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Abstract.The calculation of the electrode model in the corona plasma discharge case has been carried out using
the semi-ellipse line to plane (S-ELTP) configuration model in the air. The final focus of this research is to
calculate the (I–V) current–voltage characteristics of the plasmas discharge. Part of the work in the (I–V)
characteristics includes computational calculations and carrying out experimental activities. Experimental data
include current vs voltage variations that occur at the time of plasma discharge. All the discharge processes are
generated by a positive DC voltage source. The arrangement of the geometric configuration of the electrodes
consists of two plates in the form of a half ellipse (active electrode) and a rectangular plate (passive electrode) in a
mutually perpendicular position. The size variation of the active electrode includes variations of the small and
large size plates with each plate having two variations in the distance between the two electrodes. The
calculation concept of the electrode model is to insert the certain shape sharpness factor of k in the numerical
calculation in the sharp electrode capacitance part. The k factor value is obtained by calculating the fitting
between numerical simulation and research data. The research results prove that there is a fairly high level of
conformity between numerical simulation and the research data. Simulation calculation for the (I–V)
characteristic curve and its level of accuracy used Python GUI Programming.
1 Introduction

In 1928, Langmuir and Tonks gave the name plasma for the
gaseous form ionized in an electric discharge [1]. At that
time, many electronic devices use the concept of corona
plasma discharge known as Capacitively Coupled Plasma
(CCP) [2,3]. The name CCP was used because the working
principle of this plasma device is similar to a capacitor even
though it’s different. The difference lies in the shape of the
top electrode which is sharp at its endplate and always in
the vertical position, while the other electrode is under-
neath and always in the horizontal position [4]. The role of
CCP equipment is very important in research, especially in
the formulation of corona currents that are in accordance
with the physical phenomena that occur and as a function
of voltage. Some of these research involve physical themes
such as: the fluid model [5], electrohydrodynamic [6,7],
Corona threshold [8], electric wind [9], mobility of large
positive ions [10], and the empirical formula for negative
corona discharge current [11].

In this study, we calculated the (I–V) characteristics of
the CCP equipment with the configuration model of the
semi-ellipse line to plane (S-ELTP) in the air. The
sepyoyowardayafisika@gmail.com
calculation method does not use the concept of physical
phenomena, but uses the physical visual concept of the
corona current flow that came out of the sharp active
electrode surface as done by [12–14]. The model electrode
(S-ELTP) consists of two perpendiculars to each other
plates, with a semi-ellipse shaped top plate is very sharp
and facing downwards, while the bottom electrode is in the
rectangular plate form which has a large enough surface
area. In between, these two electrodes are given a DC
voltage difference causing corona plasma discharge and the
plasma electric current formed.

The CCP equipment is widely used in industry and to
support various other researches such as ultra large-scale
integrated circuit (ULSI) fabrication [15], modification of
polymer materials surfaces [16], radio frequency plas-
mas [3,17], a lens-shaped electrodes [18], AC dielectric
barrier discharges (DBD) [19] and etc. Likewise, various
CCP models have been discussed in many papers such as
point-to-plane [20,21], point-to-grid [11], point-to-cylin-
der [22], sphere-to-plane [23], coaxial cylinders [5], point-
to-ring [10,24], etc. The use of the CCP is quite effective,
because it can be generated with an ordinary DC current
generator and can be made with simple technology but
produces a large enough corona current output when
compared to the current output of an ordinary capacitor
system.
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Fig. 1. Illustrated from the S-ELTP electrode configuration model (a) and the line-plane electrode configuration model (b). Both
models have the same shape of the passive electrode, which is a rectangle lying under the active electrode. The active electrode in model
(a) have the distances of the semi-major axis and semi-minor axis as a and b respectively and the distance between the two electrodes as
c, while for model (b) each has length, width, and distance between the two electrodes as s, t, and g respectively.
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The research scheme in this article is to calculate the
electric current formulation as a voltage function of the
S-ELTP configuration model. The formulation was used to
validate the characteristics of the (I–V) current–voltage
obtained from experimental data. There are several
properties of plasma discharge in this CCP case that
distinguish it from the working principle of capacitors in
ordinary electronic circuits, namely:

–
 the emergence of a large enough plasma flow originating
from the sharp surface of the active electrode (upper
part) to the passive electrode (bottom part), which is due
to the sharp geometrical surface properties that will have
a high gradient potential (on the tip of the lower surface
of the active electrode) [4].
–
 fromtheresearch [25], itwasconcludedthatthesmaller the
sharpnessangleof the electrode tipwill result inan increase
in the size of the resultingplasma,whichapplies toall types
of the same electrodesmaterial but has different sharpness
angle variations at the tip of the electrode.

