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This research aims to calculate thoroughness among data points and
analytical simulation curves in discussing corona discharges' (I-V)
characteristics. The electrode construction used is the twin towers with
dividing angles to the plane (TTDA-P) model in air, with negative DC polarity.
An asymmetrical electrical CCP model in the electrode design uses research
variations, including active electrode center clamp angles of 6 = 309, 459, and
60° and active and passive electrode distances (d) of 0.002 m, 0.005 m, and
0.008 m. The simulation curve comes from the analytical formulation of the
reduced capacitance type (inserting a multiplying factor k to the sharp
corners of the active electrode), with the simulation program being a Python
GUI program. The experimental results produced an appropriate error value
(t-test value <0.05) and a high percentage of tangent points value. The best
curve was achieved at 6 = 459 and d = 0.008 m, with a t-test value of 0.0313
and the highest percentage of significant tangent points of 92.31%. For all
variations 6, there is a tendency that the smaller the value of d (the gap length
among two electrodes), the greater the deviation distance between the
simulation curve and the data points.

1. Introduction

Plasma discharge technology has developed
rapidly in various research fields, including medical
physics [1], agriculture and biomedicine [2], fusion
plasma [3], Etc. Some equipment from plasma
technology is analogous to capacitor equipment,
named capacitively coupled plasma (CCP) [4]. The
CCP equipment has three categories: the electric
asymmetric CCP, the direct current CCP, and the
dual-frequency CCP [5]. The CCP model categories in
this research are asymmetric electric and direct
current with negative corona discharge polarity.
Calculating current-voltage (I-V) characteristics in
electrical circuits using capacitors or other
conventional electrical equipment differs from
electrical circuits in CCP equipment. There are
various (I-V) characteristic forms that are unique to
CCP equipment caused by several physical events
such as Electrohydrodynamic (EHD) flow [6],
convective heat transfer [7], electric wind [8],
electrostatic precipitation [9], etc, resulting in
analytical solutions with a reasonably high level of
difficulty, compared to the analytical solution of the
(I-V) characteristics produced by a conventional
electrical circuit (not the case of plasma discharge).

Although the (I-V) characteristics of plasma
discharges are caused by various physical properties,
in the Robinson's paper [10], there is an approach to
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model the (I-V) characteristics of plasma discharges
for the case of coaxial cylinders through the
following formulation,

I E 4b,Cp

= _ 1
== L) W

where [ is corona current (A), i is corona
current/length (A/m), and ois the density of the air
relative to standard conditions (250C, 76 cm Hg) in
the range of 0.1 < o< 35. The quantities R and [ are
the radii of the outer cylinder and the length of the
Coaxial Cylinders, respectively. The Ccc quantity is a
capacitance formulation of a cylindrical coaxial
electrode shape [11] that s,

_ el (2)
“ In(R/r)

where r is the radii of the inner cylinder (thin
wire), by looking at the form of Eq. (1), we can
conclude that the (I-V) characteristics of the plasma
discharge depend on the value of the capacitance of
the coaxial cylindrical shape, with the nature of the
plasma flow being radially symmetric (there is an R-2
function) from the Eq. (1).

Other CCP models, such as an asymmetric
electrode arrangement where the two electrodes are
perpendicular (using a Cartesian coordinate system),
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cannot use the radial symmetric concept as in Eq. (1).

Wardaya et al. [12, 13] have introduced a (I-V)
characteristic solution model for the asymmetric
CCPs case by adding a corona current multiplying
factor (referred to as factor k) at the integration limit
of the sharpest area of the tip of the active electrode
in the capacitance calculation (the reduced
capacitance model/RCM). This model is proven
adequate and similar in concept to the corona
current multiplier factor of 106 in Eq. (1). However,
the multiplier factor in the case of asymmetric CCP
only appears at the sharpest tip of the active
electrode, as shown by the experiments of
Dobranszky et al. [14], where the corona current will
be visible coming out of the sharp edges of the active
electrode.

