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Abstract. This paper is aimed at the modelling of an electrical discharge controlled by mean of a dielectric
barrier, at atmospheric pressure; we focus our study on the homogeneous “regime”. This model is based
on the use of equivalent electrical circuits and is taking into account the main phenomena of the discharge.
We also offer a method for the determination of the parameters of the model; the comparison of the
experimental waveforms with the simulated ones is validating the accuracy of the proposed model in the
case of discharges in nitrogen or helium. Our model is exploited to point out the drastic importance of
the electrical characteristics of the power supply with respect to the main waveforms of the discharge.

PACS. 52.80.Hc Glow; corona — 84.30.Jc Power electronics; power supply circuits — 84.30.Bv Circuit
theory (including computer-aided circuit design and analysis)

1 Introduction

Recently, techniques involving discharges controlled by di-
electric barrier have been developed. Homogeneous dis-
charges at atmospheric pressure, so called glow dischar-
ges, are obtained in helium, nitrogen or argon [2-5]. They
are interesting in various industrial applications such as
surface treatment or film deposit [3,5]. However, an elec-
trical discharge in an ionised environment, associated with
its electrical supply, constitutes an extremely complex sys-
tem. Modelling is a powerful tool for describing the dis-
charge evolution and for better understanding and pre-
dicting the involved processes. We propose to model the
electrical discharge by mean of equivalent electrical cir-
cuits. The discharge mechanisms as well as the main pa-
rameters that define the operating conditions are taken
into account. Depending upon the chosen conditions, it
permits to predict the associated waveforms. This ap-
proach also enables to take into account the main char-
acteristics of the electrical generator and to point out the
major influence of this apparatus on the operating condi-
tions of the discharge. On the basis of this analysis, one
will be able to distinguish the important parameters of the
system and of the supply, hence to choose them according
to the expected performances.
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Fig. 1. Experimental device.

2 Experimental device - regimes
of the discharge

Our approach is based on the analysis of the experimental
waveforms, which are obtained by mean of an experimen-
tal device, which is described in this section.

2.1 Experimental device

The experimental device, which was used in our study, is
presented in Figure 1 [3].

The power supply is made of a low frequency generator
whose magnitude and frequency are adjustable, associated
with a linear amplifier; this one has a few ohm internal
resistance Rg. A lifting transformer is added in order to
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provide the high voltage required by the load. Its trans-
formation ratio is 80 for the tests in helium and 150 in
nitrogen. The discharge system is composed of a reactor,
which contains a gas at controlled atmosphere (helium or
nitrogen) at atmospheric pressure [3]. Two circular and
identical alumina electrodes are facing each other in the
reactor and are separated by an adjustable gap. Both are
connected to the power supply. The diameter of the elec-
trodes used in helium is worth 4 cm and that of the elec-
trodes used in nitrogen 12 cm. In both cases their thickness
is 0.64 mm. The face connected to the supply’s circuit is
metallized whereas the other face is in touch with the gas.
A low value resistance Rghunt is inserted in the circuit in
order to measure the discharge current.

2.2 Discharge regimes

According to selected operating conditions, the elec-
trical discharges obtained can evolve into two distinct
regimes [2-5]:

Filamentary discharge. This kind of discharge is com-
posed of a multitude of discharge channels (streamers).
Each streamer has a relatively short lifetime of approxi-
mately 10 ns; its radius is 0.1 mm. During the first half
of each half-cycle of the applied voltage the current shows
many peaks of a few milliampere magnitude, with du-
ration comparable to the streamers’ lifetime. Figure 2
presents the waveforms of the discharge current; both he-
lium and nitrogen are considered.

Glow discharge regime. Glow discharge features are
rather different from the filamentary discharge. These dis-
charges uniformly cover the whole surface of the electrode.
A luminous area located close to the cathode appears and
moves from one electrode to another. When the sign of the
applied voltage changes, the electrode polarity is indeed
inverted. The cathode becomes the anode and vice versa.
Figures 3a and 3b present experimental waveforms for he-
lium and nitrogen. During the first part of each half-cycle,
one can observe a single current peak of variable duration.
In the case of helium, each peak is followed by a quite vis-
ible current-tail.

