt was reported by Nasiri [119] to cancel out a single-tone acoustic noise generated by a
loudspeaker in a duct using a surface dielectric barrier discharge actuator. Although the main
tone amplitude was slightly reduced, strongly nonlinear response of the actuator diminished
the positive outcomes of active noise control. Therefore, to our knowledge, this work is the first
in the field since the plasma-based actuators were never used for active impedance control.

The goal of this chapter is to investigate the use of the proposed CD actuator in feedback
impedance control so as to provide more broadband performance than other commonly used
loudspeakers. First, the concept of hybrid sound absorption is described, followed by the
implementation and experimental assessment under normal sound incidence. Then, the
pressure-velocity feedback impedance control strategy with the CD actuator is studied. Finally,
both concepts are applied to realise an active acoustic liner for noise reduction under grazing
sound incidence.

Some parts of the work reported in this chapter is published in the following paper:
Sergeev, S., Humbert, T., Lissek, H., and Aurégan, Y. (2022). Corona discharge actuator as an
active sound absorber under normal and oblique incidence. Acta Acustica, 6, 5.

5.2 Hybrid passive-active impedance control

This method aims to maximise the absorbing properties of passive porous material with the
use of active control. The approach is attractive for an unknown actuator such as a corona
discharge. It relies on the pressure measurement in front of the transducer and only requires a
low output signal distortion in order to avoid generating noise at high harmonics since the
control is purely linear.

5.2.1 Principle of the hybrid absorption

If a constant pressure difference is applied at two sides of a porous layer, it generates a steady
airflow. Viscous forces dominate in the material, and the flow characteristics mainly depend
on the flow resistivity. Assuming microscopically homogeneous porous layer of thickness d
with flow resistivity r, under a net pressure difference p; — p» (Figure 5.1), the induced flow
velocity can be written as:

u=(p1—p2)ird. (5.1)
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Figure 5.1: Flow resistance of the layer made of porous material.

At low frequencies, the same relation holds for acoustic quantities. As frequency increases, the
reactive terms were shown to become non-negligible [12]. If such a porous layer is placed at a
quarter wavelength from a rigid wall, the acoustic pressure at the back p, vanishes. Thus, the
front surface acoustic impedance becomes equal to the material flow resistance rd:

Zi=p1lu=rd. (5.2)

To obtain total absorption under normal incidence, for example, one should choose the
material layer with the resistance equal to the characteristic impedance in the air. The passive
absorber with a fixed position of a porous layer relative to the wall can present the absorption
maxima only at discrete frequencies. Moreover, absorption of the low frequency sound requires
a proportionally large system size. Placing the actively controlled transducer that ensures
p2 =0 allows maintaining absorbing condition over a wide frequency range with a compact
size.

5.2.2 Control design with FXLMS algorithm

The schematic of the hybrid absorption control is illustrated in Figure 5.2. Apart from the
microphone for pressure minimisation p,, the control procedure utilises a second reference
microphone p, located further away from the absorber. The algorithm is based on the adaptive
LMS algorithm to increase the stability of the system [120]. Thus, it takes the reference signal
p(t) as the input. In the tested configuration, this signal was buffered to 50 previous values.
The microphone that senses pressure p, provides the error value e(t) at each time step ¢. The
weights W of a filter change in the “LMS update" block as follows:

W) =W(-1)+pe®dp’ ). (5.3)

In Equation (5.3), p is the adaptation step size that controls how fast the algorithm converges.
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After the weights update, the reference signal is filtered in the “LMS apply" block. Finally, it is
inverted and leaves the controller to be amplified (not shown in Figure 5.2) and applied to the
CD actuator. The diagram also contains two FIR filters of the length 50. The first one, the “path
estimation" filter, takes into account the response of the CD actuator and the path between it
and the error pressure p,.. The second “Feedback filter" compensates for the influence of the
CD actuator operation to the signal recorded by a reference microphone.

LMS _ error
update
path ¢
estimation
LMS
apply |
M\ -1
Y |
Feedback
filter

porous layer
CD actuator
A
e

Figure 5.2: Block scheme of the adaptive algorithm for hybrid sound absorption.

The control algorithm is implemented in Matlab Simulink, and the input-output communica-
tion is realised onto a Speedgoat IO 334 Real-Time Target Machine with a 20 kHz sampling
rate. First, the “path estimation" and “Feedback" filter coefficients are estimated and fixed
by generating white noise with the CD actuator. Then, the weights W (¢) of the LMS filter are
adapted, generating white noise with an external sound source, and also fixed as proposed in
[19]. During the measurements of sound absorption, the coefficients are kept unchanged.

5.2.3 Experimental setup

The measurements of acoustic impedance and sound absorption coefficient under normal
sound incidence are performed in the impedance tube (Figure 5.3). The duct is 1.1 m long,
and it has a rectangular cross-section 50x50 mm?. The actuator, which design is described
in Section 4.1, is located at the right termination of the impedance tube and enclosed with a
back cavity of the same cross-section and 20 mm depth. Such dimensions allow only plane
wave propagation at frequencies below 3 kHz. The actuator is oriented with collector facing
the duct, emitter wires are enclosed. With this orientation sensors in front of CD are protected
from high voltage. As a passive porous layer for the hybrid absorption method, a 1.5 mm thick
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Figure 5.3: Schematic of the experimental setup for the measurements of sound absorption
under normal incidence. Hybrid sound absorption method with the CD actuator is imple-
mented.

sandwich of 4 identical wire meshes is installed ! (inox 304L, 0.285 mm filament, resistance
120 Pa:s/m). The cumulative low frequency resistance was estimated as 1.07pc¢ with the
method proposed in [121], which is sufficiently close to the characteristic air impedance. The
termination at the left is closed by a loudspeaker used to generate a bidirectional sinusoidal
sweep. Two PCB130D20 microphones M; and M, placed 50 mm apart are used to derive the
acoustic impedance and absorption coefficient of the CD-based hybrid absorber according to
[SO-10534-2 standard [122]. Signals from these microphones are processed with a Briiel&Kjaer
Pulse frequency analyser. The hardware used to control the CD actuator is depicted at the
right in Figure 5.3. The error microphone M, (PCB130D20) senses the pressure p, between
the wire mesh and the CD actuator. The microphone M, is also used to provide the reference
noise signal p, for control. As the controller cannot generate a high voltage (maximum 10
V), the following procedure is performed. The alternating voltage component calculated by
the controller to supply the actuator (in the range of kV) is reduced by a factor of 1000 before
the output. The controller is then connected in series with a floating power supply that adds
positive bias voltage (8 V to achieve 8 kV) for stable corona discharge operation. The controller
is then connected to a 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.

Thttps:/ /www. gantois.com/en/Catalogues.php
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5.2.4 Achieved acoustic impedance and sound absorption

The measurements of sound absorption coefficient and acoustic impedance are shown in
Figure 5.4 for a passive absorber and when the control is on. The impedance is evaluated
at the front face of the wire mesh. In the passive regime (blue curves), the low frequency
impedance presents high absolute values of the real and imaginary parts. As frequency
increases, the impedance converges to Z = pc. The related absorption corresponds to the
typical performance of a quarter wavelength resonator with a matched resistance. At low
frequencies, which correspond to the wavelengths much greater than the absorber size, it
almost does not absorb sound. We should mention here that all absorption relates to the
losses in the wire mesh. The stainless steel grounded collector plate of the CD actuator was
measured to have a resistance of 0.02pc. Therefore, its contribution to sound absorption can
be considered negligible.

—Re(Z), passive —Re(Z), hybrid
- -Im(Z), passive = -Im(Z), hybrid}

- -

Impedance, normalized
\
A}

—passive
—hybrid

0.6

0.4

Absorption coefficient

0.2
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125 250 500 1000 2000
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Figure 5.4: Acoustic impedance and absorption coefficient measurements of a system in
passive and hybrid mode. The impedance is normalised by pc.
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When the system is in hybrid mode with the CD actuator cancelling pressure at the back of
the wire mesh, it turns into a perfect broadband absorber (red curves in Figure 5.4). The
average value of the achieved real value of impedance is 480 Pa:s/m = 1.14pc in the considered
frequency range, which is close to the resistance of the wire mesh. At low frequencies, the
imaginary part of the impedance remains close to zero but slightly increases above 500 Hz. As
was mentioned in Section 5.2.1, the porous materials cannot be considered as a pure resistance.
As the macroscopic parameters, such as porosity, and tortuosity, are challenging to evaluate
experimentally, we cannot estimate at which frequency the deviation from a purely resistive
behaviour starts. The absorption coefficient stays higher than 0.97 from 100 to 2000 Hz (except
for the measurement artefact at 370 Hz, which can also be visible on passive measurements).
The change in reactance lowers the absorption quality gradually at high frequencies. Above
2000 Hz, we can expect further degradation in the absorption performance of the hybrid
absorber. Thus, the passive system may appear more efficient.

Finally, broadband sound absorption was achieved with the use of the CD actuator. However,
as may be seen, only resistive target impedance can be realised with this method, and any
change in the target requires the change of the passive material. An alternative method that
does not present these drawbacks is proposed in the next section.

5.3 Pressure-velocity feedback impedance control

This method relies on external sensors to drive the acoustic impedance at the actuator surface
to the target one. The measurement of acoustic pressure divided by the target impedance
yields the particle velocity that should be created to achieve this target. The actual particle
velocity is estimated independently. The difference between the estimated and desired velocity
is minimised in a feedback loop to achieve the target impedance.

5.3.1 Methods to estimate particle velocity in front of corona discharge

Pressure-velocity feedback control requires the accurate estimation of both acoustic pressure
and particle velocity close to the front face of the actuator. While pressure estimation is
straightforward, the absence of moving parts in the actuator poses some constraints on
how the particle velocity can be estimated. Indeed, several methods used for membrane
transducers, such as a laser velocimeter or accelerometer, cannot be implemented here. In
this study, the two approaches to estimating the particle velocity are proposed. Both of
them utilise a pair of microphones. Their relative performance in terms of achieved acoustic
impedance and sound absorption under normal incidence is compared in the impedance
tube in the next section.

In the first method, the two microphones are simply placed in front of the CD actuator and
spaced by a distance [. If there are no acoustic sources between the microphones, the acoustic
pressure and velocity are linked through the Euler equation, which writes:
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9p __ 08 (5.4)
ox  Poor :

The pressure gradient can be approximated by the difference of pressures at the two micro-
phone positions. The estimated particle velocity then reads:

L (op . 1 [(pO-p(®)

__ L 5.5
In the frequency domain the equation takes the form:
Doy = LS = P2(8) 5.6)

Pols

where s = jw is the Laplace variable. Such an estimation of the particle velocity implies that
the distance between the microphones should be 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 the presence of a
parasitic noise in the system. Therefore, the distance / is constrained by both the lowest and
highest frequencies of interest. In this work, the considered frequency range is limited by 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.

The second approach consists in placing a passive resistive material with the microphones
to estimate the acoustic velocity. A thin porous layer, for example, a wire mesh with known
flow resistance R is placed between the microphones. The flow velocity through a porous
layer is mostly controlled by its resistance and the same holds for the acoustic velocity at low
frequencies, as in the case of hybrid absorption. Therefore, the estimation of particle velocity
reads:

Vest = P1 }—{Pz . (5.7)

At high frequencies, inertial forces become non-negligible, and the Equation (5.7) may not
hold anymore. In this approach of estimating the particle velocity, the microphones can be
placed closer than in the first method since the pressure drop is assumed to occur between
each side of the resistive layer, which makes the system more compact.
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5.3.2 Control design

The control schematic for the pressure-velocity feedback is shown in Figure 5.5 for both
approaches of particle velocity estimation. Simple proportional feedback control is realised
in this study since it does not perturb the phase of the output signal, which is essential for
real-time impedance control. The rectangular blocks represent continuous-time transfer
functions which should be discretised and implemented on the control hardware.
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Figure 5.5: Block diagram of the pressure-velocity feedback control of the corona discharge
actuator. a) the particle velocity is estimated based on Euler equation. b) particle velocity is
estimated with the use of a known resistive layer.