This research aims to calculate the level of match
between the analytical formulation and research
data on the (I-V) characteristic equation with the
CCP electrode construction model, namely Twin
towers with dividing angles to the plane (TTDA-P) at
negative dc polarity. The (I-V) Characteristic curves,
which include analytical curves and experimental
data points, are processed through Python GUI
Programming. This program will also determine the
k factor's value (functions as a curve fitting) and
graphical corrections such as standard deviation
(SD) and t-test values. This research is essential in
the development of science because it reveals
several new contributions. One of them is the use of
a new research method using the geometric
properties of asymmetric CCP equipment, as
reflected in the appearance of the factor k on the
sharp part of the active electrode tip in capacitance
calculations. This approach differs from the research
method using the physical properties of plasma
through calculations based on Maxwell's equations.
In addition, the analytical formulation of the current
versus voltage function involves variations in the
size of the CCP equipment, which includes the
distance between electrodes d and the center clamp
angle (6).

The benefit of this research is introducing a new
analytical calculation method that can be used to
measure the (I[-V) characteristics from the
equipment of the electric asymmetric CCP used by
the wider community.

2. Methods

The electrode construction model (TTDA-P) consists
of two electrodes in air, with the active electrode
positioned asymmetrically above the passive
electrode, with the gap length between the two
electrodes of d, as shown in Fig. 1. The two
electrodes are in the place of perpendicular to each
other. The active electrode is made of thin copper
with a shape like an arrangement of rectangular and
twin triangular plates. The f-angle gap (center clamp
angle) is in the middle of the twin triangular.
Meanwhile, the passive electrode (also made of
copper) has a reasonably large area and can
accommodate all the current flow that came out of
the active electrode. The active electrode thickness
is §= (0.00012 + 0.00001) m and has length and
width dimensions of a = 0.02 m and b = 0.045 m. The
research variations used include angle variations 6 of
309, 450, and 60° and distance variations d of 0.002
m, 0.005 m, and 0.008 m.
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Fig. 1: Illustration of the TTDA-P electrode

construction model

The illustration of the negative DC polarity electrical
circuit of the plasma discharge in this research in Fig.
2’

Fig 2: The negative DC polarity electrical circuit for the
TTDA-P construction model

Fig. 2 illustrates the negative DC polarity
electrical circuit for the TTDA-P electrode
construction model. A high-voltage probe, capable of
converting voltage from kV to V with a maximum DC
capacity of 40 kV, is connected to the system. The
passive electrode is also made of rectangular copper
metal but designed in the twin towers with dividing
angles (TTDA) form. The circuit also includes an
Ampere meter with specifications of Vmax AC 750 V
and DC 1000 V, using the SANWA type CX506a brand,
as well as a SANWA CD771 brand voltmeter for
voltage measurement.

In this experiment, the positive or negative value
of a corona discharge is determined by the polarity
of the voltage or the arrangement of the electrodes,
which have sharp surfaces. A DC negative corona
discharge is caused by the negative voltage pole
connected to the active electrode (which has a sharp
surface shape) [15]. This research uses an electrode
arrangement of CCP equipment with a DC voltage
source for a negative corona discharge polarity case.
In the corona discharge case, the calculation of the
current-voltage (I-V) characteristics usually uses the
following equation [8, 12, 16, 17],

(3)

where [ is the corona current, V is the applied
voltage, Vi is the apparent corona-starting voltage,
and Cx is a specific constant defined as a geometric
function [8].

[=C,(V-V) or I=C, V(V-V,),
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Fig. 3: The depiction of the arrangement of the electrodes
for the knife-to-plane construction model

If we compare Eq. (1) and (3), we conclude that
the quantity Cx is a capacitance function. Calculation
of capacitance (at quantity Cx) from the (TTDA-P)
electrode construction model uses the concept of
reduced capacitance model (RCM) [13]. There is
another model reference as a basis for RCM
calculations in this research, called the knife-to-
plane construction model, expressed in Fig. 3. In the
figure, there is an arrangement of active and passive
electrodes, with the passive electrode having a
length and width of uand w, respectively, with the
active electrode position being tilted to the vertical
plane by 6 The gap length between the active
electrode (at a minimal angle ) and the passive
electrode (lying below the active electrode) is h. The
active electrode has an element of area dA with
length u and width dx and a distance of [ = h + s from
the passive electrode.