In the following, we only consider the glow discharge
case.

3 System modelling

The discharge system modelling is able to highlight the
role of each element of the device in discharge evolution.
The discharge is modelled with an equivalent electrical
circuit in order to simulate the whole system (the sup-
ply associated with the discharge) in a unique simulation
environment.
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Fig. 2. Filamentary discharge: experimental waveforms of cur-
rent and applied voltage at 1 kHz in helium and nitrogen.

3.1 Electrical discharge modelling

As we only consider the glow discharge regime, the operat-
ing conditions of each point in the inter-electrode space are
assumed to be identical and synchronous; the discharge
can be represented with a lumped parameters model. In
order to build our model we consider that the gas obeys
the following elementary rules:

— The speed of the ionised particles in the gas is propor-
tional to the gas-voltage Vgas.

— In quasi-stationary conditions, the current in the dis-
charge Igischarge 1S proportional to the ionisation den-
sity; in transient conditions, these two quantities verify
the following equation:

dp
L4 p=kI
Xt

(1)
One can notice that this formulation implies that,
when the discharge turns off, the ionisation density
does not immediately disappear; a given quantity re-
mains, which is gradually eliminated by recombina-
tion.

— The current in the discharge I, the voltage across the
gas Vgas and the ionisation density are bonded in the
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Fig. 3. Glow discharge: experimental waveforms of the current
and applied voltage in helium (a) at 1 kHz and nitrogen (b)
at 2 kHz.

following formula, where G is a constant:

Vaas = G X — - 2
f g (2)

— The breakdown voltage Vi, of the gas is a decreasing
function of the ionisation density; in a first approxi-
mation, we consider a linear relation:

AViy = Ky X p. (3)

These relations remain true when the discharge is in
on state as well as when it is in off state.

3.1.1 Static modelling of the gas

We are using the well-known static characteristic, non-
linear in the voltage-current coordinates (Fig. 4).

Without considering the arc-domain, this characteris-
tic can be represented in electric terms as follows:

— A high value Rog resistor when the discharge is in off
state;
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— a small value R,, resistor associated with a voltage
source Vo when the discharge is in on state.

The operation of the discharge can be described, in se-
quential terms, as follows: starting from null initial condi-
tions, it turns on when the voltage across the gas reaches
the breakdown voltage Vi,. The operating point jumps
from the R.g branch of the characteristic to the Ry, one.
The discharge turns off when the current crosses the null
value. Figure 5 presents the equivalent circuit of the dis-
charge; the switch K toggles to the “on” or “off” state
according to the described conditions.

One can notice in this circuit a capacitor, Cgas, which
has not yet been mentioned; it is connected in parallel
with the previously described circuit: when the discharge
is in off-state, the gas behaves like an insulator, and the
system can be modelled as a capacitor. The current in
this component is provided by the power supply, but is
not considered as a part of the current in the discharge.

3.1.2 Dynamic model of the gas

As soon as the voltage across the gas reaches the Vi,
value, a breakdown occurs in the gas. The initiated dis-
charge drives a current which induces the gas ionisation
(Eq. (1)) [3,5], that leads to a breakdown voltage col-
lapse throughout the discharge duration (Eq. (3)). Once
the discharge turns off and the current is cancelled, ioni-
sation gradually disappears by recombination of charged
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particles, which were created during the discharge lifetime.
Then the breakdown voltage raises to its initial value Vi
if no breakdown appears before. The functional diagram
of Figure 6 details the involvement of this phenomenon
in the discharge evolution. The electrical circuit given in
Figure 7 models this behaviour.