As for the concept of the research that we carried out,
one of the factors was caused by the nature of the plasma
discharge in the CCP case which showed a tendency for
plasma flow to become larger and stronger when it came
out of the tip of the electrode, which became sharper in the
shape (electrode geometry). From the research results of
[25], it was found that the geometric effect of the sharp
electrode shape greatly affects plasma flow in the case of
coronal plasma discharge. This geometric effect is realized
in this study through the calculation of the “modified
capacitance model” as described in [12–14]. The calculation
method of this model is the same as the usual capacitance
calculation, but is modified by adding a multiplier factor
(an electric current multiplier) of k to the sharpest part of
the active electrode boundary condition. Through the
relationship between the corona current and the formula-
tion of the modified capacitance and the applied voltage,
the current graph will increase quite high in the (I–V)
characteristic case, because apart from being a function of
voltage, it also depends on the k factor which is in the
modified capacitance formulation. The value of k is not
obtained through a formula calculation but through a
fitting value that matched between the numerical
calculations results and the experimental data on the
(I–V) characteristic curve of the corona discharge.
2 Mathematical models

The formulation form of the (I–V) characteristic model has
been widely expressed in various studies such as by [7–11]
through the following equation

I ¼ C 1V VVið Þ ð1Þ
where C1 is a constant andVi is the initial corona discharge
voltage. According to [9], the constant C1 is a function of
geometry. There is another (I–V) model, as revealed by
[6,12–14,26], through the following equation:

I ¼ C 1 Vð Þ2; with Vð Þ ¼ VVi: ð2Þ

Our research is based on the choice of equation (2),
where the constant C1 in equation (2) is a function of the
capacitance model undergoing renewal (with the addi-
tion of the k-shape sharpness factor) [12–14] from the
electrode configuration model in the corona plasma
discharge. The shape of the active electrode is a semi-
ellipse with the curved part facing downwards. The
electrode has a size of half the long axis of a and half of the
short axis of b and a thickness of � ≅ 0.0001m. While the
passive electrode (rectangular shape) is in a horizontal
lying position at a distance of c below the active
electrode. The illustration of the S-ELTP electrode
configuration can be seen in Figure 1a. To produce a



Fig. 2. The approach of the S-ELTP electrode configuration consists of two thin electrodes with the position of the active electrode
perpendicular to the passive electrode and the distance between the two electrodes is c. PointsA,B, andC are the left, middle, and right
end boundary points respectively on the x-axis of the active electrode.
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corona plasma discharge, which subsequently produces
an electric current, we put a DC voltage difference of V
between two electrodes.

Before calculating the capacitance value from the
S-ELTP electrode configuration, the reference capaci-
tance value from the line-plane electrode configuration
model is set. According to [12,14], if there is a rectangular
electrode plate in an upright position (the active
electrode) that has a length s and a width t and there
is a rectangular electrode in a lying position (the passive
electrode), where the distance between electrodes is g
(illustrated in Fig. 1b), then the capacitance value can be
written as

C ¼ 0s ln j t
g
þ 1j: ð3Þ

The electrode configuration model of the semi-ellipse line
to plane (S-ELTP) in the air is part of the CCP model
composed of two perpendiculars each other plates, with a
semi-ellipse shaped top plate is very sharp and facing
downwards, while the bottom electrode is in the rectangular
plate formwhich has a large enough surface area. In between,
these two electrodes are given aDCvoltagedifference causing
corona plasma discharge and the plasma electric current
formed. The semi-elliptical shape of the S-ELTP active
electrodemodel has amajorhalf axis ofaand ahalfminor axis
of b, and the ratio between the distance from the center of the
ellipse to the focus of the ellipse to the distance a is called the
eccentricity quantity [27]. The form of plasma flow that is
formed mostly comes out from the bottom center (the
sharpestpart)oftheactiveelectrodeandtherestwill comeout
along a curved path from the active electrode to the passive
electrode.The shapeof theplasma ionflowthatflows fromthe
active electrode to the passive electrode is not directed
straightdown,buthasacurvedcontour following the shapeof
anellipticalcurvewiththegreatestvalueoftheelectricfield,of
course, at the bottom and center of the active electrode.