In Figure 5.5a, the microphone p, provides the measurement of the total acoustic pressure
in front of the actuator. The target velocity is estimated as p»/Z;g, where Z;; is the target
impedance. The estimated velocity veg is obtained from Equation (5.6). The difference
between v;¢ and ves; yields the error signal, which should be minimised. The error is further
amplified by a dimensional gain G and forms a voltage u that is applied to the actuator.

In Figure 5.5b, the target velocity v is calculated with the use of microphone p; since the
total impedance presented by an active absorber is the one on the front face of the resistive
layer. Velocity ves is calculated according to Equation (5.7). The rest of the control circuit is
similar to the one already described. The target acoustic impedance can be changed digitally
in the controller to adjust the system to optimal absorption in various configurations. The
transfer function 1/ Z;¢ should be proper to keep the control stable. Since it is possible to set a
complex frequency-dependent impedance, this method can be advantageous compared to
the hybrid absorption method under grazing incidence.

67



Chapter 5 Feedback impedance control of corona discharge actuator

5.3.3 Experimental setup

The measurements of acoustic impedance and sound absorption coefficient under normal
sound incidence are performed in the impedance tube.
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Figure 5.6: Schematic of the experimental setup for the measurements of sound absorption
under normal incidence. Pressure-velocity feedback impedance control of the CD actuator is
implemented.

The duct parameters, the actuator, and the measuring system are the same as the one described
in Section 5.2.3. A 10 mm-thick layer of melamine foam is placed in the back cavity in order to
increase control stability (due to the presence of the hard wall close to the actuator). A pair of
PCB130D20 quarter-inch microphones sense the pressure at positions p; and p,. Therefore,
to estimate the velocity with the first approach, the separation / = 30 mm was chosen as
a compromise to keep the sound absorbing system small but still work in the considered
frequency range. When v is measured according to the second approach, the wire mesh
with a thickness of 0.3 mm and flow resistance R = 0.3pc is installed, and the microphone
spacing / =9 mm. The control schemes of Figure 5.5 are implemented in a real-time platform
Speedgoat 10-334 programmed with Matlab Simulink. The discretised loop runs at a frequency
50 kHz.

5.3.4 Achieved acoustic impedance and sound absorption

The sound absorption performance was evaluated using both approaches for particle velocity
estimation. The environmental conditions and levels of noise source excitation are kept the
same during the experiment. The feedback gain G of the feedback loop is always set to the
highest value until the control system becomes unstable. The target impedance is set to the
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characteristic impedance in the air pc = 418 Pa-s/m in order to achieve full absorption under
normal sound incidence.
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Figure 5.7: Real and imaginary parts of the measured acoustic impedance in passive and
active modes. Number 1 corresponds to configuration with velocity estimation according to
Equation (5.6), 2 - according to Equation (5.7) with resistive material between microphones.
Values are normalised by pc.

The measured impedances of the CD actuator in passive and active cases are presented in
Figure 5.7. The reference plane where the impedance is evaluated is different for the two
velocity estimation methods. For the Euler-based velocity estimation, it is placed at the centre
between the two microphones; for measurements with a resistive layer, the impedance is
estimated at the position of the first microphone (see Figure 5.6). In the passive regime, the
stiffness of the actuator enclosure controls the low frequency impedance dynamics, which is
represented by high magnitudes of impedance and negative imaginary part (dashed lines in
Figure 5.7). At frequencies above 1000 Hz, the behaviour of the impedance with two velocity
estimation methods differs due to the slightly different position of the evaluation plane and
the presence of the wire mesh in the second case. In the active case, when the actuators are
controlled, the real part of the impedance shifts close to pc while the imaginary part tends to
zero (solid lines). At frequencies above 1 kHz, the impedance curves deviate from the target
closer to the passive dynamics. This can be explained due to several reasons. First, the passive
absorption increases and shifts the impedance closer to pc (passive curve 2). Second, the
velocity estimation in both cases becomes less accurate and deviates the achieved impedance
from the target.

The absorption coefficient corresponding to the achieved impedance is depicted in Figure 5.8.
In the passive case, the system does not have any means to absorb sound at low frequencies.
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Figure 5.8: Measured absorption coefficient of the CD actuator with a pressure-velocity feed-
back control.

For the velocity estimation through the Euler equation, all the sound energy dissipation
happens due to the installed thin melamine layer at the back. As a result, the absorption
coefficient reaches only 0.5 at 2 kHz. In the second configuration, the presence of a resistive
mesh approximately 40 mm from the rigid wall forms a quarter wavelength resonator. This
visibly increases the overall absorption performance and particularly at high frequencies.
In contrast to the passive case, the impedance control of the CD actuator increases sound
absorption reaching levels higher than 80% in the whole frequency range of interest. For
the first active configuration, the gradual reduction of absorption coefficient can be seen
above 1000 Hz. As already mentioned, the approximation of pressure gradient by a simple
difference is less accurate at high frequencies, which leads to errors in velocity estimation.
The absorption achieved with the second approach has alocal decrease in the middle range
that corresponds to the strongest mismatch between the achieved and target impedances
in Figure 5.7. One can suggest that the wire mesh is not a pure resistance anymore at high
frequencies that influences the estimated velocity. However, as the passive absorption in the
second case significantly increases at high frequencies, this effect is compensated. To sum up,
the CD actuator can act as a broadband sound absorber with simple proportional feedback
control, which is not achievable with electrodynamic transducers over such a bandwidth.

5.4 Application to acoustic liners

Modern development of aircraft engines tends to use larger rotating parts with the aim of
reducing the consumption of fuel. As a result, the acoustic noise emitted by the engine presents
more energy at lower frequencies [123, 5]. This brings a new challenge in aircraft engine noise
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reduction since the low frequencies should be absorbed with minimal space for acoustic
treatment. The only available place for absorbers is the wall of the engine nacelle surrounding
the rotor. The conventional resonator-based acoustic treatment is called “acoustic liner".
It was illustrated in Figure 1.2 in the introduction. These conventional liners based on the
microperforated panels [124, 125] may not satisfy the noise reduction requirements of modern
engines anymore, and new, deep sub-wavelength and broadband at the same time, concepts
should be developed to face this challenge.

Among the passive methods, various membrane and metamaterial-based liner concepts were
recently proposed [25, 126, 127]. With relatively low mass and small thickness, they can address
such low frequency noise. However, greater bandwidth would be of high importance, and the
application of these concepts is still to be evaluated in realistic environmental conditions.

Alternatively, active sound absorbing concepts were also studied for the acoustic liner appli-
cation [128, 91, 129]. The operation can often be adjusted to focus on different frequency
bands, which is particularly valuable in the case of engine noise reduction as it has tonal
components with varying frequencies in different regimes. However, at high sound pressure
levels, the displacement of the transducer’s membrane can become nonlinear or even lead
to its damage. In addition, large arrays of electrodynamic actuators can be relatively heavy
for aircraft applications due to the presence of heavy permanent magnets in construction.
As discussed in the introduction, alternative piezoelectric transducers have a rather narrow
frequency response and, thus, controllable bandwidth [128]. Therefore, corona discharge
actuator can potentially offer a more flexible design, reduced weight of the liner, mechanical
robustness, and greater bandwidth for liner application.

In this section, we implement the hybrid absorption concept and pressure-velocity feedback
control in a liner prototype based on the CD actuators.

5.4.1 Noise reduction under grazing incidence

An acoustic liner is integrated into a wall of the air channel (engine intake or bypass channel),
where the sound propagates along the surface of the treatment. Therefore, noise reduction
under grazing incidence demands adjusting the control strategy and the CD actuator geometry.

When sound absorption is performed under normal incidence, as in the impedance tube,
the active absorber should act as a whole because the wavefront is parallel to the actuator’s
surface. In other words, the acoustic pressure at any point on the actuator surface is the same.
In the case of grazing incidence, in particular when mounted on the duct wall, the sound
propagates along the actuator surface. This limits the maximal size of an active cell unit for a
given wavelength of operation, otherwise, the acoustic pressure and velocity acquired with the
sensors at a certain location do not correspond to the average value across the whole active
surface.

In a two dimensional infinite duct with height £, the analytical solution of the wall impedance
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Zopt that maximises the modal sound attenuation is given by Cremer’s formula [130]:

) 2fh
Zopt = (0.929 — j0.744) —~ (5.8)
Although the Equation (5.8) is obtained for an infinite duct, the wall section that has the
impedance close to Cremer’s one in a finite length duct imposes sufficient sound attenuation
[131]. Therefore, this formula can serve as a reference for the target impedance.

5.4.2 Prototype design and flow duct facility

The measurements were conducted in a rectangular flow duct with a cross-section of 40 x 50
mm? in LAUM laboratory in Le Mans (Figure 5.9). On one side, it is connected to a fan that
generates the airflow. Two anechoic terminations are placed at both ends of the duct. The
acoustic measurements are performed by six flush-mounted microphones M; — Mg. Two
compression chambers are mounted at the two ends of the duct to be able to generate sound
either downstream (in the direction of flow) or upstream (in the direction opposite to flow).
An acoustic excitation signal consists of discrete sinusoidal waves with frequencies from 100
to 2000 Hz and 10 Hz step. The constant amplitude of the incident wave is maintained in the
considered frequency range.

M, My M My M; Mg

Anechoic Compression < OO 020, " Compression Anechoic

Termination Chamber I Chamber Termination

(Me1o WEYS

MCIIQ MEZIQ

‘CD actuator 1‘ ‘CD actuator 2‘
Melamine Melamine

Figure 5.9: Scheme of the rectangular flow duct for measuring the liner absorption under
grazing incidence. The second control microphone (M2 and M,yy) is only used for direct
feedback impedance control. The depth of the cavity is different for hybrid absorption and
direct impedance control methods.

We evaluated the transmission losses in the duct induced by the presence of the active liner. For
this, the scattering matrix of the CD-based acoustic liner was computed using two different
configurations: in the first only the upstream source is working (on the left in Figure 5.9,
marked as + further in the text), in the second only the downstream source is on (marked as
—). The measured signal is averaged at each frequency over 400 cycles without flow and 1000
cycles with the flow. The transmission coefficients 7" and T~ are obtained from the scattering
matrix [132]. Then, the transmission losses can be calculated as follows:
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TL* =20logl0 . (5.9)

T*

The acoustic impedance achieved by the sample is educed using the inverse method, which
is based on the multi-modal calculation of the acoustic field in a 2D lined channel with a
uniform flow [133].

Figure 5.10: Test section with the plasma-based liner prototype mounted on a side wall. Left -
two active cells comprising the liner (one is partially disassembled for illustrative purpose).
Right - view from the duct inside, top cover is removed.

The active liner setup in this study consists of the two active cells (Figure 5.10). Each cell
covers the wall area of 100 x 50 mm? in the duct, but the hollow discharge area is limited
to 70 x 50 mm?2. Given the active length of the actuator, the control cannot be efficient at
frequencies higher than 2 kHz. For higher frequency absorption, shorter in length cells would
be needed. Each cell includes one (M,;; and M,,; in case of hybrid sound absorption) or two
microphones (M;11, M¢12 and M2, M in case of direct impedance control in Figure 5.9).
For simplicity, both cells always have the same control law while operating. However, different
target impedances can be implemented if needed. The two actuators operate independently;
the control loops do not have any cross terms. In the case of hybrid absorption, both active
cells share the same reference signal. However, different microphones for upstream and
downstream measurements are used. The microphones M3 and M, (Figure 5.9), which are
located 20 cm from the test section borders, provide the reference signal for upstream and
downstream measurements, respectively. The calibration procedure described in Section 5.2.2
is performed for each cell individually.

The actuators are built in a modular way to be able to easily change the configuration. The
cells are fixed side by side to the wall of the duct section. First, the cavity with the microphones
is screwed. Then, the collector electrode plate is placed. The frame with corona electrodes is
placed next. Finally, the 20 mm cavity with a 10 mm melamine layer finishes the assembly.

