
*Corresponding author, e-mail: asepyoyowardayafisika@gmail.com 

Research Article    GU J Sci 35(3): 1140-1150 (2022)                            DOI: 10.35378/gujs.885345 

Gazi University 

Journal of Science 
 

http://dergipark.gov.tr/gujs  

The Current-Voltage Characteristics for Electrode Geometry Model of Positive 

DC Corona Discharge in Air 

 

Asep Yoyo WARDAYA1,2* , Zaenul MUHLISIN1 , Jatmiko Endro SUSENO1 , Muhammad NUR1 , 

Pandji TRIADYAKSA1 , Ali KHUMAENI1 , Susilo HADI1 , Eko Adi SARWOKO3 ,                                             

Jaka WINDARTA2   

1Department of Physics, Faculty of Science and Mathematics, Diponegoro University, Semarang Indonesia 
2Master Program of Energy, School of Post Graduate Studies, Diponegoro University, Semarang Indonesia 
3Department of Computer Science/Informatics, Faculty of Science and Mathematics, Diponegoro University, Semarang Indonesia 

 

Highlights 
• This paper focuses on the (I-V) characteristics calculations of the corona discharge.   

• The numerical calculation approach uses the concept of the electrode geometry model.  

• There is an accuracy high degree between the numerical calculations and the research data.  

Article Info 

 

Abstract 

Research on corona plasma discharges from plasma reactors has been carried out using the Point 

and Semicircular-Plane (PSC-P) electrode configuration in the air. The purpose of this study is to 

compare the suitability level of the current-voltage (I-V) characteristics curve from the results of 

experimental data and numerical simulation calculations of the electrode geometry function based 

on the variation of three electrode configuration sizes (small plate, medium plate, and large plate) 

and two variations of the distance between the two electrodes in each electrode configuration size. 

The results of the study prove that there is a high degree of conformity between numerical 

calculations with experimental data through calculations from the Python GUI Programming by 

taking a fitting value from the certain k-shape sharpness factor. The calculation location of the k-

shape sharpness factor lies on the electrode tip sharp surface which will produce the largest 

plasma flow in the plasma reactor equipment. 
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1. INTRODUCTION 

 

At present, the use of electronic equipment with corona plasma discharge technology is increasingly being 

produced by industry and is in demand by the various public. The concept of plasma discharge as a form 

of ionized gas in an electric discharge [1] has been widely applied to the model of plasma reactor equipment 

referred to as capacitive coupled plasma (CCP) [2,3]. The CCP model is composed of two electrodes in a 

perpendicular to each other position, with electrode 1 in a stand up straight position with the bottom edge 

of the plate has a sharp form, while electrode 2 has a flat surface in a position lying below electrode 1 [4].  

 

The corona plasma discharge can be generated by an ac or dc voltage source. The appearance of the plasma 

discharge is caused by various physical events in the plasma such as EHD flow [5,6], convective heat 

transfer [7], electric wind [8,9], electrostatic precipitation [10,11], etc. The corona discharge process begins 

with a flat graph (Townsend event) and continues with a sharp increase in a function’s graph of the currents 

to voltage (corona event) [12]. Most of the corona discharge events will appear exit from the sharp surface 

of electrode 1 headed for electrode 2 because the sharp geometry surface will have a high potential gradient 

[4]. 

 

The research we conducted was to discuss the (I-V) characteristic of positive dc corona discharge in air. 

The CCP electrode configuration used in this study is the Point and Semicircular-Plane (PSC-P). This 
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configuration consisting of two electrodes perpendicular to each other, where the two electrodes are made 

of copper material. The first electrode in an upright position with a very thin plate thickness has the shape 

of a rectangular plate which is perforated in a semicircular in the middle and has a sharp shape on both 

sides of the bottom of the plate, whereas the second electrode has the form as a horizontal plate in a position 

lying under electrode 1.  