To calculate the capacitance form of the S-ELTP
configuration model, we refer to the capacitance values of
the CCP model from the line to plane configuration model
in equation (3) [12,14]. The model was chosen because it
has a rectangular active electrode. If the area of the active
electrode from the S-ELTP model is divided into
rectangular area elements, each of which represents its
capacitance elements, then by comparing the values of the
plate area and capacitance in the line to plane model with
the rectangular area elements plate and capacitance
elements in the S-ELTP model (the model sketch
in Fig. 2), it can be calculated the capacitance value
which is the integral of the capacitance element of the
S-ELTP configuration model. In Figure 2, we can
see there is symmetry between the right and left sides of
the ellipse coordinate center of (0,0). Due to the
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symmetrical nature, the capacitance calculation in Figure 2
only includes part of the active electrode to the right of the
coordinate center.

By using the concept of equation (3), which is applied to
the element area of the rod in Figure 2, the magnitude of
the capacitance element is obtained as follows:

dC ¼ 0 dx lnj y
h
þ 1j ¼ 0 dx lnj bþ c

h
j: ð4Þ

The definition of the variable h and the eccentricity
number at the elliptical coordinates (e) in Figure 2 can be
written as,

h ¼ bþ cy; e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 b=að Þ2

q
; b � a: ð5Þ

The relationship between the x and y-axis as the
function of � in the elliptical coordinates which is
illustrated in Figure 2 defined as

x ¼ a 1e2ð Þ cos �
1þ e cos �

; y ¼ a 1e2ð Þ sin �
1þ e cos �

: ð6Þ

The value of the derivative dx as a function of � and the
limits of integration of � is written as

dx ¼ a 1e2
� � sin �d �

1þ e cos �ð Þ2 ; tan
1 b

ae
� � � 0: ð7Þ

By substituting equations (5)–(7) in equation (4), we
obtain thevalueof thecapacitance elementasa functionof� :

dC ¼ 0 b
2 sin �

a 1þ e cos �ð Þ2 lnj1þ b2 sin �

a bþ cð Þ 1þ e cos �ð Þ j d �: ð8Þ

Suppose we know a form of the following mathematical
concept,

∫u d v ¼ uv∫v d u ð9Þ
with

u ¼ lnj1þ b2 sin �

a bþ cð Þ 1þ e cos �ð Þ j; v ¼ 1þ e cos �ð Þ1: ð10Þ
∫
Aþ B cos x þ C sin xð Þ dx

a1 þ b1 cos x þ c1 sin xð Þ a2 þ b2 cos x þ c2 sin xð
¼ A0 ln j a1 þ b1 cos x þ c1 sin x

a2 þ b2 cos x þ c2 sin x
j þ A1∫

a1 þ b1 cð
The calculation models in equations (9)–(10) can be
used to solve equation (8), where there is a relationship

C ¼ ∫dC ¼ 0b
2

ae
∫u dv; dv ¼ e sin �

1þ e cos �ð Þ2 d � ð11Þ

where u and v are dimensionless variables. If the
final solution of equation (8) can be solved with using
the � integration boundary in equation (7), by using
the following definition in integral table [28] as,

See equation below.

where

A0 ¼
j
A B C
a1 b1 c1
a2 b2 c2

j

j a1 b1
a2 b2

j2j b1 c1
b2 c2

j2 þ j c1 a1
c2 a2

j2
;

A1 ¼

j
j B C
b1 c1

j j A C
a1 c1

j j B A
b1 a1

j
a1 b1 c1
a2 b2 c2

j

j a1 b1
a2 b2

j2j b1 c1
b2 c2

j2 þ j c1 a1
c2 a2

j2
;