Figure 5.10 illustrates the liner assembly for the hybrid control method. Pressure-velocity
feedback impedance control requires a larger cavity that hosts two microphones and is il-
lustrated in Figure B.5 in Appendix B. As was discussed in Section 5.2.1, the hybrid absorber
requires a porous layer whose resistance is matched to the optimal one. As can be seen, the
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drawback of this technique is that there is no simple possibility to influence the imaginary
part of the acoustic impedance. Although the optimal impedance in Equation (5.8) contains a
reactive part changing linearly with frequency, in our case, it is always set to zero. Moreover,
the resistance is also proportional to frequency and, with a duct height h = 40 mm, varies
from 0.02pc to 0.44pc in the 100-2000 Hz frequency range. Therefore, a wire mesh with the
resistance of approximately 0.25pc¢ is chosen so that it lies in the middle of the considered
interval. For the second method, a thin layer of Kevlar (weight = 61 g-m? , thickness = 0.12
mm) is glued on the cavity which is done for measurements with the mean flow to prevent it
from entering inside the liner.

5.4.3 Performance without mean flow

First, the measurements were conducted without airflow in the duct. The magnitude of
the incident wave was maintained at the level of 90 dB. Figure 5.11 on the left shows the
transmission losses induced by the hybrid system when the CD actuator is off and on. In
the passive regime (blue curves), the liner presents a resonant response as expected. The
low frequency attenuation is almost negligible. At high frequencies, the transmission losses
increase and reach a peak value of 17 dB at 1500 Hz. The corresponding educed normalised
impedance is illustrated on the right of Figure 5.11. As a reference, the optimal impedance
from Equation (5.8) for h =40 mm is also provided. One can see that the maximal value of
transmission losses corresponds to the frequency region where both the liner resistance and
reactance are the closest to Cremer’s impedance. However, the passive liner resistance does
not fall below 1, which means p = 0 condition behind the wire mesh is not reached in the
considered frequency range.
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Figure 5.11: Transmission loss (left) and normalised acoustic impedance (right) of hybrid
absorption system in comparison to passive behaviour without mean flow. + sign corresponds
to measurement with the upstream source on, — with the downstream source on. Blue curves
of passive measurements coincide. The Cremer impedance is calculated for a duct height of
40 mm.
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In the hybrid mode, the absorber induces broadband sound attenuation starting from low
frequencies. In the frequency range from 140 Hz to 1500 Hz, the transmission losses exceed
20 dB with a maximal value around 30 dB at 1000 Hz. It can be noticed that the TL* and
TL™ curves are not strictly similar. This phenomenon occurs because of the calibration
process. Since the flow duct is not symmetric with respect to the test section (the duct
parts in the upstream and downstream directions together with anechoic terminations are
built differently), the estimated filters do not coincide for the opposite directions of sound
propagation. The impedance presented by the hybrid liner has both real and imaginary parts
closer to Cremer’s target. The mean value of resistance is 0.4pc, which is higher but close to
the expected one. The reactance has a similar trend as in the case of normal incidence. At
200 Hz, it starts deviating from zero towards the positive direction. At frequencies above 1500
Hz, the impedance furthers from the optimal one, which results in a drop in transmission
losses. It should be mentioned here that the educed impedance is calculated as the average
value over the whole liner, which is 20 cm long. However, as described in Section 5.4.2, only 75
% of the liner surface is active, the rest being the hard wall. Therefore, such deviation of the
achieved impedance relative to the target is expected.
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Figure 5.12: Transmission loss (left) and normalised 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.

Pressure-velocity feedback impedance control was also tested in the duct. Although a frequency-
dependent impedance can be targeted with this method, the exact formulation of Cremer’s
optimal impedance cannot be realised on a real-time platform since it is not representable as
a continuous time transfer function. Instead, the following target impedance is chosen:

1
Zi=Ssa,m M + arR+aC—C, (5.10)
S
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Table 5.1: Parameters for pressure-velocity feedback impedance control with target impedance
from equation 5.10. M = 0.044 kg:'m~2, R=35Pa-ssm~!, C =4.3e-7 m-Pa~!

Parameter a, ar dc

Controlcasel 0.5 2 0.2
Controlcase2 0 2 0

where s is the Laplace variable. This equation resembles the passive response of an electrody-
namic loudspeaker (see Section 1.2.2). It also fits well the response of the enclosed CD actuator
around passive absorption peak, as the combination of the air volume with a slightly resistive
grid backed with a cavity. The target impedance is written as a sum of an acoustic mass
M, resistance R, compliance % with the corresponding dimensionless coefficients a,;, a,, a..
Therefore, if all coefficients equal one, formula (5.10) corresponds to the passive case. By
changing these parameters, we can realise various control scenarios. The values of M, R, C as
well as a,, a,, a. for 2 implemented control cases are listed in Table 5.1.

Figure 5.12 presents the transmission losses and achieved impedance in the passive regime
and two control cases without the mean flow. The passive liner absorbs sound locally at
around 1050 Hz. The maximal absorption occurs at lower frequencies than in the hybrid mode
because of the deeper cavity hosting the two microphones. In control case 1, a high absorption
peak is obtained around 620 Hz with a transmission losses value of 35 dB. As can be seen
from Equation (5.10), the target impedance is purely real with magnitude a, R at frequency
fr= %, / umaé 57+ Around this frequency, the impedance is relatively close to Cremer’s optimal

with both small resistance and reactance. Changing the ratio v/ a./a,,, we can shift f; and, as

a consequence, we can influence the frequency of maximal attenuation. However, one can
notice that while remaining stable, the control loses passivity, which is indicated by locally
negative achieved resistance and negative transmission losses. The active case 2 targets a
purely resistive impedance that corresponds to more broadband transmission losses but with
lower maximal values than in the first case. Several more control cases without mean flow are
shown in Appendix B in Figure B.6.

The achieved impedances differ significantly from the target ones with pressure-velocity
feedback, as can be seen in Figure 5.12. There are several arguments contributing to this.
As was described in Section 5.3.2, the target impedance is realised between the two control
microphones. Since the distance between the microphones is 30 mm, the target impedance
plane is almost 20 mm away from the duct wall, which creates discrepancies. Moreover, the
Kevlar layer impacts the final result as an additional porous layer. Finally, as was already
mentioned, only 75 % of the liner is active. All these reasons also lead to the strong deviation
of the achieved impedance from the target at high frequencies. Nevertheless, the two different
control cases of pressure-velocity feedback demonstrate a broad range of control possibilities,
which can be useful for absorbing different types of noise.
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5.4.4 Performance in presence of mean flow
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Figure 5.13: Transmission loss (left) and normalised acoustic impedance (right) of direct
impedance control system in comparison to passive behaviour in a mean flow with M =0.05.
The Cremer impedance is calculated for a duct height of 40 mm.

Pressure-velocity feedback impedance control was tested in the presence of a mean flow with
velocity 17 m-s~! (Mach number 0.05). Another Kevlar layer was added to the liner, otherwise,
the flow noise was saturating the CD output signal. As a consequence, the total resistance
presented by the liner was increased. The transmission losses with calculated impedance in
a passive regime and one active case are shown in Figure 5.13. For both passive and active
cases, the transmission of waves propagating from upstream and from downstream is not
the same. Acoustic waves propagating in the same direction as the flow are transmitted
better, thus, the transmission losses are lower, which is a typical effect in such a configuration.
Passive absorption is concentrated in the frequency range from 700 to 1100 Hz. The active
case, illustrated in Figure 5.13, has the same control parameters as the case 1 without the
flow. Although the transmission loss values are 2-3 dB lower than in the passive operation,
the absorbing performance extends toward lower frequencies. Below 200 Hz, the control is
inefficient due to the implemented high pass filtering of the input signals. The estimation
of particle velocity in front of the CD actuator involves an integration step. In the presence
of flow, which produces a strong non-periodic low frequency noise, the estimated velocity
accumulates the DC offset that leads to an offset in the output voltage signal. Such an issue
can shift the operation of the actuator out of the corona discharge region and either result in
too low voltage or too high voltage leading to an electrical arc. High pass filtering is a measure
against this, but it makes the control inefficient in the low frequency range due to the phase
mismatch. Some other examples of control cases with the mean flow are provided in Figure
B.7 in Appendix B.

In the presence of a mean flow, the optimal Cremer’s impedance should be corrected by the
factor 1/(1 + M)?, where M is a flow Mach number [134]. However, at tested velocities, the
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difference in optimal impedances does not exceed 10 %, so no change was applied to the
target impedance.

Hybrid absorption was not able to counteract the flow noise inside the liner. The sound pres-
sure level at the error microphone exceeded 95 dB, and the CD actuator could not minimise
the pressure in the cavity because the alternating output voltage component was exceeding
the limits to stay linear.

5.4.5 Influence on the flow noise
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Figure 5.14: Sound pressure levels of broadband noise created by the flow in the duct. Passive
— actuators are off, active — actuators are on with pressure-velocity feedback. Signals are
recorded by 2 closest downstream microphones M, and Ms.

It is not possible to totally exclude the flow noise from the control. The pressure perturbations
created by the turbulent flow are captured by the microphones and further processed in the
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control algorithm. Therefore, in addition to the target tonal noise to be attenuated, plasma
actuators also tend to slightly reduce the broadband flow noise in the duct. Figure 5.14 shows
the influence of the active impedance control method on the flow noise. In the absence
of any additional acoustic excitation from the loudspeakers, the downstream microphones
recorded the signal produced by the mean flow with Mach number M=0.05. The comparison
is shown on two microphones when the plasma liner is passive and active. The sound pressure
levels with the active system are slightly lower in the frequency range 350-700 Hz compared
to the passive case recorded by the same microphones. Reduction of turbulent noise can be
considered as the laminarisation of the flow in the duct, which could be of interest for flow
control applications.

5.5 Conclusions

In this chapter, the application of the corona discharge actuator to impedance control was
investigated with two feedback control methods. Relying completely on the external sensors,
these techniques do not require any knowledge of the transducer except its sufficient linearity.

Hybrid passive-active impedance control relies on the pressure release condition behind
the porous layer, which leads to the surface impedance in front of the layer equal to its flow
resistance. In the performed experiments in the impedance tube, the resistance was matched
to the characteristic impedance in the air to target the absorbing condition. The use of
the FxLMS algorithm with the CD actuator allowed for achieving perfect broadband sound
absorption. In the experiments under the grazing incidence, the resistance of the porous layer
was adjusted for a particular flow duct facility to induce broadband sound attenuation with
the maximum in the middle of the considered frequency range. Although there is no simple
digital way to change the target impedance, the achieved performance both in the impedance
tube and in the duct without flow is remarkable.

Direct impedance control in a pressure-velocity feedback configuration was also tested. A
proportional type of feedback was realised. Two methods of particle velocity estimation were
proposed, which involve two microphones separated by either an air gap or a porous layer.
Since there is no physical moving membrane, which separates the air medium, a compact
solution such as an accelerometer on the membrane or a microphone in the back cavity
[135] cannot be implemented. As a consequence, the sensing system appears to be relatively
bulky (15 to 35 mm depending on the approach) compared to the CD actuator (7 mm for
electrodes + 20 mm enclosure). On the other side, we confirmed that due to its non-resonant
response it is possible to control the real target impedance in a wide frequency band which is
not feasible with electrodynamic loudspeakers or piezoelectric transducers. The experiments
under oblique sound incidence showcased that various control scenarios can be realised by
changing the target impedance digitally, for example, maximising the transmission losses in a
selected band.