For the case when the active electrode position is
perpendicular to the passive electrode position (6=
0), the relationship s= w- x is obtained, and the

capacitance element value (from the area
element dA) is obtained as
dA u dx
dC=¢g,—=g,—. (4)
. "h+w—x

The calculation of the capacitance element in Eq.
(4) is obtained from the capacitance value
formulation for the parallel plate case of C = g0 A/l
[11]. The solution to Eq. (4) is the capacitance value
of the knife-to-plane electrode construction model,
which is written as,

h+w )

(5)

C, ==& .[ dIn|x—h—w|=&uln

x=0

From Fig.1, we assume that the active electrode of
the TTDA-P construction model consists of four-
sided and twin-triangular plates. Calculating the
RCM function for all plate parts uses the primary
reference of the Cip value in Eq. (5). For the four-
sided plate part of the active electrode (illustrated in
Fig. 4), the similar formulation as electrode
construction model of the knife-to-plane in eq. (5),
with the value of the capacitance, is

C _ b+d |, (6)
Lacot(10)+d

ssided = o a1
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with the variables relationship between Eq. (5) and
Eq. (6) is,

u=a ; w=b—1tacot(16) ; h=d+Lacot(16) (7)

< a >

T

w=b—tacot(10)

!

A
h=d+Lacot(L10)

¥

Fig. 4: The four-sided plate of the active electrode in
the TTDA-P construction model

Calculate the RCM function for the case of twin
triangular active electrodes using capacitance
elements. This concept starts from calculating the
rectangular area element from the capacitance
calculation in Eq. (5). Now consider Fig. 5, which
depicts the shape of a twin triangular plate with the
u-axis and v-axis for the horizontal and vertical axes,
respectively. The v-axis divides the twin triangular
plates symmetrically.
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Fig. 5: The TTDA-P construction model for the twin-
triangular plate shape (active electrode).

0

Because there is a symmetry characteristic,
calculating the capacitance value on the active
electrode part of the two plate twin triangles
concerning the passive electrode, we only calculate
the capacitance part to the right side of the v-axis
coordinate so that the total capacitance in this case
becomes

C

toth

(8)

The Ca is the triangular plate’s capacitance value
located on the right side of the v-axis coordinate.
Now, we can compare the capacitance value Cj from
Eq. (5) in Fig. 3 with the capacitance element value
dCx in Fig. 5. In the Cjp calculation, there are several
variable quantities such as length u, width w, and the
distance between the electrodes h, while in the dCa
calculation, there are several variable quantities such
as length du, width w1, and the distance between the
active electrode elements and the passive electrode
h1. By paying attention to these proportional values,
the capacitance element value in Fig. 5 is

2C,.

Wt 9)

>

dC, =g, duln

with the relationship of the variables in Eq. (9) to the
variables contained in Fig. 5 through the following
equations,



w =ucot(16),

0<u<ia,

h+w =d+%acot(10), (10)

Let us look at a whole system TTDA-P model (Fig.
1) consisting of a four-sided plate and a twin-triangle
plate. The location of the four-sided plate (Fig. 4) is
above the part of the twin triangles plate (Fig. 5), so
the relationship h = h1 + w1 applies. Furthermore, the
total solution of the capacitance value originating
from the twin triangles plate system through the
relationship of Eq. (8) - (10) is

a2 d+Lacot(16)

=2¢, | dul (1)
K u;[o ‘i d+Lacot(L60)-ucot(16)

C

totA

Eq. (11) is a capacitance solution suitable for the
case of ordinary conventional circuits, which is not
suitable for the case of corona discharge. Based on
experiments of Dobranszky et al. [14], the corona
discharge will be seen most significantly and
brightest coming out of the sharp lower edges of the
active electrode, which in this study is located at the
position u = +a/2 in Fig. 5. Following research of
Wardaya et al. [12, 13], the solution for the RCM
concept is to add a current multiplying factor k to the
integration limit at the point u = £a/2. Using the RCM
concept in Eq. (11), then the capacitance formulation

will be,
kal2

)=2¢, _[ duln

u=0

d+tacot(16)

