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Abstract: In the parametric modeling of the circuit model for glow discharge in air, a new method for the design of

glow discharge circuit model is presented. The new circuit model is an important reference for the design of plasma

power supply, the simulation of glow discharge plasma actuator and the simulation of glow discharge plasma ane-

mometer. The modeling approach consists in developing an electrical model of the glow discharge in air based on

circuit components. The structure of the circuit model is established according to the theoretical analysis and the

experimental device. Then the parameters of the circuit model are obtained based on the circuit analysis. Finally,

the circuit model is verified by comparing the simulation current with the experimental current. This model takes

into account the whole framework of the air glow discharge including the sheath and the plasma area. The built cir-

cuit model is feasible and reliable, thus being instructive for the investigation of the glow discharge in air.
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0 Introduction

The atmospheric pressure glow discharge has
more stable discharge characteristics than the oth-
er discharge forms such as spark discharge, arc
discharge and so on, which makes the plasma
produced by the glow discharge in air be widely
used in the field of aeronautics and astronautics.
Typical applications include the plasma actuator,
the aircraft plasma stealth technology, the plasma
anemometer for hypersonic gas flow field meas-
urement, and the plasma rocket'), Plasma actua-
tors have made significant success in applications
ranging from separation control, lift enhance-
ment, drag reduction, and flight control without

st Moreover the simulation of

moving surface
the plasma actuator had been conducted by many
researchers in this field"®, For example, in
2005, Orlov et al. designed out the electric circuit
model for a single-dielectric barrier discharge
plasma actuator'™, and the obtained simulation

results were in good agreement with the experi-
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mental results. In recent years, a new type of
plasma actuator based on the standard atmospher-
ic pressure uniform glow discharge has been fa-
vored by many designers, because it has better

propertiest' ™,

However, there is little research
on the simulation of plasma actuators based on
the uniform glow discharge in air. For the plasma
anemometer, thanks to its wide range of airflow
velocity measurement, high precision and high
signal-to-noise ratio, it has a great application
prospect in the hypersonic research field of avia-
tion'"""¥, To design a high precision plasma ane-
mometer, the changing mechanism of the dis-
charge plasma under the gas flow field should be
studied through simulations and experiments,
and some researchers have already achieved good
results in the experimental part, but there is al-

most no research on the simulation part™7, I

n7
spirations come from the circuit model simula-
tion, so the simulation of a uniform glow dis-
charge plasma actuator and the simulation of a

plasma anemometer can also be considered from
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the perspective of electric circuit models. The
modeling study on the AC glow discharge circuit
model in air is the preliminary work of the circuit
model simulation of plasma actuator and the plas-
ma anemometer.

In addition, the atmospheric pressure glow
discharge has also been widely used in material

processing, meteorological detection, environ-

20]

mental protection and other fields These ap-
plications of glow discharge are basically achieved
in the air environment, however, so far, the sim-
ulation of glow discharge in air is still difficult to
realize. In 2011, Speranza et al. used the profes-
sional multi-physics field simulation software
COMSOL to carry out the simulation of AC (al-

ternating current) glow discharge!,

The simu-
lation conducted by COMSOL software belongs
to the numerical simulation, which can help to es-
tablish a physical model of glow discharge and an-
alyze the interaction of the various fields and the
collision of the particlest®'. However, there are
some disadvantages in the numerical simulation,
for example, the simulation gas is only single,
simulation results are difficult to converge, the
calculation time is too long, and it cannot reflect
the characteristics of the discharge circuit etc.
The above problems can be solved by electrical
modeling. Therefore, it is necessary to carry out
the circuit model simulation of glow discharge to
make up the defects of numerical simulation. E-
lectrical model of the atmospheric pressure glow
discharge (APGD) in helium was designed by
Enache et al. ®*7, but helium is a rare gas, it does
not have generality and its cost is very high. The
air composition is more complex compared to the
single gas, and it is difficult to achieve the stable
glow discharge in air. Until now, the simulation
research in air is still a problem to be solved. Ac-
tually, Stark et al. realized the atmospheric pres-
sure glow discharge in air through experiments in

1999024,

lation of glow discharge in air.

However, few people research the simu-

In order to study the modeling of glow dis-
charge in air, a new circuit model of glow dis-

charge is presented. The built circuit model re-

flects the electrical characteristics of glow dis-
charge in air, and it can lay a solid foundation for
the circuit model simulation of plasma actuator or

others.