One important aspect is that the experiments were conducted with relatively low levels of
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the incident wave around 90 dB. At higher SPLs, the alternating voltage of the CD actuator
exceeded the specified limit of 1 kV (to not exceed the THD of 10%). Therefore, the sound
sources and the control should be further investigated to see what are the current limitations.
It is performed in the next chapter, where we make an effort to design a single sensor sys-
tem for controlling the CD actuator, which is more compact and provides more data on its
electroacoustic operation.
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6.1 Introduction

In the preceding chapter, a feedback-based method has been applied to impose a desired
acoustic impedance at the interface of the corona discharge actuator. It seems to be an
appropriate solution if the transducer’s dynamics is complicated to estimate, it varies over
time, or placed in the environment, that is regularly changing (static pressure, temperature,
humidity). The direct estimation of particle velocity and acoustic pressure provides the
necessary information for active control. We demonstrated that, without specific knowledge
of the CD actuator electroacoustic operation, it is possible to achieve a broadband control
of impedance, which can be adjusted to absorb sound. Hybrid absorption is limited in the
range of impedances that can be realised: only one per configuration and real-valued. On
the other hand, the performance of pressure-velocity feedback is limited by the accuracy of
the velocity estimation and stability. Moreover, as we have seen in Chapter 5, the real-time
velocity measurement in front of the actuator is not straightforward and space consuming,
which limits the advantage of a very thin actuator. Thus, it is of interest to reduce the total
size of the system for space sensitive applications, such as acoustic liners for aircraft noise
reduction.

An alternative method of direct impedance control consists in describing the transducer
dynamics analytically. If the actuator’s model is known, it is possible to achieve broadband
sound absorption by applying a feedforward type of control. The model can potentially avoid
the velocity estimation and use only one pressure sensor. The usage of a single microphone
in a control scheme is rather cost effective and easy to implement for industrial applications.
Moreover, the control system can become more compact in the case of the corona discharge
actuator. Although a precise identification of the transducer’s mechanical and electrical
parameters is required prior to operation, such architecture makes the control scheme more
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stable and easier to process [16]. Since the technique does not rely on the absorbing properties
of any passive material, it generally allows targeting frequency-dependent impedances and
changing the target numerically. As a result, electroacoustic liner prototypes with feedforward
control demonstrated their absorption performance in duct noise attenuation under grazing
sound incidence [91, 136]. Thus, developing a CD-based impedance control system appears
to be an appealing direction.

The motivation of this chapter is to develop a real-time impedance control concept for the
corona discharge actuator, which relies on the electroacoustic principles of the transducer.
The first part aims at deriving the control transfer function that involves the analytically
estimated heat and force sound sources. It is followed by the numerical simulation of the
control, identification of the most sound absorbing configuration and experimental validation.
The control cases with different target impedances in addition to pc are presented.

6.2 Development of electroacoustic analytical model of corona dis-
charge for control

incident wave incident wave
—_— —_—

7’ 7’

~—
reflected wave ,
7
4 e N
7 \

\ 4 \
z

~—
reflected wave ,
7

s
7’
7’
s

7
L7 collector emitter ", rigid wall 4

7 \
- \

7 F H
7 7 \
’ | Lke 0
Ic. ®
C
| | &0 ¥ 0

Figure 6.1: The principle of sound absorption with the corona discharge closed in a box. In
passive regime (a) the actuator behaves as a rigid termination with electrode grids transparent
to sound. In active regime (b) heat H and force F sound sources are operating in order to
suppress reflected wave. Shape of the sinusoidal wave from the heat source (red) and force
source (blue) represents the monopolar and dipolar property correspondingly.

When the actuator is not powered, it is almost transparent to sound waves. As illustrated in
Figure 6.1a, in the case of a rigid enclosure, the incident sound wave reflects back without
any loss in the amplitude. If the high voltage Upc + uac(?) is applied to the electrodes, the
CD actuator forms a complex acoustic source consisting of monopole type heat source H
centred around the high voltage electrode and dipole type force source F located between
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the electrodes (illustrated in red and blue in Figure 6.1b). The heat source, shown as the red
symmetric waves propagating in opposite directions in Figure 6.1b, is generated due to the
energy loss into heat in the ionisation region. The force source, shown as the asymmetric
blue waves, is produced by the interaction of ions drifting from the high voltage electrode
towards the grounded collector with neutral particles of air. By controlling the two sources, it
is possible to adjust the acoustic impedance in front of the actuator to the desired one.

The linear approximation of the sound sources can be taken from the analytical model de-
veloped in Section 3.3 from Equations (3.14) and (3.19). These are important milestones that
will be used in the next section to derive the control transfer function. The magnitude of AC
force component and heat power density in the CD actuator with considered wire-to-mesh
geometry can be expressed as follows:

Cd
F,=—QUpc—-Upuac,
Hi (6.1)

H,=C@BU3.—2UpcUp)tac.

where d is the interelectrode distance, y; is the effective ion mobility in the air, Upc is the
constant bias voltage, uc is the alternating voltage component responsible for sound, Uy
is the onset voltage (when discharge initiates), C is a dimensional constant. The last two
parameters are estimated by measuring the voltage-current characteristics of the transducer
and approximating it by Townsend’s formula (Equation (2.1)), the other parameters are known.
These two phenomena can be included as the sound sources in the wave equation (3.6).
The goal of this study is to design a feedforward control architecture which uses a pressure
signal from a microphone as the control input. The analytical model with the sound sources
(Equation (6.1)) together with target acoustic impedance should be embedded in the control
transfer function in order to calculate the needed actuator response.

6.3 Analytical derivation of control transfer function

The transfer function 8(w) converts the pressure signal acquired in front of the actuator into
an AC component of the electrical voltage signal u,c(w) which is further summed with Upc
and applied to the electrodes. Before deriving 6, several assumptions should be made in order
to simplify the problem without losing important information. In many sound absorption
applications the CD actuator should be backed by some enclosure, for example, to be installed
in aroom corner, duct termination or wall-mounted. Therefore, we consider that the actuator
is covered by a termination parallel to the electrodes plane with load impedance Z; at a
distance L from the actuator centre. If it is a rigid wall, Z; can be considered as a high real-
valued impedance. In the case when there is no termination (e.g. mounted in the cross-section
of the ventilation duct), the load impedance is equal to characteristic medium impedance.
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Furthermore, the problem can be considered as one dimensional due to several factors. First,
the space between the set of electrodes and the enclosure presents a section of waveguide with
termination impedance Z; and constant cross-section. Second, the distribution of force F and
heat release H is homogeneous along the actuator hollow area. Thus, the sound sources can be
treated as constant force and heat densities: f = F,/Sd, h= H,/Sd. Further, we are interested
in solving the problem at a distance xp in front of the actuator, where the control microphone is
placed. Since x is much smaller than the actuator length (xy = 10 mm < v/S =50 mm), plane
wave can be considered with negligible effect of spherical expansion. Finally, the thickness
of the discharge volume d = 6 mm is much smaller than the wavelength at frequencies up
to several kilohertz, so the CD actuator sound sources f and & can be considered as point
sources. The simplified one-dimensional problem is summarised in Figure 6.2. Without any
loss of generality, it can be assumed that the actuator is centred at the origin of the x-axis.

Q N\
external sound Q ' N c
g 1 ° D
o L €
/\/_) g 7 £ \
Pt + H ZL\
> ° : °
T —xo 0 L

Figure 6.2: One dimensional schematics of acoustic sources and boundaries positions.

As the air in the corona discharge is weakly ionised, the energy mainly transfers through elastic
interaction [76]. The wave equation can be derived from the system of linearised continuity,
Newton’s, and energy conservation equations with heat and force sources and the gas obeying
adiabatic transformations [95]. The one-dimensional wave equations for acoustic pressure p
and particle velocity v in the frequency domain can be derived similar to Equation (3.6) and
are written as follows:

P jw 0
—+k*|p=- / h+—f,
ox CPTO ox 6.2)
og 2 1 oOh jw
— 4k |v=- —+ .
k
Ox2 poCpTy Ox  poc?

where k is the wave number, Cp is the heat capacity per unit mass, T, is the static ambient
air temperature, p, is the static air density, c is the speed of sound in the air. The external
acoustic excitation emanates from the left of the actuator (negative x values). Further, all
acoustic pressures and velocities are considered for negative coordinates x as the only region
of interest. Using the principle of superposition, acoustic pressures and velocities generated
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only by either the heat source or the force source can be found independently in Equation
(6.2). It reads:

pf= ﬂ (ejkx _ rejk(x—ZL)) 7,

2
V= _L( Jkx _ rejk(x—zL))f
f 2p0cC ’
dc ; . (6.3)
Ph= (e]kx+rejk(x—2L)) h,
2CpT,
vy = —L (ejkx + rejk(x—ZL)) h.
2poCP T,

In Equation (6.3), r is the reflection coefficient from the enclosure wall defined by r = (Z} —
pA)(ZL+pc). pr and vr are the solutions of Equation (6.2) if =0, pj, and vy, are solutions of
Equation (6.2) if f =0. The acoustic pressure and velocity generated by the corona discharge
actuator at position x is the sum of force and heat induced quantities. Thus, in the presence of
external acoustic excitation (p,. and v,.), the total sound pressure and velocity at any position
x in the duct can be written as:

pe(x) = pr(xX) + pp(x) + pac(x), 6.4)
ve(X) = vp(x) + v (%) + Vg (X). '

The microphone at position —x, provides the measurement of p;(—x,). The active control of
the actuator should lead to achieving the target acoustic impedance Z;¢ at —x,. The goal is
to assign the correct AC voltage component u ¢ (w) = 6 (w) p;(—X,, w) in order to adjust total
velocity v, so that p;(—xo)/ ve(=Xo) = Zzg.

The particle velocity v, is linked to a specific acoustic impedance in the absence of the
actuator: vgc(x) = pac(x)/ Zzc(x). In turn, Z,, at the microphone position can be expressed
in terms of known termination impedance Z;, as the impedance at distance xy + L from a
termination of a transmission line:

Zp + jpoctan(k(L + x,))
pc+ jZptan(k(L + x,))

Zac(—=Xg) =pc (6.5)

Therefore, the total particle velocity v; in Equation (6.4) rewrites through the known quantities:
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Pt—Pf—Ph

7o (6.6)

Vp=Vf+Up+

Now it is possible to derive the transfer function 6. Taking into account that v;(—x,) =
pt(=X0)! Z;g and substituting all components from Equation (6.3) in Equation (6.6), one
can obtain

e(w):ﬂ=l(1—z“c)/(1+z‘”),

p: A Ztg pc
d Cho —ik d( Cho ) —ik
A=2 + Jkxo o * _ Jk(xo+2L) 6.7
2 (fo cpTo)e 2\cor, To)re (6.7
C c
fo=fluac=——QRUpc—-Up), ho=hluac=—;BUpc—2UpcUp).
S Sd

In Equation (6.7) f, and h, are the constants depending on the actuator geometry and op-
erating conditions. By changing the value of Z,g, it is possible to target different acoustic
conditions and obtain partial or full absorption under normal or grazing sound incidence.
However, before implementation on a digital platform, the transfer function should be ex-
pressed in terms of the Laplace variable s = jw. One must ensure that 6(s) is a stable and
proper transfer function.

Let us consider the derivation of the control transfer function 0(s) from analytical 8(w) with
target impedance Z;z = npc (n € R) which will be further implemented for experimental
validation. In the low frequency range (up to ~ 2 kHz) the distance between the actuator and
the microphone can be neglected setting x, = 0 (in the experiment microphone is located 10
mm in ahead of the grounded electrode). If target impedance is set as Z;¢ = npc, the transfer
function from Equation (6.7) with Z,. from (6.5) can be written in the form:

01
0(s) = =,
() 0,

-7, .

, (71— 5°) (252 + jran (kD) 68
Y (Zu+ po(1+ jtan(kL))

d chy chy )) (=27kL
Or=—|fot —2 +|—2 - JkL)
2 z(f"+cpTo+(cpTo Joj)re

A way to convert this transfer function to the s domain is to use the Taylor expansion for
tangential and exponential functions. High order expansion should preserve the function
behaviour at higher frequencies but can lead to unstable poles and coefficients with too
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high or too low values that are difficult to implement digitally. Thus, a first order expansion
was used for the tangent function and second order for exponential, rewritten in the form
exp(—2jkL) =exp(—jkL)/exp(jkL). Therefore, the transfer function takes the following form
in the s domain:

_pey(npe=Zy | Ls
(ZL n ) (nZL—pc T )

(ZL+po) (1+L)
cho (cha )F%%)

+ + —folr
o1, \cor, P 1+&4+ L5
c C

(6.9)
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Figure 6.3: Bode plots of transfer functions 0(w) from (6.7) and 0(s) from (6.9) with target

impedance Z;¢ = pc. The light blue filled area shows the change in phase of 6(s) if time delay

in control is introduced.