A R—C circuit is excited by the absolute value of the
discharge current. The output voltage across this sub-
circuit is the image of the resulting ionisation, as defined
in equation (1). This part of the model involves a delay
between the current I and the ionisation; in steady state
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operation, it respects the relation (Eq. (2)), as the voltage
across the discharge in on state is quasi constant. This
quantity is amplified by a gain K, and the result repre-
sents the breakdown voltage drop due to ionisation. This
one is then subtracted from the initial breakdown volt-
age value Vj9. The new breakdown voltage V4, is then
provided to the basic discharge cell. In our voltage man-
agement model, the time-constant (7 = Rr x Cr) is ad-
justed to fit the ionisation’s recombination phenomenon
dynamics.

A simulation with this discharge model gives the ion-
isation evolution and the breakdown voltage associated
with the discharge current (Fig. 8). We can note that the
ionisation rate increases after the current flow and gives
rise to the breakdown voltage collapse. This one is recon-
stituted gradually after the discharge’s extinction. Before
the next discharge’s initiation, we can remark the presence
of a weak ionisation, which was created during a previous
discharge and had no time to disappear entirely. These
charges lead to a breakdown under a new Vj, voltage,
which is weaker than V4.

3.2 Modelling of the environment of the discharge

We've just proposed a model, focused on the gas, for the
behaviour of the discharge. The near environment of the
later is composed of the ceramics electrodes. Only one
face of these electrodes is metallized and connected to the
power supply. The discharges are carried out on the other
face. Between the two electrical connecting points, we rep-
resent the electrodes as a capacitor, which value is com-
puted according to of their geometric properties and with
the value of the permittivity of the ceramic. Firstly, the
power supply is represented as a voltage source associated
with a resistor; taking into account the transformer (which
is characterised by its turns ratio K), the voltage across
the source is K time the value of the voltage delivered by
the linear amplifier; the resistor’s value is: K2R, (R4 being
the internal impedance of the amplifier). The leakage in-
ductance of the transformer is neglected, the voltage drop
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Fig. 8. Simulated waveforms in nitrogen: total current and
capacitive part (a) - ionisation’s image (b) - breakdown voltage
(c), with initial value: Vio = 5000 V.

it causes in association with the current slope in the sup-
ply being by magnitude orders smaller than the one due
to the internal resistance of the supply; nevertheless one
could introduce it in the equivalent circuit to evaluate its
importance. Our approach of the modelling of the whole
system, by mean of equivalent circuits, is giving wide op-
portunities to investigate various solutions for the power
supply: one can test different kinds of waveforms (by mean
of ideal sources) or evaluate the performances and con-
straints of precisely described electronic circuits [6].

Model of the homogeneous electrical discharge
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Fig. 9. Computed ceramics and gas voltages.

4 Identification of the parameters
of the model

The model, which has just been described, depends upon
a set of parameters. We are now presenting a method to
achieve the identification of these data. We start from the
experimental waveforms of the measured voltage across
the terminals of the transformer and current delivered to
the discharge apparatus. Let us once again remember that
we consider homogeneous regime for the discharge, as the
whole gas is operating in the same condition. We treat in
this section the case of nitrogen (experimental waveforms
of Fig. 3b) to define the parameters of the circuit presented
in Figure 5.

4.1 Determination of the ceramics and gas voltages

Starting from the discharge current and the value of the
ceramics capacity, we deduce the ceramic voltage. This one
checks two conditions: it is proportional to the discharge
current integral and its average value is null (Eq. (4)).
The mesh law gives then the gas voltage (Eq. (5)). These
two voltages, calculated from the experimental curves, are
given in Figure 9.

1 .
Veeramics = 07 X /Zdischargedt + K
ceramics
<‘/;eramics> =0 (4)
Vgas = Vsupply — Veeramics- (5)

4.2 Parameters of the static characteristic

From the experimental waveform of the current I in the
discharge and the computed voltage across the gas, we
can plot the current-voltage characteristic presented in
Figure 10.
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Fig. 11. Experimental total current and computed capacitive
current in the discharge.