1 Experimental Set-Up

The experimental arrangement used for this
study is shown in Fig. 1. The discharge circuit is
composed of a power-supply module, two nega-
tive feedback coupling circuit modules, a plasma
generator, and a data acquisition and processing
module. The power-supply module adopts an AC
high voltage source. The power supply equipment
is CTP-2000K and can output continuously ad-
justable voltage, whose output voltage is in the
range of 0—30 kV. And the power supply output
frequency is also adjustable in the range of 5—
20 kHz. The plasma generator adopts the struc-
ture of needle composed of two metal probes with
good conductive performance, and the probe
spacing is 3 mm. The negative feedback coupling
circuit module is composed of the coupling resist-
ance and the coupling capacitance in series, which
can be used for suppressing the positive feedback
process of the discharge and improving the stabili-
ty of the system'”!. As shown in Fig. 1, C,=C,,
R,=R,, and the data acquisition and processing
module contains four parts: The measuring re-
sistance R, , a high voltage probe, a numerical os-
cilloscope and the upper computer system .
The voltage output by the power-supply module
is measured by means of a high voltage probe
(Tektronix P6015, band-width: 75 MHz, ratio:

1 000). The discharge current is measured
through the measuring resistance (R,) of 50 Q.
The measured current and the voltage waveforms
are visualized on a numerical oscilloscope (UNI-
T, UTD2102CEX, band-width: 110 MHz).
These waveforms and data are transmitted to the
upper computer system by an USB interface.

Fig. 2 shows the typical voltage and current
waveforms of glow discharge in air under atmos-

pheric pressure through the experiment.
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Fig.2 Experimental voltage and current waveforms of

glow discharge in air under atmospheric pressure

2 Circuit Model of Glow Discharge
in Air

The circuit model is built on the basis of the
experimental device structure, the theoretical a-
nalysis and the experimental results of the glow
discharge in air. First, according to the theoreti-
cal analysis of the glow discharge in the experi-
ment, the equivalent circuit of each part of the
discharge area is proposed, and the circuit princi-
ple diagram of the circuit model is constructed.
Then the parameters of each component in the
circuit model are matched according to the circuit
analysis. As described above, it is one way to es-

tablish the discharge circuit model.

2.1 Theoretical analysis of glow discharge circuit

model

To establish the plasma equivalent circuit
model of the experimental equipment, we need to
know the discharge characteristics of glow dis-

charge in air under atmospheric pressure. Glow

discharge is a phenomenon of gas self-sustaining
discharge, and its discharge current is 10 '—
107 2AP | Glow discharge includes five different
regions'®; Cathode zone ( Aston dark space,
cathode glow space, Crookes dark space), nega-
tive glow, Faraday dark space. positive column,
and anode region. In addition to the positive col-
umn region, the other areas constitute the
sheath™!. The positive column region is a plasma

B0 " in which the electron and ion densities

area
are large and equal, so on the view of macroscop-
ic, it is electrically neutral. In this case, the dis-
charge characteristics and its equivalent circuit
structure should be studied from two aspects:
The positive column region and the sheath.

The discharge end of the metal probe of the
plasma generator is equivalent to a small flat
plate, and its glow discharge model is shown in
Fig. 3. There are two electrode plates: a and b,
and a sinusoidal current I, (z) flows through a
and b during the discharge, I, (¢) =R. (I, e ),
where I, is the discharge current amplitude. The
electrode plate area is A, the plate spacing is [,
and the plate gap is filled by air gas with a density
of n,. When a plasma discharge is generated be-
tween the electrode plates, the voltage between
the plates is V,, the power in the plasma is P(¢),
the ion density of the plasma is n;(r,¢) now, and
the electron temperature is T, (r,t). Moreover,
n. is the electron density, in the plasma area:
n.=n;» but in the sheath:n.<n"". Instantane-
ous thickness of the sheath is s(#), and its time-

averaged value is s, generally, s < [.

Sheath a Sheath b
s41) sy(?)
gl [

Plasma
d
T v
I
A
&
n
n;
ne
x

Fig.3 Glow discharge model
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2.2 Equivalent circuit of positive column region

For a flat discharge plasma with the thick-
ness and the cross-sectional area, the admittance
of the positive column region is Y, = jwe,A/d,
2

Wpe

where ¢, = ¢, [1— i| is the plasma die-

wlw—]jun)
lectric constant, w is the power frequency, w,. is
the fundamental characteristic frequency of plas-
ma, v, is the collision frequency of electron and
neutral particle, and e = 8. 854 187 817 X
107" F/m is the vacuum dielectric constant; d is
the width of a flat plate-shaped plasma, and A is
the cross-sectional area of the plate-shaped plas-
ma (plate area).