A2 ¼

j
jC B
c2 b2

j jC A
c2 a2

j j A B
a2 b2

j
a1 b1 c1
a2 b2 c2

j

j a1 b1
a2 b2

j2j b1 c1
b2 c2

j2 þ j c1 a1
c2 a2

j2
;

j a1 b1
a2 b2

j2 þ j c1 a1
c2 a2

j2 ≠ j b1 c1
b2 c2

j2
� �

ð12Þ

and

∫
dx

a þ b cos x þ c sin xð Þ
¼ 2ffiffiffiffiffiffiffiffiffiffiffiffiffi

a2b2c2
p tan1

abð Þtan x
2ð Þ þ cffiffiffiffiffiffiffiffiffiffiffiffiffi

a2b2c2
p

� �
; for a2b2 þ c2

	 
 ð13Þ
Þ
dx

os x þ c1 sin xÞ þ A2∫
dx

a2 þ b2 cos x þ c2 sin xð Þ
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then the modified capacitance value of equation (8) is
obtained as

See equation (14) below.

in the case of [a (b+ c)] 2> [a (b+ c) e] 2+ b4. For the usual
integration case, thevalue of the shape sharpness factor of k is
1 in equation (14). This factor is deliberately introduced at
the boundary conditions for the integration of the sharpest
surface at the lower end of the active electrode, namely at the
boundary between points c and b in Figure 2, or at the
coordinates of

x; yð Þ ¼ ae; bð Þ or �1 ¼ tan1
b

ae
: ð15Þ

The emergence of the k factor is a manifestation of the
geometric properties of the constantC1 in equation (2). This
geometrical property is demonstrated by a large enough
plasma flow at the sharpest surface compared to other
surfacesat the active electrode in thecapacitance calculation
[12,14]. The calculation of the value of k is based on the value
of the match between the numerical calculations and the
experimental results. One more thing, the solution to
equation (14) is taken in the half-part condition of the
active electrode (fromthemiddle to the right end) inFigure2
because of the symmetrical nature of the elliptical
mathematical concept. To understand the concept of the
geometric visual effect of the shape of the active electrode,
We review again Figure 2, but only present the horizontal
boundary conditions at pointsA,B, andC. In the figure, the
C ≅ 0b
4

ae

1

a bþ cð Þ 1þ eð Þ½ �

k
e a þ bð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ aeð Þ2

q þ

0
B@

a bþ cð Þ þ a2e2ffi
b

q
2
64

þ k
2

ffiffiffiffiffiffiffi
1e2

p

b2 1þ e2ð Þ tan
1 1eð Þffiffiffiffiffiffiffi

1e2
p

ae þ
q

2
664

e

b2 1þ e2ð Þ lnj 1

a bþ cð Þ jklnj
a bþð

8><
>:

2a bþ cð Þ e21ð Þ þ 2b2e2

b2 1þ e2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a bþ cð Þ½ �2 a bþ cð Þe½

q
2
64

⊗ tan1
b2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a bþ cð Þ½ �2 a bþ cð Þe½ �2b
q

2
64

8>>>>><
>>>>>:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
sharpest part of the active electrode is in the middle of the
bottom (in line with the boundary condition of a point B).
The expression of thenumber k is amultiplier factor (current
multiplier) in a sharp part of the active electrode region. The
value of the k is entered in the boundary conditions for the
integration of the capacitancemanually in the area that is in
line with point B, through the following equation,

Ctot ¼ ∫CAdC ¼ 2 ∫CkBdC ¼ 2C : ð16Þ

So, there is the k multiplier factor that appears in the
boundary conditions of integration in point B for the case of
the corona current.

To calculate the value of electric current flowing from
the active electrode to the passive electrode, there are
several assumptions as follows [12–14]:

– the magnitude of the electric charges and electric field
flowing from the active electrode to the passive electrode is

q ¼ Ctot Vð Þ:;Ey ¼ q

0A
¼ Ctot Vð Þ

0 2�a þ �2
� � ð17Þ

where the notations A and � are the Gaussian surface area
and the thickness of the active electrode (� ≅ 0.0001m),
respectively.

– equation of electric current using the concept of
equation (2).