This is a dynamic characteristic whereas that of our
model is static (Fig. 4). During the extinction phase of
the discharge, the later has a certain thickness correspond-
ing to the presence of a current in the gas capacity. This
capacitive current checks two conditions (Eq. (6)). It is
proportional to the derivative of the discharge’s voltage
and during the discharge extinction phase, it is equal to
the discharge current.

dVias
ICgas = C1gas X dgt
Ic,.. = ldischarge (When discharge is OFF). (6)

By fitting the value of Cgas, the capacitive current of gas is
superimposed on the discharge current when the discharge
is turned off (Fig. 11).

In our case, Cga, = 45 pF; this value is quite higher
than the theoretical value (30 pF') which is calculated from
the electrode dimensions. The difference is imputed to the

-0.005 (R)

Fig. 12. Static current-voltage characteristic of the gas.

parasitic capacities, which have to be added to the gas ca-
pacity (parasitic capacities between the higher electrode
and the wall reactor, which is grounded, output capaci-
tor of the supply). The gas current, which is noted irNy
(non-linear resistance current of Fig. 5), resulting from
the difference between the total current and the capaci-
tive current, is computed. Then, we can draw the static
voltage-current characteristic of the gas (Fig. 12).

This characteristic presents a more similar shape to
the static discharge characteristic. However a hysteresis
phenomenon always remains during the current rise and
fall. We suppose that it is caused by a charge storage phe-
nomenon. However, we do not take it into account and
use the average characteristic in order to obtain the dis-
charge model parameters. The R.g resistance (off state of
the discharge), corresponds to the slope of the part [1] of
Figure 12; the R,,, resistance corresponds to the part [2].
The breakdown voltage has practically the same value that
the discharge’s back electromotive force Vi (measured at
point [3]). That means that the discharge potential barri-
ers are entirely lowered.

4.3 Dynamic properties of the gas

We just determined the parameters of the static character-
istic of the gas. But the later is modified by the presence
of ionisation, which may lower the breakdown voltage, de-
pending upon the operating point. The nominal value of
the breakdown voltage, V4,0, is a parameter, which de-
pends upon the nature of gas and the distance between
the electrodes; it can be experimentally measured: one in-
creases the supply voltage until a breakdown occurs. Once
this data is known, one measures several waveforms of
Veas, (Fig. 9), at a given frequency and for several val-
ues of the discharge current, obtained by modifying the
input voltage. We examine the evolution of the actual
breakdown voltage and deduct the reduction’s ratio of the
breakdown voltage as a function of the discharge current
(parameter K ). From the values of V4,0 and K, the 7
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Table 1. Parameters of the model in nitrogen.

Ron 45000 9
Rogt 20 MQ
Viro 5000 V
Vo 3200 V
Cgas 45 pF
Ceeramic 220 pF
K, 3.25 x 10°
T 130 ps

Table 2. Supply’s parameters.

Peak voltage (sinus) 7000 V
frequency 2 kHz
internal resistance 8 Q
transformer’s ratio 150

parameter is determined by mean of several measures, at
different frequencies, corresponding to the same value of
the discharge’s current. These different frequencies imply
different values of the duration of the off state; during the
off state, the ionisation disappears by recombination, with
a time-constant 7. The breakdown voltage tends to recover
its nominal value, Vi;0, with the same time-constant 7.
Measurements of V4, plotted as a function of the dura-
tion of the off state allows us to compute 7.

4.4 Parameters of the model in nitrogen

The proposed method for the identification of the parame-
ters has been applied in the case of nitrogen (Tab. 1). The
capacity of the ceramics is computed from the geometrical
properties of the electrodes.
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Fig. 14. Triangular voltage supply in nitrogen at 2 kHz, with
7 kV and 10 kV peak values (simulations); Rgen = 0: supply’s
voltage and current (I, V) and current in the discharge.

5 Validation and exploitation of the models

5.1 Validation of the homogeneous discharge’s model
in nitrogen

With the parameters of Table 1, and the following supply
parameters (Tab. 2), we simulate the experimental system
with the SABER [1] simulator.

One can notice in Figure 13 the very good agree-

ment of these results with the experimental measurements
(Fig. 3b).