(C . (12)
d+tacot(10)-ucot(16)

totA

Then, we get the solution of Eq. (12) as

%kacot(%&)—d—%acot(%&)‘
d+}acot(16) ‘

(13)

(Cmm

)= |:2€0d tan(460)+as, —kago]ln‘

+ke,a .

By adding the solutions of Egs. (6) and (13), we
obtain the total solution of the capacitance equation
for the TTDA-P electrode construction model as,

b+d
Cfot = Crect + (CtofA) =& a In W + ké‘oa

|Lkacot (10)—d - Lacot(30)|

+[280dtan(%9)+ago_kagf)]ln‘ d+Lacot(L6)
2 2

(14)

At the bottom of the active electrode, there is a
Gaussian area that flows plasma current consisting of
the area around the length of line a and two sharp
points at the bottom ends, with the formulation as
A=06a+26". (15)
The thickness dimension of the active electrode plate
is 6 = (012 % 0.01)x103 m. The complete
formulation of electric current as a function of

voltage for the TTDA-P electrode construction model
using the relationship from Eq. (3) is [18]

_ Hy (Ctat )3 (V_Vz)z )
&, (5a +25° )2

1= (16)
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where A is Gaussian surface area, s = 8.854x10-12
F mtand po = 4mtx107 Hm! are vacuum permittivity
and vacuum permeability, respectively. For
conditions in the air at STP, there is a relationship &=
1.00058986 & and x4 = 1.00000037 o, so the
conditions uo = £ and & = ¢apply. Eq. (16) is the (I-V)
characteristic equation of CCP equipment using the
concept of the geometric function of the Ciot value in
Eq. (14).
In this experiment, a simulation program uses
Python GUI Programming to obtain a level of
compatibility between analytical calculations and
experimental data. The simulation curve from
analytical calculations comes from the characteristic
formulation (I-V) in Eq. (16), which already contains
the geometric properties of the plasma discharge in
the formulation of the Ciwt capacitance value (using a
multiplier factor k). In this case, the value kis a
fitting curve graph. The Python GUI Programming
will calculate the value k that matches the graph and,
at the same time, also calculate the level of accuracy
of the curve, which includes the values of standard
deviation (SD), t-test, and tangent point programs.

The requirements for the simulation curve from
ideal analytical calculations to be close to the
experimental data values involve several aspects,
such as having the value of the smallest t-test
(maximum value of 0.05) [19], a small SD value and a
significant percentage value of tangent points. In
order to match the function, the Python GUI uses a
second-rank polynomial form adopted from the
formulation (16) based on the equation,

I=a,+aV +aV?, 7)

where ao, ai, and a2 are constant valued
quantities in the function of voltage V. Meanwhile, SD
in this study uses the formulation [19].

Z(I_Al _AzVi _Aszz )2

_ |5 , 18
o v=2) (18)

with the values A1, A2, and A3 obtained through Egq.
(19)

DY A Y
PN AN A
PN NN A

2.1
= > |- (19

Al
A2
4] S,
3. Result and discussion

Fig. 6 is the (I-V) characteristic curve of a corona
discharge, which consists of a simulation curve for
analytical calculations from Eq. (16) and data points
from the function of electric current versus voltage.
The active electrode of the TTDA-P construction
model has the same size values at a= 0.02 m
and b =0.045 m. This electrode has variations in the
center clamp angle &at 309, 459, and 60° angles. For
each g three variations of d (the gap length between
two electrodes) were made at sizes 0.002 m, 0.005 m,
and 0.008 m, resulting in 9 variations of the (I-V)
characteristic curve in Fig. 6.
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Fig. 6: The (I-V) Characteristic curve at negative DC
corona polarity. There are three variations of the angle 6 at
(a) 309, (b) 459, and (c) 60°.