– the values of space permittivity and permeability in
air replaced with space permittivity 0 and permeability �0
(in a vacuum) because the difference is not too significant,
a2e3

b2 þ aeð Þ2

1
CA

bþ cð Þ þ b3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 þ aeð Þ2

3
75

1

1þ ae2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ aeð Þ2

q
0
B@

1
CA

bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ aeð Þ2

�
3
775

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ aeð Þ2

q
þ ae2

cÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ aeð Þ2

q
þ a2 bþ cð Þe2 þ b3

j

9>=
>;

ffiffiffiffiffiffiffiffi
�2b4

3
75⊗

ffiffi
4

3
75k tan1

ba bþ cð Þ 1eð Þ
ae þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ aeð Þ2

q þ b2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a bþ cð Þ½ �2 a bþ cð Þe½ �2b4

q

2
666664

3
777775

9>>>>>=
>>>>>;

9>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>;

; ð14Þ



Fig. 3. (a) Circuit schematic and (b) photograph of the equipment circuit of the plasma discharge reactor from the S-ELTP electrode
configuration model.
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namely for conditions in the air at STP, 900 kHz are
=1.00058986 0 and �=1.00000037 �0 with values
0= 8.854� 10�12 F m�1 and �0= 4� 10�7 Hm�1.

By using these three assumptions, the magnitude of the
electric current as a function of the potential at the
resulting S-ELTP electrode configuration is equal to:

I ¼ dQ

dt
¼ �

V
qEy

2
� �

total
¼ �0

0
2
j Ctotf g3
2�a þ �2
� �2 j VVið Þ2: ð18Þ

Equation (18) relates between the values of the current
I, total capacitanceCtot, andvoltageV. In theCtot contains
themodified capacitanceC, as written in equation (14). So
it is clear that the corona current depends on the
variation of the voltage change V and also depends on
the plasma flow that came out of the sharp edge of the
active electrode (with the emergence of the k factor).
Equation (18) is used to simulate the (I–V) characteristics
of the electrode model with the S-ELTP configuration.
The simulation model uses Python Graphical User
Interface (GUI) Programming which can present graphs
while showing several parameters of the level of accuracy
adjustment between the simulation graph and experi-
mental data.

3 Experiment technique

The schematic of the plasma discharge reactor apparatus of
the S-ELTP electrode configuration is based on the
following working steps:

–
 electrodes with the S-ELTP configuration are connected
to a high voltage DC generator (4 kV voltage and 25 kHz
frequency).
–
 the main circuit is connected in series with an electric
current measuring device (Ampere meter), namely
SANWA analog multimeter (type YX-360TREB, volt-
age 220V, and frequency 50/60Hz).
–
 for measuring the potential differences, a SANWAdigital
multimeter (voltmeter) is used (type CD771).
–
 there is equipment that can convert kV units to Volts,
namely the HV probe (Maximum Voltage 40 kV DC,
model number: AC 28kV PD-28, serial number:
01605733). In this case, the electric current passed through
the HV probe before passing through the voltmeter.

In Figure 3, the circuit schematic and photos of the
plasma discharge reactor equipment circuit are shown from
the S-ELTP electrode configuration model.
4 Results

In this research, we present two size variations of the active
electrode, which are named as small and large size
electrodes, respectively. The passive electrode is presented
as a rectangular plate that is large enough, so it can be used
by both size variations of the active electrode. There are
two variations of the value of c for each of these electrode
sizes. All these experiments satisfy the capacitance value
rules as shown in equation (11). The length of semi-major
and semi-minor axes are a and b respectively, the distance
between the two electrodes is c, and the eccentricity
number on the elliptical coordinates is e that can be written
for two-electrodes size case as,

– the small size electrode:

a=0.025m; b=0.024 mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiq ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiq

e ¼ 1 b=að Þ2 ¼ 1 2:4=2:5ð Þ2 ¼ 0:28
Variations of c values are 0.009m and 0.033m.

– the large size electrode:

a=0.05m; b=0.045m.ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiq ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiq

e ¼ 1 b=að Þ2 ¼ 1 4:5=5ð Þ2 ¼ 0:436

Variations of c values are 0.039m and 0.042m.

The research data taken in this study are variations of
current and voltage data when the corona discharge
process occurs. When the Vi initial voltage is applied in
this experiment, electric current has not appeared. If the



Fig. 4. The appearance of the largest plasma flow coming out of the lower end (in the middle position) from the active electrode to the
passive electrode, in the two cases of the small (a) and large (b) size electrodes.