Figure 6.3 illustrates the magnitude and phase of the transfer functions. The parameters
needed to plot the functions are collected in Table 6.1. The procedure of their estimation
is detailed in the experimental section. The blue curve relates to the original analytical
function 6 (w) calculated from Equation (6.7) with target impedance Z;¢z = pc. The control
transfer function 6(s) from Equation (6.9) to be used in the experiment is depicted in red.
All the approximations taken to derive Equation (6.9) from Equation (6.7) do not affect the
magnitude considerably (for Z;¢ = pc) but change the phase in the frequency range of interest.
As can be seen, the control transfer function has a noticeable phase lead over the original one
that builds up to approximately 45 degrees at 2000 Hz. Such dynamics is advantageous as it
can be partially corrected by inducing a simple time delay in the controller. The light blue
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area shows where the phase of the control transfer function can fall if the delay between 0
and 80 microseconds is added. Note that the difference in phase and amplitude between 6 (w)
and 0(s) can be different if another target impedance is set. The same functions are shown
in a wider frequency range in Appendix B in Figure B.8. The figure demonstrates, that the
low order approximation of the analytical function is accurate only at low frequencies. In the
next section, numerical analysis is conducted in order to evaluate the performance of the
plasma-based system and find the optimal delay value that maximises sound absorption in
the 100-2000 Hz frequency range.

6.4 Modelling absorption performance

The CD-based absorber can be modelled in a finite element method software (Comsol Mylti-
physics). Although the complete electroacoustic numerical model of the corona discharge was
proposed in Chapter 3, it would not be advantageous to use it in order to simulate the active
control. First, a transient simulation requires a long time to compute in the wide frequency
range with a fine step. Second, we are interested in the linear part of the CD response in a
waveguide. Therefore, a two-dimensional simulation is carried out directly in the frequency
domain, where the sound sources are taken from the analytical model. Since the source
estimation was found to be accurate in Chapter 4, such a hybrid approach is a reasonable
compromise for the efficiency of the simulation in the low frequency range (up to 2000 Hz),
when there is no need to capture the nonlinear dynamics.
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Figure 6.4: Geometry of the two dimensional waveguide terminated with the enclosed corona
discharge actuator. The triangular mesh is denser towards the rectangular zone which imitates
the discharge (highlighted in violet). The microphone position is a blue dot with coordinates
(-0.01, 0.025).
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The geometry of the numerical model is illustrated in Figure 6.4. The simulation is carried
out in a duct with a height of 5 cm. The CD actuator is represented by an air volume of height
5 cm (vV/S) and thickness d = 6 mm. This volume acts as a source of uniform force and heat
power with densities f and #h, as expressed in Equation (6.7). The electrodes are not included
in the simulation since they present negligible acoustic resistance and thus are transparent
to sound waves. The actuator is terminated by the boundary with impedance Z; =6.7-10°
Pa-ss-m~! = 16pc at a distance of 25 mm from the actuator centre. It reflects the mean value of
the real part of the termination impedance which was measured in the impedance tube with
the actual prototype. Since the termination for the experimental prototype is manufactured
with a 3D printer out of PLA plastic, a more realistic value for Z;, should be considered instead
of the hard wall. As will be seen in Figure 6.11 from passive measurements, constant real
impedance Z; is a good approximation of the termination. The microphone is placed in front
of the CD actuator flush-mounted in the tube (blue dot in Figure 6.4). Its centre is located 10
mm ahead of the actuator centre. To estimate the strengths of the force and heat sources, the
voltage-current characteristics of the actual prototype should be measured and fitted with the
Townsend formula. The procedure was described in Section 4.3. The fit result is illustrated in
Figure B.9. Table 6.1 lists all the parameters needed for the numerical model.

Table 6.1: CD actuator model parameters for a definition of a control transfer function.

Parameter Symbol Value Unit

Air mass density Po 1.23 kgm™3
Sound speed in air c 343 ms™!
Ambient temperature T, 293 K

Heat capacity Cp 1015 Jkg ! K71
Interelectrode gap d 6-1073 m
Discharge area S 25107 m?
Microphone distance x, 1-1072 m
Enclosure length L 251073 m

Load impedance VA3 6.7-10% Pasm™!
Positive ion mobility 1.1:107%  m?Vv-ls7!
Voltage offset Upc 8.0 kv

Onset voltage Uy 6.19 kv
Fitting constant C 231-107% AV™2

The achieved acoustic impedance Z,y, of the system is evaluated along the line at the same
distance as the microphone (black line at x = -0.01 m). The reflection coefficient of the system
R and sound absorption coefficient @ can be calculated as:

Zach —pc
Zach + pc’ (6.10)
a=1-abs(R?).
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If the system is passive, the reflection coefficient R has the same magnitude as r from Equation
(6.3) and equals (Z; — pc)/ (Z1 + pc). The sound absorption is only provided by the enclosure
wall. In the active case, the numerical model simulates the dynamics of the CD actuator
that senses the pressure in front and outputs the voltage signal according to the defined
transfer function. Figure 6.5 shows the calculated achieved impedance and sound absorption
in the passive case, in the active case with ideal analytical transfer function 6 from Equation
(6.7), as well as its simplified version from Equation (6.8). Both active cases aim at full sound
absorption with Z;¢ = pc.
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Figure 6.5: Simulated achieved normalised impedance and sound absorption coefficient of
the CD actuator in 3 cases: control off (blue); ideal control transfer function according to
Equation (6.7) (orange); simplified control transfer function as in Equation (6.8). Solid lines on
the impedance graph represent the real part of achieved impedance, dashed lines - imaginary
part. Z;g = pc.

During the derivations in the previous section, we made an assumption that the sound sources
and, consequently, the CD actuator is infinitely thin. Although this is not the case in the
numerical simulation, the control with the ideal transfer function from Equation (6.7) still
leads to precisely achieved impedance and perfect absorption in the considered frequency
range (orange curves in Figure 6.5). This result confirms that the thickness of the actuator
can be neglected. However, the achieved sound absorption falls to 86%, if the CD actuator is
controlled through the simplified 8 from Equation (6.8) (green lines). The achieved resistance
deviates from the target starting from 500 Hz and decreases to 0.43pc at 2 kHz. The control
transfer function (6.8) differs from Equation (6.7) only because of neglecting the distance
between the microphone and the actuator centre (10 mm, which means only 4 mm between
the collector plate and the body of 1/4" microphone). Thus, ignoring it can lead to a noticeable
degradation in the absorption performance during the experimental tests. This simulation
assumes that the hardware has no delay between the pressure acquisition and voltage output.
However, this is not the case in real situations. Moreover, as we observed in Figure 6.3, the
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transfer function from Equation (6.9), which is to be implemented in the experiment, has
a very similar magnitude to the original 6 from Equation (6.7) but provides a phase lead
in the considered frequency range. Therefore, a particular delay in the control loop can
potentially tailor the system to have a response closer to the original transfer function. In this
way, we further investigate if having a delay in the control system can help close the gap in
performance.

6.4.1 Influence of control delay on performance

The operation of the CD-based active absorber, which is controlled via 8(s) from Equation
(6.9), is simulated numerically with the time delays in the range of 0-80 us. The delay is
simply implemented as a multiplying factor exp(—jwT) to the transfer function. Figure 6.6
illustrates the expected performance in terms of achieved sound absorption coefficient and
the corresponding acoustic impedance.

0.95|
09r
°
0.85| 2
= 0.5
5 | eesziIIIIIIITT
L S | __--=--7"7°" e
2 0.8 g op= .
N by
N
0.75r 05F \\
0'89 ps delay 0-80 ps delay, Re(Z) 0-80 s delay, Im(Z)\\
0.7F 0 ”b‘ 1T Re(Z), 0 ps Im(Z), 0 ps b
50 “b‘ B Re(Z), 50 us Im(Z), 50 ps \
—80 us Re(Z), 80 us = = =Im(Z), 80 us X
0.65 ! : : 15 | [ I \
500 1000 1500 2000 500 1000 1500 2000

Frequency, Hz Frequency, Hz

Figure 6.6: Simulated performance if the active system is controlled with transfer function
from Equation (6.9) with the time delay 0-80 us. Left: achieved sound absorption coefficient;
right: achieved normalised acoustic impedance. Solid line - real part of impedance, dashed
line - imaginary part of impedance.

Note that the absorption coefficient in Figure 6.6 is shown in the range 65-100%. If we assume
that the system has no delay (pure response of the transfer function of Equation (6.9)), the
sound absorption remains close to perfect from 100 to 1000 Hz (yellow line in Figure 6.6 on
the left). Such bandwidth is already competitive with loudspeaker-based state-of-the-art
absorbers [45]. However, at higher frequencies, the performance degrades, and absorption
reaches only 67% at 2000 Hz. The corresponding achieved resistance drops down to 0.25pc¢
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(solid yellow line on the right). Such deviation is caused by the phase mismatch of the control
transfer function compared to the analytical model because the tangent and exponential
functions are expanded only to the first and second order. Since the introduction of delay into
the control system shifts the phase closer to the original transfer function of Equation (6.7),
this should increase the absorption efficiency in the high frequency range. The blue and pink
shaded areas show the range where the achieved absorption and impedance can fall with the
additional 0-80 us delay. One can observe that the control case with 80 us delay results in a
similar absorption function, although it is achieved with a significantly different impedance.
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Figure 6.7: Absorption coefficient map as a function of frequency and the introduced delay.
The active system is controlled with transfer function from Equation (6.9). Note, that the mini-
mal value in legend is set to 0.95, but blue colored zones contain data with lower absorption
coefficient (down to 0.66).

The parametric study on the optimal delay value was conducted in order to determine the one
that maximises the sound absorption in the frequency range 100-2000 Hz. Figure 6.7 depicts
the achieved absorption coefficient as a function of frequency and control delay. We can see
that a constant time delay cannot bring the absorption to 100% in the whole frequency range.
If all the frequencies are equally weighted, it appears that 7 = 50us provides the best result
in the considered range. The corresponding achieved absorption and acoustic impedance
are shown in green in Figure 6.6. Compared to the control case with no delay, the achieved
resistance remains close to pc in the broader frequency range, falling only to 0.6pc at 2000
Hz, while the reactance is not significantly affected and stays around 0. As can be seen from
Figure 6.7, with a greater delay;, it is possible to boost absorption further above 1800 Hz, but at
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the cost of efficiency at lower frequencies.

Finally, the numerical study reveals the broadband absorbing potential of the CD-based active
system that operates with a predefined control transfer function. The simulation helped in
identifying what control delays can be tolerated by the system and can even improve the
performance. It must be noted here that the analysis carried out above is valid for a considered
target impedance Z;¢ = pc. If the target changes, the phase mismatch between the original
transfer function of Equation (6.7) and the one to be implemented in the hardware can be
different. Therefore, the optimal time delay can vary. In the next section, we estimate the delay
of the whole control system in order to see what can be achieved in the experiment.

6.5 Experimental setup and implementation

6.5.1 Experimental setup
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Figure 6.8: Schematics of experimental setup, including the impedance tube, block scheme of
active control and signal acquisition.