5.2 Supply’s properties investigations

The model, which has been developed in the previous sec-
tions, makes extensive use of equivalent circuits; thus be-
ing simulated with a software devoted to the study of
electrical circuits, it allows us to analyse easily the per-
formances obtained with different kinds of supply.

5.2.1 Triangle voltage supply

In Figure 14, we present the waveforms corresponding to
a triangle voltage supply; here, the resistance of the sup-
ply is not taken into account. As soon as the discharge
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turns on, as the gas voltage ripple can be neglected, the
dielectric barrier limits the current of the discharge and
imposes the following value:

d(Vgen —

Ve
ceram X dt gaS)

dVeen
dt

Igas = = Oceram X

As the supply’s voltage, Vgen, is a triangle, the gas current,
when the discharge is in on state, has a rectangular shape.

As it can be observed by comparison of the obtained
waveforms of Figure 14, the magnitude of the rectangular
part of the gas current is proportional to the slope of the
supply’s voltage. The discharge naturally turns off when
the gas current, Iz, cancels; this event corresponds to
the extremum of the supply’s voltage, Vgen.

These simulations point out that the choice of the sup-
ply is of crucial importance; the shape of the supply’s volt-
age permits the control of the waveform of the current in
the discharge, and thus the energy it receives. In order
to evaluate the importance of the parasitic parameters of
the supply, we have introduced in the simulated circuit
the internal impedance of the generator; the simulation’s
results are presented in Figure 15.

One can observe that the voltage, which can be mea-
sured across the terminals of the supply, presents a voltage
drop when the discharge turns on; its value corresponds
to the product of the discharge current peak, by the value
of the internal resistance of the generator. The value of
the internal resistance of the supply (8 Q in the previ-
ous example) corresponds to the actual equipment used
in the experimental device (a linear amplifier associated
with low frequency generator); this parameter is showing
a negative influence on the control of the discharge cur-
rent. As especially designed power supplies are able to
present very low values of their internal impedance, this
element will not be introduced in the investigations of the
following paragraphs.

The European Physical Journal Applied Physics

5.2.2 Current source supply

As the previous simulations have proved the possibility to
control the shape of the waveform and the magnitude of
the current in the discharge by mean of the power supply,
we propose to investigate in the following simulations the
possibility of direct control of the current in the discharge;
this is achieved with a current source supply. We consider
the case of nitrogen.

Square current supply. Simulations of Figures 14
and 15 have pointed out that triangle voltage supply per-
mits to obtain (when the discharge is in on-state) square
currents; more generally, they prove that one can control
the pattern of the current in the discharge by mean of a
well chosen supply’s voltage waveform. We propose now
to consider a square current supply, applied to the whole
apparatus (gas + ceramics electrodes) Figure 16b; as will
be shown, the current in the discharge is flowing during
quite the whole of each half-period and one can expect
from this solution an interesting power transfer to the
discharge and controlled current peaks at turn-on, thus
avoiding filamentary regime risks.

We can remark that the current which flows in the
discharge (Fig. 16d) does not exactly correspond to the
supply’s one (Fig. 16b); indeed, the discharge turns off
when the supply’s current matches a null value and volt-
age conditions related to Vs (Fig. 16e) have to be met
for the discharge to turn-on again: | Vgas |> Vir. During
the necessary time interval to invert the gas voltage, the
supply’s current flows into the gas capacitor (Fig. 16¢).
These two sequences, appearing on each half-period of the
supply, can be observed on the supply’s voltage waveform
(Fig. 16a). The strongest slope corresponds to the time
interval where the discharge is in off state; the supply’s
current flows in the serial association of the capacitors:
Ceeram and Cgas. The lowest slope corresponds to the on-
state of the discharge: the voltage across the gas has a
very small ripple (as stated in the relations Eq. (1) and
Eq. (2)) and the supply’s current, flowing through the
Ceeram capacitor in serial with the gas, defines the sup-
ply’s voltage: considering the energy transfer to the gas,
we have to note that only the risk of transition to fila-
mentary regime (which the model presented in this paper
is unable to detect), may limit the supply’s current mag-
nitude. When this parameter is increased, the duration
of the off state of the discharge decreases. Another way
to match the same optimal behaviour is to minimise the
value of the gas capacitor, Cgas, (but one should remind
that the value of the breakdown voltage, V4., should not
be considerably increased).