 

Dobranszky et al. [13] have published research results about the plasma size (plasma height and width) of 

the corona discharge produced by variations in the electrode taper angle of 100, 200, 300, 450, 600, and 900. 

In addition to experiments on variations in angles, there are also 3 different material variations at the end 

of the electrode. The results of these experiments (for angles 300 - 900) indicate that the size of the height 

and width of the plasma will increase if the electrode taper angle (in degree) becomes smaller for the three 

variations of the material.  

 

Owning to this research that based on the experiment result of [13], it is created a comparability factor that 

was obtained from the results of the corona discharge experiment regarding the shape and size of the plasma 

which grew larger if the electrode tip grew tapered through a factor of the k-shape sharpness. The k value 

also contributes greatly to the magnitude of the discharge of the plasma from the tapered electrode when 

compared to the shape of the electrode that is close to flat. The k-shape sharpness factor is manually 

multiplied by the capacitance value of the electrode which has only a sharp geometric shape. The k value 

is obtained not through the concept of numerical calculation but through a comparison in fitting with 

experimental data. 

 

2. MATERIAL METHOD 

 

2.1. Mathematical Models 

 

The Townsend relationship for the small distance from the point-plane electrode model has been expressed 

by Ferreira et al. [14] in the form as 

 

( )
2

1 ,iI C V V= −

                                                                                                                                            

(1) 

 

where I is the corona current, C1 is a constant, V is the applied voltage and Vi is the corona threshold voltage. 

Furthermore, several other journals discuss the (I-V) characteristics of the Townsend formula such as the 

fluid flow model of electrons and ions for the formulation of potential V [15] and the EHD flow model [6]. 

There is also Townsend's low-current approach formula for Coaxial Cylinders in Air [16] which is 

expressed as 
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(2) 

 

where V0 is the initial voltage of the corona,  is the critical density of the gas (air), R and r respectively are 

the radius of the outer and inner electrodes and b0 is ion mobility [(m /s) /(V / m)] at   = 1. 

 

In this study, there is a constant value of C1 as expressed in formula (1) determined through the formulation 

of capacitance. In this formulation, we entering the corona discharge properties arising from the sharp 

electrode geometric shape of the PSC-P configuration model. Before calculating the capacitance of the 

PSC-P model, we must first calculate the simpler capacitance model, namely the line-plane capacitance 

model. The calculation of the PSC-P capacitance can be adopted from the line-plane model. An illustration 

of the PSC-P model in the case of the corona plasma discharges can be seen in the Figure 1(a). 

 

 

 

 



1142  Asep Yoyo WARDAYA et al. / GU J Sci, 35(3): 1140-1150 (2022) 
 
 

 

 

 

 

 

 

 

 

(a)                                                                              (b) 

Figure 1. CCP reactor equipment for electrode configuration models of (a). PSC-P and (b) Line-Plane 

 

To calculate the capacitance value of the PSC-P configuration model, we must adopt the capacitance value 

calculation model of the line-plane configuration model as shown in Figure 1 (b). The two configuration 

models, basically consisting of two plates in a perpendicular position each other, with a very thin plate 

standing upright on the other plate which is in a horizontal position. For the capacitance calculation of the 

Line-Plane configuration model, it can be seen in the schematic of Figure 2, which is a representation of 

Figure 1.b., but viewed from the side.  

 

 
Figure 2.  The shape of the line-plane configuration is adopted from Figure 1.b., arranged from two thin 

plates with plate position 1 forming an angle of inclination of  to the vertical axis, and it is 

located above plate 2. The length and width of plate 1 are respectively s and t, while the area 

size of plate 2 is quite large 

 

Suppose plate 1 is in a position above plate 2 and forms a slope angle of << 1 concerning the vertical axis. 