To experimentally evaluate the absorption performance of the CD-based active system, the
measurements under normal sound incidence are carried out in the impedance tube as shown
in Figure 6.8. The tube and the measurement system are similar to what was described in
Section 5.2.3. The active system is positioned at the right termination. The actuator used in
the experiments is the same as was introduced in Section 4.1 with an active area of 50x50 mm?
and an interelectrode distance of 6 mm. The actuator is backed by a rectangular enclosure
with a 50x50 mm? cross-section and depth such that the enclosure wall is located 25 mm from
the actuator centre. The hardware used to control the CD actuator is depicted at the right in
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6.8. PCB130D20 ICP 1/4" microphone senses the total sound pressure in front of the actuator
ata 10 mm distance from its centre. The control transfer function 6(s) from Equation (6.9) with
Zig = pcis discretised and implemented on a real-time platform Speedgoat 10-334 which runs
at 50 kHz frequency. As previously, it calculates u4c component reduced by a factor of 1000
for the output, which is further summed with a constant voltage and amplified. Geometrical
and discharge parameters needed for the definition of the control transfer function are the
same as in the numerical model and listed in Table 6.1.

6.5.2 Time delay of control system

The control system consists of two main parts: the controller and the high voltage amplifier.
Both of them introduce some latency to the control loop. The estimation of the total delay is
essential to be able to relate the obtained experimental data and the numerical prediction.
Thus, the time delay brought to the loop by the controller and high voltage amplifier is
estimated by measuring the frequency response. The response is recorded with Briiel&Kjaer
Pulse multichannel analyser.
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Figure 6.9: Frequency response of the high voltage amplifier TREK 615-10 loaded with the CD
actuator introduced in Section 4.1. The signal is recorded from the embedded voltage probe,
so the voltage magnitude is reduced by a factor of 1000.

Figure 6.9 shows the frequency response of the high voltage amplifier in the frequency range
up to 10000 Hz. Since it may depend on the load, the CD actuator is connected during the
measurement. The magnitude is reduced by a factor of 1000. We can see that, in the frequency
range of interest (up to 2 kHz), the gain deviates from unity by 7% maximum. The phase
response presents a linear roll-off starting from 1000 Hz. It corresponds to a constant time
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delay of the signal with a value of approximately 14 us. However, the slope is different below
1000 Hz. The absorption coefficient map in Figure 6.7 indicates that below this frequency,
the value of the time delay should not noticeably impact the sound absorption quality, as it
varies from 0.98 to 1 in the 0-80 us delay range. Therefore, to take care of the high frequency
performance, we can estimate the latency of the amplifier as 14 us.
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Figure 6.10: Phase difference between the measured response of the controller, which runs

the discretised version of the transfer function (6.9) with a sampling frequency of 50 kHz, and
the transfer function (6.9).

The latency of the controller is also estimated. First, the frequency response of the controller
is recorded when it runs the discretised transfer function from Equation (6.9) at the sampling
frequency of 50 kHz. Then, we compare the recorded data with the same 8(s). The difference
in phase is shown in Figure 6.10. It reasonably demonstrates a linear change in phase over the
whole frequency range of interest. The time delay of 18 us is calculated from the slope of the
line. This value includes the latency of ADC, processing, and DAC and appeared to be slightly
smaller than the 20 us period of acquisition.

Finally, the cumulative time delay of the control system for the CD actuator equals approxi-
mately 32 us. It corresponds to a nominal delay that can be achieved with the given hardware
and control settings. The delay is slightly shorter for frequencies below 1000 Hz due to the
response of the high voltage amplifier. Since the controller runs at 50 kHz, the system delay
can be increased with 20 us step if the output is held by one sampling period. With one period
hold, the total system delay can be advantageously used as it closely matches the optimal
value for broadband sound absorption.

6.6 Broadband sound absorption

Figure 6.11 presents the achieved acoustic impedance and the sound absorption coefficient
for the CD-based system in a passive case and two active cases with different time delays in
the controller. The corresponding numerical results are superimposed over the experimental
data. When the control is off, the dynamics is governed only by the termination impedance
and leads to a negligibly small sound absorption constant over the considered frequency
range. It can be seen that approximation of the termination impedance by a constant real
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Figure 6.11: Experimentally achieved performance of the CD-based active sound absorber in
the duct with Z;¢ = pc and comparison with a numerical model. Top raw - passive operation
of the absorber; middle raw - active operation with control time delay = 30us; bottom raw -
active operation with control time delay = 50us. Blue lines - numerical simulation, red lines
- measurements. Transfer function (6.9) is implemented. On impedance graphs: solid line -
real part of impedance, dashed line - imaginary part of impedance.

value Z; in the model provides a reasonable agreement with the experimental data. It is
important to have a good match in Z;, as it is included in the control transfer function and
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influences the magnitude of the voltage applied to the CD. Two other cases target perfect
sound absorption but with different delays in the control loop. It should be noted that the
absorption values depicted on the axis in the active case start from 0.7 for better visualisation
of the details. The first active measurement corresponds to the case when no additional
time delay was added to the control transfer function. The value of 32 us is estimated in the
previous section as the cumulative hardware delay between the signal entering the controller
and the output of the high voltage amplifier. As expected, we obtained almost purely real
impedance close to pc at lower frequencies, but its magnitude reduces towards 2000 Hz. The
absorption coefficient remains equal to 1 up to 1000 Hz but gradually decreases to 0.85 by
2000 Hz. This measurement appears to be in good agreement with the results of numerical
simulations.

As observed in the previous section, high frequency absorption can be further improved by
including additional time delay in the controller. In this sense, the second active case corre-
sponds to the control setting with a delay of one sampling period. It brings the total system
delay to =52 us, which is close to the optimal value estimated in numerical simulations. As a
result, the sound absorption is considerably improved above 1 kHz, extending the bandwidth
of perfect absorption. The value falls to only 95% at 2000 Hz. Although the experimentally
achieved impedance differs from the modelled one in the high frequency range, the trend of
lifting the resistance higher to pc is still preserved. Adding 20 s more to the total delay was
already not beneficial for the absorbing performance of the active system and is not reported.

We have witnessed again that the corona discharge actuator can provide a genuinely broad-
band sound absorption under normal incidence by imposing the target impedance equal to
characteristic air impedance. The bandwidth could be extended further below 100 Hz because
the transfer function has an asymptotically constant magnitude towards low frequencies.
However, the 1/4" control microphones used in the experiment do not have a zero phase
response at low frequencies, which diminishes the efficiency. Another aspect is the sound
pressure level. The sound pressure did not exceed 1 Pa in the measurements. Now, with the
analytical transfer function, it can be understood that the present prototype should output
voltage u4c =750 V/Pa to be able to target total absorption at low frequencies (see Figure 6.3).
Therefore, high sound pressure levels cannot be absorbed in the present configuration (u4¢
should be much lower than Up¢). This limitation will be discussed in the conclusions. Never-
theless, to the author’s knowledge, the CD actuator outperforms in bandwidth all real-time
impedance control systems based on conventional transducers.

6.7 Targeting different resistances

The optimal target impedance for sound absorption depends on the application. For example,
efficient low frequency sound absorption in a room of medium size requires the resistive
impedance with the values equal to fractions of pc [16, 137]. Alternatively, damping the noise
in ducts in a wall-mounted configuration may demand the resistance to be higher than pc [91].
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Therefore, here we target resistive impedances, which are different from the characteristic
impedance of the air.

The measurements of acoustic impedance were performed for the targets Z;¢ = 0.5pc and Z;¢ =
2pc. Figure 6.12 (left) represents the Bode plots of analytical transfer functions from Equation
(6.7) with corresponding targets (original) compared with the control transfer functions 8(s)
from Equation (6.9) without time delay. As can be seen, the change in target resistance
significantly impacts the low frequency magnitude of 6. To achieve lower impedance, higher
voltage amplitude should be generated by the actuator. It can be understood as the active
system should create a stronger control action in order to change its passive impedance at
the actuator position, which in the low frequency limit converges to Z; (see Equation (6.5)).
Thus, the tests were carried out at a low sound pressure level so that the voltage swing on the
CD actuator does not exceed 10% of Upc. In contrast to the case with Z;¢ = pc (Figure 6.3), a
significant magnitude mismatch can be observed in the high frequency range between the
original analytical and control functions for Z;z = 2pc (19% compared to 6%). The presence of
time delay in the controller can improve the phase dynamics (though the optimal delay values
are different for different targets), but the magnitude mismatch will still impact the achieved
impedance in the high frequency range.
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Figure 6.12: Left: bode plots of transfer functions 6 (w) (6.7) and 6(s) (6.9) with Z;; =0.50¢ and
Z:g = 2pc without time delay. Right: achieved acoustic impedances for the corresponding
control cases control cases with Z;z =0.5pc and Z;¢ =2pc, 30 us delay is set in the simulation.
On the impedance graph: solid line - real part of impedance, dashed line - imaginary part of
impedance.

The right panel of Figure 6.12 shows the achieved acoustic impedances for the control cases
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with Z;g =0.5pc and Z;¢ = 2pc. The measurements are compared to the numerical simulation,
which includes the time delay of 30 us (nominal time delay of the control system). The
experimental data is satisfactorily consistent with the numerical simulations. The resulting
impedance resembles the target only in the low frequency range for the case with Z;z =2pc.
The magnitude and slight phase mismatch, as discussed above, could impact the performance.
Target impedance Z;¢ = 0.5pc¢ is achieved with higher accuracy, although the imaginary part
of impedance deviates from zero.

The active system was tested with higher targets than 2pc. The gradual decrease of per-
formance towards lower frequencies was observed if the simplified formulation of transfer
function 6(s) from Equation (6.9) is implemented on the controller. On the other side, the
resistances, which are considerably lower than 0.5p ¢, were not achieved. This requires too high
AC voltage output from the corona discharge actuator or the operation at reduced magnitudes
of the acoustic signal. To improve the high frequency behaviour, the control transfer function
could be estimated from the analytical Equation (6.7) differently, for example, by direct fitting
with a finite order rational function. One of these examples is shown in the next section.

6.8 Acoustic mirror with various levels of reflection under normal
incidence

We observed in the previous section that the passive behaviour of the CD transducer is close to
the hard wall. The reflection is defined by the rigidity of the enclosure. With active control, it
can be turned into a perfect broadband absorber. Alternatively, any transitional configuration
that absorbs incident acoustic energy only partially can be imagined.

6.8.1 Targetimpedance to control magnitude and phase of reflection

The amount of absorbed and reflected energy can be controlled by implementing various
target impedances in the control law. For example, increasing target resistance from pc
towards Z; should change the absorption coefficient from 1 to 0. However, any complex
frequency-dependent impedance can be implemented that keeps the transfer function stable.
Moreover, phase of the reflected signal can be also potentially controlled. Here, we implement
a different target which can lead to partial constant magnitude of reflection and variable phase.
We employ passive acoustic impedance from Equation (6.5) and modify it in the following
way:

BZ+ jZctan(k(L + x, + AL))
Ze+ jBZptan(k(L+x, + AL)’

Zig=7Ze (6.11)

where f is a dimensionless scaling factor of the termination impedance Z;, and the parameter
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AL acts as an additional virtual depth of the rear termination. If =1 and AL =0, the target
impedance equals the passive Z,. and no active control is required. However, as § changes,
the target imitates the presence of the termination behind the CD actuator with the impedance
equal to 7. Lowering the value of 8 leads to the softening of the virtual termination, thus, to
higher sound absorption. When = Z./ Z;, target equals again to characteristic air impedance
yielding full absorption. This configuration resembles an acoustic mirror with an adjustable
reflection coefficient. When the parameter AL differs from zero, the sound wave reflects with a
delay that corresponds to an additional propagation distance of length 2AL. Therefore, along
with varying the magnitude of sound reflection, it is possible to change the phase mimicking
longer termination behind the CD.

6.8.2 Experimental results
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Figure 6.13: Demonstration of a tunable various levels of sound reflection with the CD actuator.
By varying the target impedance after Equation (6.11), reflection coefficient of 40, 70, 90
percent is achieved.

This time, the control transfer function was obtained in a different way. The analytical function
0(w) was fitted by a third order rational function using Pade approximation. The obtained
function has stable poles. It was discretised with the sampling frequency of 50 kHz and
implemented in a controller.