The quantities produced by the GUI
programming on the (I-V) characteristic curve, such
as the k-fitting curve, t-test, SD, and tangent point
values, are presented in Table 1.

Table 1 The quantities of the k-fitting curve, t-test, SD, and tangent point values of the (I-V) characteristic curve

(7] d(m) Vi (kV) t-test SD (1A) Tangent Point Percentage (%) k

0.002 0.55 0.0495 1.2097 4 of 5 80 952.1

300 0.005 0.52 0.0419 0.7215 50f8 62.5 765.1
0.008 0.47 0.0394 0.7451 7 of 13 53.8 636.1

0.002 0.43 0.0493 1.7496 4 of 5 80 935.5

450 0.005 0.47 0.0458 0.9103 50f8 62.5 738.9
0.008 0.58 0.0313 0.4938 12 of 13 92.31 635.9

0.002 0.63 0.0489 1.207 30of5 60 852.6

600 0.005 0.45 0.0468 0.7514 50f8 62.5 742.5
0.008 0.54 0.0485 0.3352 90f13 69.23 648.0

average value 0.0446 0.903 69.204
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Fig. 7 shows experimental results in corona
discharge photographs for the variations of three
angle Oof the active electrode with the TTDA-P
construction model.

(b)

Fig. 7: The corona discharge photographs for
variations of the three angle 6 of a) 300, b) 459, and c) 60°.

Now, we look again at Table 1, which provides an
explanation of several experimental results. From
the table, it can be seen that all t-test values are
below 0.05. The lowest t-test value is 0.0313 (at an
angle variation of 6 = 45% with a value of d = 0.008 m),
producing the highest percentage of tangent points
0f 92.31%. The most significant t-test value is 0.0495
(at an angle variation of 6 = 30° with a value of d =
0.002 m) and produces a high percentage of tangent
point of 80%. On average, the case of d = 0.002 m
produces the bigger t-test and SD values (compared
to the values d = 0.005 m and d = 0.008 m), while the
minimum t-est and SD values in the varied case
between d = 0.005 m and d = 0.008 m. The SD
quantities have values that vary from small to large.
The smallest SD value is 0.3352 (at an angle
variation of 6 = 600 with a value of d = 0.008 m),
while the most significant SD value is 1.7496 (at an
angle variation of 6 = 459 with a value of d = 0.002 m).
Overall, for all variation data #and d in Table 1, it has
a relatively high percentage of tangent point values.
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The research results presented in Table 1 are
discussed in relation to the (I-V) characteristic curve
shown in Fig. 6. The t-test value <0.05 for all
variations of @ and d, indicating a high level of
accuracy between analytical calculations and
research data. Suppose we examine Fig. 6 for the

variation of the angle #= 45 and d = 0.008 m, which
produces the lowest t-test value of 0.0313 (as shown
in Table 1). In this case, it turns out to create a curve
slope that best fits the data points compared to the
overall characteristic curve (because the figure has
the combined criteria of a relatively large percentage
of tangent points and a small SD value that indicates
the highest level of accuracy between analytical
calculations and experimental data), so it is the best
characteristic curve in Fig. 6. Meanwhile, Fig. 6, with
the most significant t-test value of 0.0489 (in the
variation of 8 = 600 and d = 0.002 m), turns out to
produce a curve slope that is quite far from the range
of data points (because it has the smallest number
and percentage of tangent points and a considerable
SD value). A smaller SD value indicates a high level of
accuracy between the analytical calculation curve
and the data points, as indicated by shorter vertical
lines (SVL), specifically the red line, which contains a
data point. At the same time, the high number and
percentage of tangent points indicate a high rate of
intersections between the analytical curve and the
data points.

In general, for all angles 8= 309, 459 and 609, the
analytical curve will be closer to the value of the data
points in the order of distance d = 0.002 m, 0.005 m,
and 0.008 m, because it has an increasing number of
tangent points (although the percentage sometimes
decreases) with a decreasing SD value. Although at
an angle 6= 300, the SD value increases slightly (not
too significantly) from d = 0.005 m to 0.008 m, so
that the length of the SVL at both d values is almost
the same (taking into account the different range of
voltage and current coordinates in the two images).