Sine current supply. A practical realisation of a sup-
ply apparatus able to generate pure square currents and
high voltages (Fig. 16a) is a rather hard to fulfil challenge;
parasitic elements (and at first rank parasitic capacitors)
drastically decay the performances. Static converters, us-
ing resonance technology, permit to deliver such high volt-
ages and to generate quasi-sine currents. This solution is
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investigated in the following simulations: the supply con-
sists of a sinusoidal current source (Fig. 17b).

One can observe once again the inversion sequences
of the gas voltage (Fig. 17e): during these time intervals,
the discharge is off and the supply’s current flows in the
capacitor of the gas Cgas (Fig. 17c).

When the discharge is on state, the current in the later
is imposed by the supply (Fig. 17d).

These two sequences are also to be seen on each half
period of the supply’s voltage (Fig. 17a).

5.3 Validation of the model in helium

The modelling and the method for the identification of
the parameters, which have been presented in the previ-
ous section, have been also validated in the case of helium.
Figure 18 presents the simulation’s results with supply’s
parameters corresponding to the operating conditions of
experimental waveforms of Figure 3a. The very good ac-
cordance of the results has to be pointed out.



W) : is)
10000.0 - Thupply
s 00 4
(@)
-10000.0 -
T T T T T 1
0.0022 0.0023 0.0024 0.0025 0.0026 0.0027
(a) t(s)
(A) : ts)
0.02 ICgas
S
(©
-0.02 -
T T T T T 1
0.0022 0.0023 0.0024 0.0025 0.0026 0.0027
(c) t(s)
W) : is)
40000 4 Vdjscharge
s 0.0

-4000.0 - r

0.0022 0.0023 0.0024 0.0025

(e) t(s)

0.0026 0.0027

The European Physical Journal Applied Physics

(A) : t(s)

0.02 4
Islipply

0.0 4

(G

(b)

T T T T 1
0.0023 0.0024 0.0025 0.0026 0.0027
(b) t(s)

-0.02 -

() 1 «s)

0.02 4 ischarge

=

00 {f-----

(G

")

-0.02 -

0.0023 0.0024 0.0025

(d) t(s)

0.0026 0.0027

Fig. 17. Simulations in nitrogen with a sine current supply (Ipeak = 10 mA at 2 kHz): (a) supply’s voltage, (b) supply’s current,
(c) current in the gas capacitor, (d) current in the gas, (e) voltage across the gas.

6 Conclusion

This paper proposes a modelling of the homogeneous dis-
charge, controlled by a dielectric barrier. The model is set
up by mean of equivalent electrical circuits. A method for
the identification of the parameters of the model on the
basis of experimental waveforms is proposed; modelling
and parameters identification is applied to the case of dis-
charges in nitrogen and helium. The simulation results are
showing a very good accordance with experimental results.

Our approach is also exploited to exhibit the possibility
of discharge’s current control by mean of the electrical
characteristics of the supply. On the basis of a simula-
tion with triangle voltage supply, we point out the crucial
importance of the voltage slope on the current in the dis-
charge: it permits us to define the waveforms shape and
the magnitude of the current. Then current source supply
is investigated; in a first step, we consider a square cur-
rent supply, which easily allows to understand and explain
the obtained waveforms; in a more realistic approach, we
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Fig. 18. Simulated waveforms: current in the discharge and
supply’s voltage in helium (frequency: 10 kHz).

consider in a second step a sine current supply. These two
investigations point out the versatility of our model and
its ability to take into account the main phenomena of the
discharge mechanism as well as the influence of the supply
characteristics according to the obtained performances.
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