Figure 6.13 shows that the CD-based active device can operate as a tunable mirror with ad-
justable sound reflection coefficient working over a wide frequency range by varying parameter
B and keeping AL =0. The coefficient § was chosen in order to obtain 40, 70, 90 % reflection
in magnitude. A different type of microphone was used for control and measurements (PCB
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378B02), which allowed extending the control to the low frequency range.
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Figure 6.14: At a fixed reflection level, the linear roll-off of the reflection phase is controlled,
artificially introducing a constant reflection time delay. Delays of 0.22, 0.56, 0.85 ms correspond
to virtual elongations of the device by 3.7, 9.7, 14.7 cm, respectively.

Figure 6.14 illustrates the case, where the reflection magnitude remains the same but the
phase changes linearly with different slopes. This is achieved by changing AL and constant
value of B in Equation (6.11). The magnitude of reflection is fixed at 40 %, and AL equals to
3.7,9.7, 14.7 centimeters, which corresponds to reflection delays of 0.22, 0.56, 0.85 ms (initial
targets were 5, 10, 15 cm, but exact values are not achieved due to final order transfer function
approximation and control delays). These values are consistent with the measured slopes of
the linear reflection phases.

6.9 Conclusions

This chapter completes the study of the corona discharge actuator as the electroacoustic
transducer for active control. It presents a novel control architecture to achieve a broadband
acoustic impedance control which can be adjusted to absorb sound in various conditions. It
can also find a broad range of applications as a building block for acoustic metamaterials. The
technique relies on the integration of the physical model of the CD actuator in the control
function. The core of the control consists in the accurate estimation of the heat and force
acoustic sources, which are proportional to the applied AC voltage in the linear approximation.
In this sense, we can calculate which signal should be fed to the CD actuator in order to bring
the acoustic impedance to the desired one. Due to the small thickness of the transducer,
the low frequency approximation can be used, still providing enough precision to control
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impedance up to approximately 2 kHz. The approach allows using a single microphone sensor
for the impedance control, which makes the system even more compact than in the case of
the feedback control because the particle velocity estimation is substituted by the model of
the transducer.

The derived analytical transfer function cannot be directly implemented on hardware because
it cannot be expressed as a rational polynomial function. One approximation is proposed
in this chapter, which matches well the original function in the case of sound absorption
under normal incidence if the time delay is accounted for. However, one must say that various
realisations are possible. The only requirement is to keep the open-loop function stable. Thus,
the implementation can potentially change depending on the hardware and target impedance.

Although the system is considered here as an open loop, the evident coupling between the
actuator and the microphone exists, which also depends on the environment where the
system is placed (duct, room, etc.). Moreover, the obtained transfer function is not zero at
high frequencies above the range considered in the current work (Figure B.8), which might
lead to the reinjection of energy. A thorough assessment of the active system stability can help
explore the limitation of the described technique. Depending on the target impedance, the
magnitude of the transfer function can lead to overly high voltages applied to the actuator.
As aresult, this reduces the sound pressure levels at which the absorber can operate. In the
conducted experiments, the level did not exceed 1 Pa. The size and geometry of the actuator
should be studied in more detail in order to increase the levels that could be tolerated for
practical applications.

Nevertheless, the achieved bandwidth of control surpasses all existing techniques, which
are based on conventional electrodynamic loudspeakers. The very distinct feature of the CD
actuator that was exploited during the transfer function derivation is that it acts as a sound
source but is still transparent for external sound. Thus, it does not break the continuity in
the acoustic medium, which is the case with any membrane transducer type. Instead, it adds
pressure and velocity to the already existing acoustic field. This property may be exploited in
the applications where acoustic transparency is needed in the passive regime, for example, in
non-Hermitian acoustics [138]. To highlight once more, the perfect broadband absorption
was achieved in this chapter with the initially almost lossless actuator.
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The work presented in this thesis intended to push the active noise reduction and specifically
active sound absorption techniques closer to realistic industrial applications by proposing
an alternative electroacoustic transducer to the conventional ones used for control. Despite
extensive academic research and great industrial interest, still only few concrete examples can
be found, which adopted this technology on the market. Some of the reasons behind this lie
in the fact that the conventional transducers are not robust, lightweight, or compact enough,
or are likely to restrict the bandwidth of control. A scientific intuition and thorough state-of-
the-art analysis led us to considering a plasma-based technology. The control of air bulk with
an electrical field allows abandoning the moving parts of conventional transducers, which
typically limit the performance. Therefore, a dedicated to active sound control transducer
was developed, which operates on the principle of a corona discharge. Although number of
works investigated such discharge for sound reproduction purposes, no research was devoted
to active sound control. We have been able to demonstrate that the developed actuator can be
used for broadband sound absorption. The flexibility in design of this transducer, and the first
results obtained in the presented work, open up a new research venue for active sound control,
where a CD actuator deserves a decent place among the spectrum of other electroacoustic
transducers. Here the main contributions of this thesis are outlined:

» Corona discharge-based electroacoustic transducer suitable for active sound control
has been developed

* Analytical and numerical model for design, characterisation, and control has been
devised

* Feedback impedance control strategies have been customised for the CD actuator
resulting in broadband sound absorption under normal and grazing incidence

* Model-based feedforward approach for the CD actuator has been worked out leading to
compact, broadband, reconfigurable sound control solution

* Experimental validation in laboratory conditions, including impedance tube and flow
duct facility

The contributions in more detail, discussion on the current limitations, and further work are
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presented below.

Contributions

Corona discharge for sound control

The specific requirements on the transducers needed for active noise reduction have been
identified. Plasma-based technology has been proposed as a potential solution to mitigate
some of the limitations of conventional transducers. We have analysed the known gas dis-
charge types and focused our consideration to the dielectric barrier discharge and corona
discharge. Preliminary tests have shown that a corona discharge is a more suitable basis for
designing an actuator for active control due to its higher linearity. The CD-based actuator
was designed in a wire-to-mesh geometry, where the high voltage electrode is composed of
an array of wire segments, and the grounded electrode is a perforated metallic plate. The
actuator behaves as a surface-distributed source, so the acoustic impedance can be precisely
controlled. The size is limited to 50x50 mm? in this work, but can be easily extended to much
larger surface. Moreover, it is not restricted to a rectangular shape, but the wires can be ar-
ranged for any particular need. The frame can be fabricated out of any dielectric. Collector can
be made out of any material, which surface is conducting. Thus, instead of manufacturing it
from heavy metals or alloys, lighter materials can be used. For example, plastics or composites
can be coated in a conducting shell. For most of the applications the high voltage part is
enclosed. The enclosure can be integrated with the system, where the transducer should be
placed. Thus, the high voltage wires are protected by the enclosure and the rigid collector.
This makes the construction simple, lightweight, and mechanically robust. At low frequencies
the actuator behaves as an ideal combination of a monopolar and dipolar acoustic sources.
The harmonic distortion has been shown to evolve linearly with the magnitude of applied
alternating voltage.

Electroacoustic modelling of CD actuator

Two models of the CD electroacoustic operation have been proposed. The first analytical
model requires a measurement of the actuator’s voltage-current characteristics to set up the
model parameters. After the calibration, it can provide a low frequency estimation of the
sound sources in the actuator. From this we have been able to estimate the low frequency
radiation and distortion of the actuator without experimental measurements. The estimation
of sources has been integrated in the control strategy described in the last chapter. The second
numerical model has been developed for a more precise and independent modelling of the
actuator. With this model, we have analysed the distributions of electrical field, current,
charge, and consequently the heat and force source distributions. Based on this, several
assumptions made in analytical model, and regarding the location of the sound sources have
been validated. The simulation is capable of estimating the acoustic radiation at higher
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frequencies. Importantly, we propose to employ this numerical model for designing the
actuator from scratch, as it does not rely on experiment and can incorporate geometrical
details of the actuator under development. The correctness of the models has been verified
through the direct comparison with experimental measurements. Although the numerical
model exhibited small discrepancies with the experiment, it does not diminish its usefulness.

Feedback impedance control with CD actuator

Hybrid passive-active and direct pressure-velocity feedback impedance control strategies
have been implemented to absorb sound with the CD actuator. Since hybrid absorption relies
on pressure minimisation behind a porous layer, and the realised impedance is defined by
the properties of this layer, the strategy is fairly straightforward to implement. Its successful
operation has been demonstrated. It has been shown that the airflow created by the offset
voltage in the actuator does not perturb the sensors placed close to collector grid, and that
broadband performance can be achieved. As only a real impedance can be realised with this
method, a direct impedance control strategy can be more advantageous. For that, we have
first investigated two methods of particle velocity estimation directly in the air, since the CD
actuator has no moving element. This control method has also presented a broadband sound
absorption under normal incidence. An active acoustic liner prototype was developed based
on these two strategies to absorb sound waves in a duct under grazing incidence, with and
without mean flow. Although its operation was limited in terms of the sound pressure level of
external noise and low frequency performance in the presence of the mean flow, the achieved
bandwidth is very competitive to the liner prototypes proposed in the literature and can be
tuned digitally. With the pressure-velocity feedback we have been able to digitally reconfigure
the noise attenuation from broadband to a specific frequency band.

Model-based impedance control

An alternative feedforward impedance control method has been developed. Instead of mea-
suring all acoustic quantities with sensors and feeding them back in a loop, a physical model
of the CD is used to estimate the transducer dynamics. The model of the CD actuator and the
target impedance are embedded in a functional relationship between the input measurement
of sound pressure in front of the actuator and the electrical voltage applied to the electrodes.
Since the obtained analytical formula should be represented as a rational polynomial of the
Laplace variable s to be implemented on a real-time control platform, it has been shown that
the final performance at high frequencies significantly depends on the quality of approxima-
tion. Finally, the CD-based sound absorption system has been obtained, which operates with
a single microphone. The achieved impedance and absorption coefficient meet target values
over a broad frequency range. Targeting different resistances has been performed with some
success. Frequency dependent impedance to tune the system to different magnitude and
phase of sound reflection was demonstrated.
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Current limitations and suggestions for improvement

Feedback and feedforward model-based approach comparison

In different scenarios, feedback or feedforward model-based control of a CD actuator may be
preferred.

All studied control methods allow achieving a broadband sound absorption under normal
incidence. In the thesis, the frequency range from 100 to 2000 Hz was considered, limited
at the lower bound by the control microphones and closely placed termination at the rear
of the device. There is theoretically no constraint imposed by the CD actuator. However,
the low frequency particle velocity estimation is complicated with a pair of closely spaced
microphones because the pressure difference approaches a noise limit. A greater spacing
should be used, increasing the size of the setup, or a resistive layer between the sensors, which
limits the lowest achievable resistance. On the other hand, we demonstrated the control
down to 20 Hz with a single microphone in the case of a feedforward model-based approach
(see Figure ?2). Therefore, the latter strategy allows controlling low frequency sound more
easily than pressure-velocity impedance control. Hybrid absorption, alternatively, should not
experience any issues to minimise the pressure behind a porous layer.

A feedforward model-based approach appeared to be more compact compared to feedback
ones. Since it does not require a second sensor or a porous layer, the target impedance is
realised closer to the collector grid. It could be more advantageous for grazing incidence
absorption because it is essential to realise a target impedance at the plane closest to the duct
wall. Unfortunately, it was not assessed because the tests in the flow duct were conducted
before the approach was developed.

The impedance control with a feedforward approach presents a more stable operation than
pressure-velocity feedback. To achieve a higher proportional gain in the control loop, a 10
mm melamine layer is placed at the back, that introduces a little additional absorption and
increases stability at high frequencies. Therefore, passive absorption was already higher for
this method than a feedforward control. The hybrid technique was always stable because after
the adaptation, FIR filters coefficients were fixed and did not change during the experiment.
The stability of the pressure-velocity feedback control could be improved by increasing the
quality of velocity estimation and introducing a more complex control than a proportional
one only.