The width of plate 1 is equal to s.t and the distance between the two plates when plate 1 is perpendicular to 

plate 2 is c. Because the viewpoint is viewed from the side of the electrode plate 1, then the long trajectory 

of s is not visible in Figure 2. The capacitance element value in the area element s dx which is located 

around point B (entered into the image plane) is defined as 
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0
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(3) 

 

The total capacitance value between the two plates of the line-plane configuration with the position of plate 

1 perpendicular to plate 2 can be written as 
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Using formulation (4), we can calculate the value of the capacitance element of the electrode model with 

the PSC-P configuration as illustrated in Figure 3.  

 

 
Figure 3. Calculation of the capacitance element from the electrode model with the PSC-P configuration 

 

By comparing the formulation (4) for the capacitance value of the line-plane configuration model with the 

plate area element as thick as du in Figure 3, the magnitude of the capacitance element in Figure 3 is 

 

0 ln 1
v

dC du
h

⊥ = + .                                                                                                                                   (5) 

 

Also, it is a semicircular form that will connect the curvature of the coordinates u and h to the plate area 

elements as thick as du, 

 

( )
22 2  ,           .u h c b b c+ − =                                                                                                                     (6) 

 

There is a good condition when the electrode model with the PSC-P configuration begins to produce a 

corona plasma discharge that looks quite clear when it meets the distance b < c, as expressed in the 

requirements of Equation (6). From Equation (6) we can calculate the element value of du with the boundary 

conditions range of u coordinate determined as, 
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22 

h c
du dh

b h c

−
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− −

      and         0 .u b                                                                                          (7) 

 

where u boundary conditions in Equation (7) only apply to half portion of the plate located on the right of 

coordinate point 0 in Figure 3, meaning that Equation (5) only applies to calculating half the value of the 

capacitance located on the right of coordinate point 0 in Figure 3. Based on the symmetrical nature of the 

plate shape on the left and right of the coordinate point 0, the total capacitance value can be calculated from 

Equation (5) by multiplying factor 2.  

 

In Figure 3, there will be a relationship between variables v and h with a constant magnitude of a + c through 

the equation, 

 

.h v a c+ = +                                                                                                                                                (8) 

 

Furthermore, through the substitution of Equations (7) and (8) in Equation (5), the capacitance value of the 

electrode model with the PSC-P configuration will be obtained as 

 

Electrode  1 

Electrode 2 
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(9) 

Equation (9) is the ½ part capacitance value for an ordinary electronic circuit case. To calculate the 

capacitance value originating from the corona plasma discharge case, Equation (9) needs to be modified 

based on the definition that the corona plasma discharge which produces corona electric current, almost 

mostly emerges from the surface of the sharp electrode. The solution to the problem of plasma discharge is 

to add the k-shape sharpness factor to the capacitance calculation of the sharp geometry form in Figure 3.

  

 

The total capacitance value of the electrode model with the PSC-P configuration for the corona plasma 

discharge case by adding symmetrical properties of the electrode shape (multiplied by factor 2) and the k-

shape sharpness factor in Equation (9) is as,  
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Equation (10) is the capacitance value of the corona plasma discharge with the PSC-P electrode 

configuration for the distance case of b < c, wherein the equation, we add the k-shape sharpness factor is 

multiplied to the sharp plate surface form (on the boundary conditions at u = b and -b). In Equation (10) 

also, the amount of vacuum space permittivity 0 has been replaced by the notation  for conditions in the 

air at STP, 900 kHz with a value of  = 1.00058986 0. The value of 0 is 8.854 × 10−12 F·m−1. 

    

To calculate the value of the electric current from the capacitance function (10), it is first necessary to 

calculate the charge and electric field values from the corona plasma discharge event (with q = (V). Ctot). 