In the case of uniform ion density, d=1—
2s=constant, so the admittance of the positive

column region can be converted to

1
jwL, + R,

where C, =¢,A/d is capacitance value in vacuum,

Yp:jaE()+ (1)

L,=w,’C," is the inductance of the plasma, and
R, = v, L, represents the resistance of plasma.
Thus, the positive column region is equivalent to
a parallel circuit, which includes a capacitor and a
series circuit composed of a resistor and an induc-
tor. The equivalent circuit of the plasma area
(positive column region) is shown in Fig. 4. The
displacement current through the capacitor is
much smaller than the current through the induc-

tor and the resistor?*,

Fig. 4 Equivalent circuit of the positive column region

2.3 Equivalent circuit of sheath

Different from the positive column region,
the current in the sheath is basically only the dis-
placement current generated by the varying elec-
tric field, and the conduction current which is
formed by the ion flowing through the sheath to

the electrode plate is much smaller than the dis-

placement current™*,
(1) Displacement current
flows

I,(t) that

through the sheath into the plasma zone can be

Displacement current
obtained by analyzing the sheath model.

ds,
dz

where e is the charge of electron, s, is the thick-

(2)

I,(t) =—enA

ness of the sheath a, and changes with the change
of the current I,,(¢), and n is the charged particle
density.

Analyzing the sheath mode can obtain the

voltage drop of sheath a, shown as

2

en (sz + So 2ssosin(wt) — isé COS(Zwl‘))

Vap :_2780 2 2

(3
where s, is the amplitude of s,.

In the same way, displacement current I,,(z) is

(€Y

The voltage drop of sheath b is

— ‘2 —
Vi =— % (52 + %O + 2ssosin(wt) — %sg cos2wt ))
0
(5)
Vab :Vap 7pr :Zensossin(wl‘) (6)
€0

It is found that V,, and V,, are nonlinear, but V,
is linear.

(2) Conduction current

The conduction current in the sheath is very
small, that is

I, =enuzA 7
where uy; is the Bohm speed.

Due to symmetry, the time-averaged conduc-
tion current that flows to the electrode should be
zero in a cycle. In order to satisfy this condition,
it is necessary to make the electron in the plasma
have the opportunity to reach the polar plate.
That is to say, the thickness of the sheath must
be zero at a certain time. When the electron is
able to reach the electrode plate, the voltage drop
of sheath should be reduced to zero. This proper-
ty of the sheath is very much like an ideal diode,
and its positive direction is from the polar plate to
the plasma area. From Eq. (6) we can know that
the voltage on the two sheaths is a sinusoidal sig-

nal, thus a linear sheath capacitance C, can be de-
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fined as follows

L dvy,

I,=C. n (8)
L 8A
CS*TSQ (9)

This analysis shows that the sheath can be
composed of a diode, a current source and a ca-
pacitor in parallel; electron current is character-
ized by a diode, constant ion current is character-
ized by a current source, and displacement cur-
rent is characterized by a capacitance. The equiv-

alent circuit of the sheath is shown in Fig. 5.

1<D c== Vb

Fig. 5 Equivalent circuit of the sheath

2.4 Circuit model of glow discharge in air

The structure of the plasma generator in the
experimental device is symmetrical. Therefore,
the structure of the whole circuit model can be
obtained by analyzing the equivalent circuit of the
positive column region and the sheath in the glow
discharge. The structure of the whole circuit

model is shown in Fig. 6.

C R, l i Discharge zone
BVAROL 3 Y ‘eqlli/V"llentCircuit

Coupling resistance
and capacitance

Y

"-;(-j"""""""
11
L

Fig. 6 Circuit model of glow discharge in air under at-

mospheric pressure

This is a series circuit, that is, the coupling
resistance, the coupling capacitance and the plas-

ma generator are connected in series.

2.5 Matching circuit model parameters

Build the simulation circuit in the circuit sim-
ulation software OrCAD. According to the build-
ing rules of OrCAD simulation circuit, due to the
existence of the sheath capacitance, the coupling
capacitance cannot be directly connected in series
with the simulation circuit, requiring a high value
resistance in parallel with the coupling capaci-
tance.

Simulation circuit is shown in Fig. 7. When
matching the parameters of the model, the exper-
imental data of voltage and current are read by
the oscilloscope. According to the data communi-
cation technology between OrCAD and MATAL-
AB. the experimental data of voltage and current
are respectively imported into two circuits which
are shown in Fig. 7. From Fig. 7 we can see that
experimental voltage V, is imported into the left
circuit, and the experimental current I,, is impor-
ted into the right circuit. Adjusting the value of
the circuit model components to make the simula-
tion current of the left circuit be the same as the
experimental current of the right circuit.