Fig. 5. The (I–V) characteristics graph of the electrode model with the S-ELTP configuration. For the small size electrode shown in
(a) with c=0.009m; k=338.6 and (b) with c=0.033m; k=547.8. As for the large size electrode, it is shown in (c) with c=0.039m;
k=726.3 and (d) with c=0.042m; k=629.5.
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voltage variation is enlarged, it will begin to read the
appearance of an electric current that is also getting
bigger, known as the Townsend discharge [29]. When the
voltage is increased again, it will read a significant
increase in current known as the corona discharge. The
photos of experimental results from corona plasma
discharge with the S-ELTP electrode configuration are
shown in Figure 4. In Figures 4a and 4b (for the case of
the small and large size electrodes, respectively), we can
see that the largest flow of corona plasma discharge
comes from the very bottom (in the middle position) of
the active electrode.



Table 1. List of the k factor and measurement parameters from the level of accuracy for the (I–V) characteristic graph
from various sizes of electrodes in Figure 5.

Electrode Size c (meter) k t-test SD Number of tangent
points

Number of
data points

Percentage of
tangent points

Small 0.009 338.6 0.0412 0.1075 1 12 8.33%
Small 0.033 547.8 0.0495 0.7467 9 14 64.29%
Large 0.039 726.3 0.0495 0.6704 6 10 60.00%
Large 0.042 629.5 0.0461 0.3754 8 10 80.00%
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The simulation and experimental results of the (I–V)
characteristics of the electrode model with the S-ELTP
configuration for the small and large size electrodes are
presented in Figure 5. In the Figure, there are two
variations of the value of c for the size of each electrode with
the simulation calculation using equation (15). Besides
displaying the fitting value of the appropriate k factor, the
calculation of the parameters of the level of accuracy
between the simulation results and experimental data is
also displayed. These parameters include the values of the
t-test and standard deviation (SD), which are shown in
Table 1. The results of the characteristic graph
calculations along with their accuracy levels, all of which
are processed usingPython Graphical User Interface (GUI)
Programming.

The relationship between the k factor value and the
measurement parameters of the accuracy level for the
(I–V) characteristic graph can be explained as follows:

–
 the k value is determined by the sharpness of the
electrode tip [12–14]. In general, the sharper the electrode
tip, the greater the k value.
–
 the t-test value is a statistical parameter that relates the
degree of correspondence between the numerical calcu-
lations (curve lines) and the research results (data points)
[30] of the (I–V) characteristic graph. For a high level of
accuracy, the t-test value should be lower than 0.05.
–
 the SD (standard deviation) value in this Python GUI
Programming [31] takes the form of the 2nd order of the
following polynomials

I ¼ a1 þ a2V þ a3V
2 ð19Þ

where a1, a2 and a3 are countable constants. Equation (19)
is compatible with the formulation models of equations (2)
and (18) so that there is a match between the numerical
simulation formula and the SD formulation.

There are several important notes obtained from
Table 1, namely

–
 in the case of a small electrode size with a value of
c=0.009m, it turned out to have the smallest k value
compared to other cases.
–
 the t-test values all have values below 0.05, which
indicates the high level of accuracy of this research, with
the lowest t-test value, which shows the highest level of
accuracy is also shown in the case of a small electrode size
with a value of c=0.009m.
–
 similarly, the standard deviation (SD) value with the
highest level of accuracy (lowest SD value) was obtained
in the case of a small electrode size with a value of
c=0.009m.
–
 in Figure 5, there are various short vertical lines (svt)
connecting the data points with the simulation curve. If
the length of the svt gets smaller then the higher the level
of accuracy between the data points with the tangent
of the simulation curve, which is indicated by the smaller
t-test and SD values in Table 1.
–
 in the case of research that is not very perfect (in this
study), then if the length of svt is small enough it will
produce a large number of data points that are not
connected to the simulation curve. For research case with
k=338.6 in Table 1, which has the smallest t-test and SD
values, only has a number of tangent points (ntp) of
three. The ntp is the number of data points connected to
the simulation curve through the svt. The percentage of
tangent points (ptp) is obtained which is the ratio
between the ntp and the number of data points (ndp)
whose value is only about 8.33%.
–
 in Table 1 for the other three cases besides k=338.6, they
have a fairly large t-test and SD value, so they have
the svt length that are greater than case of k=338.6. In
the end, the three cases have many data points that can
be reached by the simulation curve or they have the large
enough values of ptp.

5 Discussion

Based on the results of the research [25], it stated that the
getting sharper surface shape of the electrode will produce a
larger and sharper plasma discharge. Because the S-ELTP
electrode configuration has a less sharp electrode shape, it
is quite difficult to produce a sufficiently large and sharp
plasma discharge at the lower end of the active electrode, so
that the value of k produced in this experiment is not too
large (only worth hundreds, not thousands).