The reason why the characteristic curve with d =
0.002 m has the smallest accuracy level (among the
analytical curves with data points) compared to the
characteristic curves at other distances d is that it
has the most significant SD value, thus having the
longest SVL size. Let's examine Eq. (18) and (19).
The significant o (SD) value arises from the
contribution of the [ value increasing too quickly
compared to the voltage value V in the analytical
calculation, as opposed to the position of the data
points. For the calculation of coefficients A1, 42, and
As, it is rather difficult to estimate because it involves
quite complicated calculations. From Fig. 6, for d =
0.002 m, the Gradient increase in the characteristic
curve is faster compared to the cases of d = 0.005 m
and 0.008 m. Let us examine the formulation of the
(I-V) characteristics in Eq. (16). The value of I
depends on the capacitance value Cwt, where a
significant negative value of Cwt will result in a
reasonably large I value. If we look at the Ciot formula
in Eq. (14), then we can see the capacitance equation
related to the values of d and k, namely in the
equation section
[250dtan(%6?)+a50—kag(]]ln‘%kacm(%e)_d_%aCOt(%g)‘

‘ d+Lacot(16) ‘




(20)

From Table 1, for the case d = 0.002 m, it has a
larger k value when compared to d = 0.005 m and
0.008 m. From Eq. (20) for the value d = 0.002 m
(small value) with a considerable k value will
produce a significant Cit value (but negative value),
so that in the end it will produce a large electric
current I (positive value) in Eq. (16) which causes
the o (SD) value to be significant in Eq. (18), thus
reducing the level of accuracy between the analytical
curve and the data points.

As shown in Fig. 7, the corona discharges are
ordered from the most significant discharge flow to
the smallest for 8 = 300, 459, and 60°. This situation
can occur because the sharper the angle of the active
electrode, the greater the corona discharge will be.

The characteristic curve with the smallest SD
value of 0.3352 (at variation 6 = 60° and d = 0.008 m)
has an analytical curve slope following the research
data in Fig. 6. In general, on the (I-V) characteristic
curve (Fig. 6) with an explanation of the data in
Table 1, we get the result that the higher the value of
d, the lower the value of k, resulting in a minor
distance deviation difference between the data
points and analytical simulation curve, which
ultimately produces the small average values of the
t-test and SD at the case of furthest distance from d
(0.008 m).

In this study, several differences were obtained in
the research error values (t-test and SD) and the
level of agreement between the data points and the
analytical curve. Using variations of 6 and d in Table
1, it turns out that the (I-V) characteristic curve
produces a percentage of tangent point values
relatively high on average. This situation indicates a
relatively high level of agreement between the data
points and the analytical curve derived from Eq. (16).

4. Conclusion

After going through the discussion chapter of the
research results on the study of the calculation of the
(I-V) characteristics of plasma discharges using the
TBFA-P electrode construction model in air, we can
obtain several conclusions as follows. Reviewing all
research on the (I-V) characteristic curves involving
variations in 0 and d produces t-test error values
below 0.05 and a high percentage of tangency points
between the simulation curve and experimental data,
indicating that the analytical formulation follows the
research data. The corona discharge's (I-V)
characteristic pattern can use a reduced capacitance
model, which is much simpler than physical model
calculations (using Maxwell's equations). The k
factor, appearing as a corona current multiplier
factor, calculated by Python GUI Programming (as a
curve fitting), is a geometrically differentiating factor
(because only the sharp tip of the active electrode
produces a significant corona current discharge)
with the conventional capacitance model. The results
obtained for the case of the same angle 6 apparently
produce a tendency: the greater the distance d, the
smaller the k value will be. This condition also affects
the level of accuracy between the formulation of the
analytical curve and the data points, namely that the
greater the distance d, the smaller the difference in
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distance deviation (closer) between the analytical
simulation curve and the data points.
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