If between the two electrodes given a potential difference of V in Figure 3 (V = V – Vi, where V is the 

voltage used and Vi is the corona threshold voltage), then the electric current will flow from electrode 1 to 

electrode 2, with the largest plasma current flow will come out from the form of the sharp electrode 

geometry. The value of the electric field according to Gauss's law will be obtained as, 
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with the area of Gauss defined as A = 2b + 2 2 and  = 0,1 mm is the electrode 1 thickness value, with 

the values of section 2b  and 2 2  are each derived from the form of a half-circle curvature and two sharp 

electrode ends forms. The total value of the electric current coming out of the electrode system with the 

PSC-P configuration for the corona plasma discharge case through the concept of electrode geometric 

calculations as, 
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where  is the permeability value in the air. For comparison with the vacuum condition of 0, we find  = 

1.00000037 0 where 0 = 4π × 10−7 H·m−1.  

 

Equation (12) is the value of the electric current function as a voltage function of the corona plasma 

discharge electrode model with a PSC-P configuration. Equation (12) is also a form of Equation (1), where 

the value of the constant C1 is the calculation of the electrode capacitance function. 
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2.2. Experiment Technique 

 

The reactor equipment schemes used in corona plasma discharge research with PSC-P electrode 

configuration include:  

 

1. A high-voltage DC generator (4 kV voltage and 25 kHz frequency) connected to the Electrodes 

with the PSC-P configuration,  

2. An electric current measuring device is an analog Multimeter (Ampere meter) with a SANWA 

brand (type YX-360TREB, voltage 220 V, and frequency 50/60 Hz). The device is arranged in 

series with the main circuit, 

3. A potential difference measuring device is a digital Multimeter (Voltmeter) with the SANWA 

brand (type CD771), 

4. A device that can convert the kV to the Volt unit is the HV probe (Maximum Voltage 40 kV DC, 

model number: AC 28 kV PD-28, serial number: 01605733) where the electric current is first 

passed through the HV probe before passing through the digital multimeter (Voltmeter). 

 

Figures 4 (a) and 4 (b) respectively show the equipment circuit schematic and reactor equipment photo for 

corona plasma discharge experiments with PSC-P electrode configuration. 

 

 
(a)                                                                            (b) 

Figure 4. Research equipment from corona plasma discharge experiments with PSC-P electrode 

configuration. (a) Equipment circuit scheme. (b) Equipment photos 

 

3. RESULTS 

  

The formulation of the electric current in Equation (12) is related to the geometrical concept of the electrode 

shape with the PSC-P configuration. To prove that the formulation (12) is following the experimental 

results, it is necessary to be tested through a comparison of the (I-V) characteristics of the simulation results 

and experimental results by using a size variety of electrodes 1. This research uses three size variations of 

the electrodes 1 through the dimensions of the following, 

 

1. Small plate:  plate length a = 1 cm = 0.01 m, plate radius b = 0.5 cm = 0.005 m, 

2. Medium plate: a=1.5 cm = 0.015 m, b = 1 cm = 0.01 m, 

3. Large plate: a = 2.5 cm = 0.025 m, b = 2 cm = 0.02 m.  

 

The results of the corona plasma discharge experiment show almost the same event for the three different 

sizes electrode case, namely when a corona discharge occurs, bring up the plasmas flow from the lower 

surface of electrode 1 (anode) to electrode 2 (cathode), with the largest flow emerging from the tip of the 

lower surface which is the sharpest area of electrode 1 Figure 5 (a), while the experimental photos are 

shown in Figures 5 (b) – 5 (d)  for the three-electrode cases. 

 

 

 

 

 



1146  Asep Yoyo WARDAYA et al. / GU J Sci, 35(3): 1140-1150 (2022) 
 
 

                                                                             

 

 

 

            

 

 

 

 

                               (a).                                                                             (b) 

                                                     

                                                                         

   

 

 

 

 

 

 

 

                                 (c)                                                                           (d) 

Figure 5. (a). The plasmas flow of the positive dc corona discharge event in the air that comes out of the 

electrode model with the PSC-P configuration, with the largest flow coming from the bottom 

surface of electrode 1 to electrode 2. Figure (b), (c), and (d) are photographs of research results 

by the concept of plasmas flow for the three different electrode sizes 

 

The (I-V) characteristics curves resulting from the comparison of experimental data (data points) with the 

numerical calculations (curve lines form) for the three electrode-sizes are illustrated in Figure 6. 