FromTable 1, it can be seen that the value of k is greater
when the electrode size is larger. This fact is quite natural
because a large electrode requires a larger voltage to produce
a largeplasmaflow,as shown inFigures 5c and5d. In thecase
of large electrodes size, the calculation fromthe t-test andSD
turned out to produce quite large values, but still meets the
boundary conditions for high accuracy values.
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According to [26], the formulation of the (I–V)
characteristic model in equation (2) will be more suitable
if used at a short- distance of c. Producing the plasma
discharge from a small electrode size model is quite difficult
to do in this research because the S-ELTP electrode
configuration has a less sharp shape at the lower end of the
active electrode. We obtained research data at two
different distances, namely at c=0.009m (short-distance)
and c=0.033m (long-distance). In the case of c= 0.009m,
the value of k=338.6 is obtained, which is smaller than the
value of k in the case at distance c=0.033m. In the case of
c=0.033m, it shows that there is a slight incompatibility
with the concept of a fairly small distance between the two
electrodes [26], resulting in a large enough value of
k=547.8, with a value of the t-test and SD scores which,
although quite large, still meet the requirements of high
accuracy.

From Figure 5, it can be seen that the shape of the
simulation curve, which is calculated using equation (18),
has various deviations from the position of the research
data especially when approaching peak current conditions.
However, the formulation in equation (18) is still quite
suitable for the case of low currents before reaching the
intermediate and peak currents, as clearly seen in Figure 5d
for the value of k=547.8. The match condition between
numerical calculations and experimental data that only
occurs in the case of low currents from corona plasma
discharges is also found by [29].

This research does not discuss the physical phenomena
that underlie the emergence of the corona currents, but
only examines the visual phenomena of the corona currents
that occur on the sharp surface of the active electrode. We
realize that this research is not very perfect study, because
in the most accurate case of the (I–V) characteristic graph
(k=338.6) it turns out to have small ntp and ptp values.
However, if you look at the error values condition of the
t-test and the SD measurements in general, all the (I–V)
graphs have a high level of accuracy.

In this study, there are several shortcomings that
greatly affect the quality of the research data that has been
obtained, such as the level of accuracy quality that is less
than the plasma reactor measurement equipment, less
smooth electrode equipment, less careful observations of
the researchers. Also, there is a factor of energy loss that
occurs in plasma reactor equipment.

6 Conclusion

Although there are various shortcomings of the plasma
reactor measurement equipment and the observations of
researchers, we can conclude that the calculation of the
current–voltage characteristics of the corona plasma
discharge in the air from the S-ELTP configuration model
has a high degree of compatibility between the calculation of
the numerical curve and the research data points. There are
threeexplanations thatunderlie this reason,namely: thefirst
isbasedonthehighresearchaccuracy level obtained fromthe
t-testvalue (lower than0.05)and the small value ofSDwhere
the Python GUI Programming has created the (I–V)
characteristic graph along with the calculation of the
research accuracy. We get the highest accuracy of this
research is obtained in the case of small electrodes size with a
value of c=0.009m (the short-distance case). The second is
that the calculation of the degree of compatibility between
numerical calculations and research data is only suitable for
the case of the low currents before reaching sharply
increasing currents (the corona currents) as stated by [29].
Third, although this study is not a very perfect study,
because it has the disadvantage of lowntp and ptp values for
the most accurate research cases (at k=338.6), in general,
this research meets the accuracy high-level requirements,
because it meets the standard requirements of the
maximum values of the t-test and SD values for the GUI
Programming.
The conclusion obtained from the results of this study is
that the simulation calculation of the S-ELTP electrode
configuration model is still quite feasible to be used as a
reference for the formulation of corona discharge at low
current conditions. In general, this research is quite simple
because it uses a modified capacitance model. The model
can be applied to other electrode models, as has been done
by [12–14]. This research model is supported by the results
of [25] experiment which visually can be seen that the
sharper the active electrode, the greater the flow of corona
current. Another impact of using the (I–V) characteristic
calculationmodel is that we can determine dimensions and
distance between the two electrodes of certain the CCP
equipment in order to obtain the desired amount of corona
current, which may be very useful for the industrial world.
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