In order to match the circuit parameters
quickly, we need to analyze the circuit character-
istics. The impedance of the positive column re-
gion 1is

Ry o)
Z=—7 - . (10)
—] EJF (R, +jwlL )

In the case of glow discharge, the impedance

of the positive column region is small, and we can
get the corresponding parameters according to the
theoretical analysis of the positive column region,
as described in Section 2. 2. The capacitance is
calculated by means of the equation, that is
Cy =e)A/d =10 (pF) an
The value of the inductance is calculated ac-
cording to Eq. (12).

e‘n.

1/2
L[,:wlfnglzl(HH),wpc:< ) (12)

€o

The equation for the resistance is given as
follow

R,=v.L,=0.1(Q) 13>

The sheath of the discharge area is symmet-
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rical structure in this simulation. And we can get
the corresponding parameters according to the
theoretical analysis, as described in Section 2. 3.
The sheath capacitances C, and C, follow the rela-
tion given by Eq. (14).

_ €oA Il
250 enwA

where I, represents the current amplitude. The

C:s :Cl :C\

=70 (pF), s, = (14)

change of I, is small, so I, has little effect on s,.
In theory, 5,100 pm.

The constant ion current is characterized by a
current source, and it is calculated by Eq. (15).

I, =enuyA=0.1 (mA) (15)

The diode is close to an ideal diode as ana-
lyzed in Section 2. 3, and DIN3940 is adopted in
the simulation.

The coupling resistance is 800  and the cou-
pling capacitance is 235 pF in the experiment. The
same values are used in this simulation, finally, the

simulation circuit model is shown in Fig. 7.

Cl Rl
! AAA
) VVV
35 pF| 800 Q
R, A e W4 D,
70pF [ DIN3940
10‘2 Q .1 mA dd

I;nplementation= Va

R, 10" Q
SDZ - ¢, I,
DI1N3940

N

G, R,

A

VWv

:
=0 235 pF 800 Q

Fig. 7 Circuit model simulation diagram
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3  Validation of Equivalent Circuit
Model

Both experiment and simulation have the
negative feedback coupling circuit module, and
the parameters are consistent, which ensure the
consistency of the external parameters of the
plasma generator.

In order to verify the circuit model, in the
case of different power supply voltages and fre-
quencies (Figs. 8—10), the simulation voltage
and current are compared with the experimental
voltage and current. Both the simulation voltage
and the experimental voltage are derived from the
experimental voltage data, so the simulation volt-
age is the same as the experimental voltage. In
the case of the same supply frequency and supply
voltage, by comparing the simulation current and
the experimental current, it can be seen that the
obtained simulation results are in good agreement
with the experimental results, the largest current
relative error of the three groups is not more than
1. 8%, and the correlation coefficients of the ex-
perimental currents and simulated currents are
0.998 6, 0. 983 5 and 0. 990 7, respectively,
which are calculated by MATLAB. Therefore,
the electrical model is feasible and reliable.

As can be seen from Figs. 8—10, the same
supply frequency has the same discharge cycle,
and the larger supply frequency leads to the smal-

ler discharge cycle. From Figs.8—10, we can

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
0.05 0.10 0.15 020 0.25 030 0.35
t/ ms

Current error / %

(b) Current error

Fig. 8 Experimental and simulation results and current error (Supply voltage is 6 kV and supply frequency is 10 kHz)
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Fig. 10

also find out: In the case of the same supply
frequency, the decrease of the power supply volt-
age leads to the decrease of the discharge circuit
current. In the case of the same power supply
voltage, the increase of the supply frequency
leads to the increase of the discharge circuit cur-
rent. These conclusions are consistent with previ-

ous research findings™*.
4 Conclusions

This work presents a circuit model of atmos-

The

circuit model is built on the basis of the experi-

pheric pressure AC glow discharge in air.

mental device structure and the theoretical analy-
sis of the glow discharge in air, and its equivalent
circuit structure is studied from two aspects: The
positive column region and the sheath. The posi-
tive column region is equivalent to a parallel cir-

cuit, which includes a capacitor and a series cir-

Current error / %

0.15 020 0.25 0.30

t/ ms

035 040 0.45

(b) Current error

Current error / %

1.5
0.18 0.20 0.220.240.26 0.280.300.32 0.34 0.36
t/ ms

(b) Current error

Experimental and simulation results and current error (Supply voltage is 6 kV and supply frequency is 15 kHz)

cuit composed of a resistor and an inductor. The
sheath is composed of a diode, a current source
and a capacitor in parallel. Finally, the feasibility
and reliability of the circuit model are verified by
the OrCAD simulation. The circuit characteristics
of glow discharge in air are considered by the es-
tablished circuit model, so it can be used as a tool
to study the glow discharge in air, and it can pro-
mote the application and development of plasma.
In addition, the established circuit model and the
existing numerical simulation can complement

each other.
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