If the environmental conditions, such as static pressure, humidity, or temperature, vary
significantly, the feedback type of control may appear more suitable. Indeed, voltage-current
characteristics might change, and some model parameters such as ion mobility depend
on these conditions. If the environment where the system is placed does not considerably
change during operation, a model-based approach could be chosen due to other advantages
mentioned above. Finally, a solution that employs a model-based feedforward approach, and
reestimates the parameters periodically, could be investigated.
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Sound pressure level

As observed throughout this thesis, the CD actuator could absorb sounds at low frequencies
with pressure magnitudes around 1 Pa, but not much higher. From the Bode plot of the control
transfer function in Chapter 6, we could observe that the magnitude of 8 at low frequencies
was close to 750 V/Pa to target full absorption. It means that to cope with higher sound
pressure levels, a higher dynamic range in voltage should be available. First, the actuator can
be designed for higher voltages. Consequently, a greater span of uc can be used. Second, the
electrodes can be designed differently in order to bring the actuator closer to the theoretical
limits of electrical breakdown because it happens considerably earlier in the experiment. For
example, the collector electrode can be composed of an array of cylinders whose surface is
smoother than a perforated plate. Finally, an absolutely alternative, more efficient approach
to ionise the air could be imagined since the core idea is to control the air with an electrical
field and corona discharge is just one realisation.

High voltage amplifier

To operate the CD actuator, a high voltage amplifier is needed. This element can represent
an obstacle to the wide application of CD-based active control. The first difficulty consists
in designing an amplifier capable of simultaneously applying constant high voltage Upc and
alternating voltage u,c. Currently available amplifiers are intended for research purposes,
so they are heavy (in the range of 10 kg), bulky (full rack amplifier), and costly, limiting the
application of a CD-based absorber as a lightweight, compact, cost-efficient solution. If
multiple channels are needed to control an array of transducers, the problem deteriorates
further. Alternatively, the emitter wires of the CD could be powered with the DC voltage only,
and the AC component could be applied separately to the collector electrode. However, in
this case, the sensors placed close to the collector are less protected because of exposure to
voltages up to 1 kV and possible electromagnetic interference from a discharge. Therefore,
applying the whole signal to the emitter wires and keeping the collector grounded is more
preferable. We believe that such an amplification system is not present on the market yet
because of the absence of industrial demand. In the case of the successful development of
CD-based sound absorbing systems, the amplification would become more affordable and
practically suitable.

We have developed a simple amplification scheme adapted for a corona discharge actuator.
The description and the test of the prototype are presented in Appendix A.

Early arcing

Air becomes conductive if the electrical field magnitude exceeds 3 MV/m. When the electrical
field in the drift region of corona discharge approaches this value, the actuator shorts in an
electrical arc. In practice, such transition occurs for considerably lower electrical fields. As
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aresult, the voltage range of stable corona discharge is narrower, which limits the maximal
transducer’s power. One of the most important reasons for early arcing is the geometry of the
electrodes and the quality of their surface. Few modifications can be made in order to shift the
transition to the arc. The perforated plate, used in this thesis as the collector electrode, can
be replaced by an array of conducting cylinders. In Figures 3.5 and B.3 showing the electrical
field distribution, one can notice that the electric field at the collector edges is increased. This
field at high voltages creates local corona discharges, which do not participate in the sound
manipulation but reduce the stability of the discharge. A larger radius of curvature of cylinders
can suppress this effect and can allow operating on a broader voltage range. Another drawback
observed during the experimental campaign consists in surface arcing. Since a surface arc
propagates easier than a volumetric one, the frame separating the electrodes can be modified.
It can be designed in such a way that the shortest path along its surface between the electrodes
is longer than the air separation of the electrodes, thus, reducing the possibility of a surface
arc. Therefore, we suggested several improvements to the actuator’s geometry to extend its
dynamic voltage range.

Ozone generation

While generating positive ions, the discharge also produces other species in the air, including
ozone. Ozone is toxic and is considered to be harmful to humans during extended exposure.
Although ozone generation by the CD actuators does not pose any problems in the appli-
cations, such as aircraft noise reduction, interior sound absorption requires the removal of
hazardous gas. Activated carbon filters are known for the efficient decomposition of ozone
into oxygen. Such a filter represents a porous layer with a constant but not high flow resistance
[139]. Thus, it can be either advantageously used, for example, in a hybrid absorption method,
as a part of a resistive layer, or taken into account, when designing any impedance control
implementation. Moreover, the combination of corona discharge sound absorber with air
purification can be considered.

Further work

Sound absorber design

The main venue of further research is directed to address the current limitations of the devel-
oped system and to raise confidence in its industrial applicability. Simulation and validation
of the CD-based sound absorption concept were performed only in the 1D case in this thesis.
The application of the absorbers in 3D environment would require the design of larger-sized
actuators, within a multichannel control system. First, the ways to increase the sound pres-
sure level at which the absorber can operate should be investigated. This includes further
geometry optimisation and suppression of early arcing. From a control perspective, possible
deviation of the model parameters after long operation of the feedforward-based absorber
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and its influence on control stability should be investigated. The stability margins can be
studied in more detail for feedback techniques.

CD as an active acoustic metamaterial

CD actuator can be used as a building block in future generations of acoustic metamaterials
and realise non-reciprocal, non-Hermitian and topological systems with new functionalities
and large bandwidth, bringing them closer to real applications. A unique feature of the CD
actuator is its sound transparency in the passive regime. In contrast to membrane transducers,
it does not need to be controlled to maintain transmission if installed transversely in a duct
[138]. Additionally, we emphasise again that the shape of the electrodes and the active area
can be customised without any impact on the frequency response in the low and medium
ranges. This may find promising applications in complex source design, imaging, large
metasurfaces and acoustic arrays, especially when a nonconventional shape of the active unit
cell is required.
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The proposed design of a high voltage amplifier resembles the configuration of a typical class
A audio amplifier with the additional feedback circuit. The actuator is biased with a circuit
that generates constant high voltage, and the AC amplified component is added with the help
of a high voltage vacuum tube. The block scheme is illustrated in Figure A.1.

The DC amplification circuit comprises a DC power supply, a switched-mode circuit connected
to and fed by the DC power supply, a flyback transformer connected to the output of the
switched-mode circuit, and a rectifier after the transformer. Switched-mode circuit generates
a fast alternating signal, which further feeds the transformer. The transformer is winded
amplifies the input alternating voltage by the factor of 1000. The signal is further rectified by
the rectifier, which is composed of high voltage diodes and capacitors. Since rectification is
never ideal, a high-frequency component from the oscillator circuit remains in the voltage
output of the rectifier. To eliminate any acoustic noise caused by this, the switched-mode
circuit operates at a relatively high frequency, chosen sufficiently greater than the audible
range, for instance, around 40 kHz. The amplified high DC voltage is connected to the CD
emitter wires via a load resistor.

The input low voltage alternating signal (controller output, for example) should be also am-
plified. This part is based on vacuum tubes. This solution is used because the transistors
are either expensive or unavailable for this voltage range. Several tubes can be connected in
parallel in order to increase the power. The cathode of the vacuum tube is heated by a low
voltage DC or AC source, shown as heater in Figure A.1. A constant anode-cathode electrical
current is induced by connecting the high DC voltage from the flyback transformer output to
the anode of the vacuum tube, while its cathode is grounded. The modulation of the current is
created by connecting the input signal to a control grid electrode of the vacuum tube. The
high voltage modulation is done by pushing the current through a load resistor. The output
high AC voltage component equals to the product of the load resistance and the amplitude
of anode current change. The high DC voltage component feeding the CD actuator equals
to the difference of DC voltage supply (12 kV in the example) and the constant voltage drop
in the load resistor. Thus, both amplification factor of AC signal and bias voltage depend on
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the choice of the load resistor. To eliminate this dependence and make the amplifier load
independent, the feedback circuit is added.

Flyback
transformer
1:1000
+rectifier

Switched mode

DC power supply circuit

12 kv DC
Lc.oad CD ac-r
resistor <
Input signal
Ry Cu

Figure A.1: Block scheme of the high voltage amplifier for a corona discharge (single amplifica-
tion channel is illustrated).

Feedback is added from the output of the vacuum tube (anode) via the voltage divider to the
vacuum tube input. The voltage divider contains resistors and capacitors Ry, Ry, Cg, Cy.
Any of the resistors or capacitors can be represented by series or parallel combination of the
components in order to obtain a needed resistance or capacitance. The magnitude of DC
voltage at the feedback line compared to the voltage at the output of the tube is then Ry /(Ry +
R;) = Rp/Ry if Ry >> R;. The magnitude of AC voltage at the feedback line compared to the
voltage at the output of the tube is then Cy/(Cy + Cr) = Cy/Cy, if Cr >> Cg. For instance, if
Ry =100 MOhm, R; = 100 KOhm, Cy =3 pE C; = 3 nF, the divider ratio is close to 1000:1 in
the whole frequency spectrum. The divider ratio fixes the amplification gain of the amplifier,
which is not dependent on the load resistor anymore. The feedback signal is connected to the
non-inverting input of an operational amplifier. The output of the operational amplifier is
connected to the control grid of the tube. If the control signal containing bias DC signal and
AC signal feeds the inverting input of the operational amplifier, the resulting voltage on the
tube output and therefore on emitter electrode of the transducer is amplified by the divider
ratio. Finally, addition of the feedback path forces the output of the amplifier to follow the
input multiplied by the divider ratio.

The amplifier was assembled according to the described schematic. The photo of its two
channel version is shown in Figure A.2. The amplifier has common low voltage DC supplies
for both channels. Two high voltage tetrodes 6E15P are connected in parallel in each channel.
Finally, the prototype is rather simple, light, and compact. It can be further optimized by
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creating custom components instead of assembling from available on the market. Figure A.3

am{gw‘
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Figure A.2: Photo of two channel high voltage amplifier for a corona discharge actuator.

demonstrates frequency response of one channel of the amplifier, when it powers the 5x5
cm? prototype. Due to the feedback, the amplification factor is kept 1000 precisely. Both
magnitude and phase responses are flat. At higher frequencies the response can be low-passed.
The frequency of a low-pass is defined by the combination of the load resistor and capacitance
of the CD actuator. Nevertheless, this amplifier allows amplifying the signal without noticeable
delay in the audible frequency range, which provides more flexibility in a control design.
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Figure A.3: Frequency response of the amplifier from Figure A.2, when it is connected to the
CD actuator.
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Figure B.1: A- and Z- weighted noise levels over octave bands produced by a positive and

negative corona discharges. Constant voltage level Upc = + 8.2 kV is applied. Microphone is
placed at 1 m in front of the actuator.
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Figure B.2: Three dimensional directivity of the corona discharge actuator at 1000 Hz. Upc =
8.2 kV, uac =300 Vrms.
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Figure B.3: Electric field magnitude with equipotential lines of the CD actuator, where the
emitter electrode is composed of two wires. A constant voltage of Upc = 8.2 kV is applied.
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Figure B.4: Total harmonic distortion in percents of the CD actuator at frequencies 250, 500,

1000, 2000, 4000, 8000 Hz. The actuator is biased with Upc = —8.2 kV.

Figure B.5: Test section with the plasma-based liner prototype mounted on a side wall. Left -
two active cells comprising the liner (one is partially disassembled for illustrative purpose).
Right - view from the duct inside, top cover is removed. The liner is assembled for the pressure-
velocity feedback configuration.
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Figure B.6: Transmission loss measurement with active impedance control method. No mean
flow, sound pressure level of acoustic signal is 90 dB. Only T L+ curves are illustrated.
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Figure B.7: Transmission loss measurement with active impedance control method. Mean flow
with M=0.03, sound pressure level of acoustic signal is 95 dB. Only T L+ curves are illustrated
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Figure B.8: Bode plots of transfer functions 8(w) from (6.7) and 8(s) from (6.9) with target
impedance Z;¢ = pc. The response is shown in the frequency range 10-50000 Hz.
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Figure B.9: Voltage-current characteristics of the corona discharge actuator measured for
Chapter 6. Blue dots - measurements; red curve - least mean square fit of experimental data
with formula I = CU(U - Up), C=2.31e— 11 A/V?, Uy =6190 V.
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