 

For the calculation of the level of accuracy between the numerical simulation curve and experimental data 

of the (I-V) characteristics at a certain k value, it can be seen in Table 1. The calculation of curves 

characteristic in Figure 6 along with the level of accuracy uses Python Graphical User Interface (GUI) 

Programming. 

 

Table 1. Calculation of the level of accuracy between the numerical simulation curve and the point set of 

experimental data by using the Python GUI Programming for (I-V) characteristics in Figure 6 

No Electrode Size k t-test SD Number of 

tangent points 

Percentage of 

tangent points 

1. Small 1390 0.027 1.9786 7 50.00% 

2. Small 1335 0.0279 2.5665 8 47.06% 

3. Medium 1076 0.0082 1.2171 15 88.24% 

4. Medium 1102 0.0741 0.5113 11 68.75% 

5. Large 910 0.0215 18.2943 17 89.47% 

6. Large 959 0.0358 14.4494 12 80.00% 

 

 

In Table 1, we present some measurement accuracy parameters between the numeric simulation curve and 

experimental data on a certain input value of k which is presented in Figure 6. The measurement parameters 

include: 

 

• The t-test value is a parameter that shows the degree of conformity of the (I-V) curve between the 

numerical simulation and research data [17]. The smaller the t-test value (must be a value less than 

0.05), the level of suitability of the two functions shows high accuracy.  

 

Charge 

flow  

 

tip of the lower  
surface of the plate 
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Figure 6. Curves Characteristics of electric current vs voltage (I-V) of the corona plasma discharge with 

a PSC-P electrode configuration through variations in the value of c for the case c > b of 3 

different sizes of the electrode. For Figure (a) and (b) coming from a small plate with a value of k 

are 1390 and 1335 respectively, Figure (c) and (d) coming from a medium plate with the value of k 

are 1076 and 1102 respectively and Figure (e) and (f) coming from a large plate with a value of k 

are 910 and 959 respectively 

 

 

 

 

(a)                                                                                     (b) 

                                     (e)                                                                                        ( f) 

 

  

 
 

  



1148  Asep Yoyo WARDAYA et al. / GU J Sci, 35(3): 1140-1150 (2022) 
 
 

• The SD (standard deviation) value in the experiment comes from the distribution of the measured 

data up to the power order of 2 of the polynomial [18]: 

 
2

1 2 3I a a V a V= + +                                                                                                                                   

(13) 

 

where a1, a2 and a3 are computable constants. The SD formula in Equation (13) is compatible with 

the current formula in Equation (1) so that it can determine the level of compatibility between the 

numerical simulation formula and research data.  

• The number of tangent points is the number of experimental data points that are tangent to the 

simulation curve through widening SD values. For the position of the research data adjacent to the 

simulation curve, the SD value widening is quite narrow (the SD value is small), which indicates a 

high degree of accuracy between the data position and the simulation curve. For the position of the 

research data which is far enough from the simulation curve, the SD value widening is made large 

enough so that the position of the data points can tangent the simulation curve. This event makes the 

level of accuracy of the position between the experimental data and the numerical simulation curve 

decreases.  

• The percentage of tangent points is the ratio of the number of tangent points with the number of 

overall experiment data points.  

 

When viewed from Table 1, there are several important notes, namely, 

 

• The k factor value gets smaller if the electrode size gets bigger, 

• There is a t-test value that exceeds the value of 0.05, which is for the case of a medium-sized electrode 

with a value of k = 1102 which has a t-test value of 0.0741, 

• The standard deviation (SD) value is quite small for small and medium electrode sizes, but the SD 

value is large enough for large electrode sizes, 

• The number of tangent points for small electrode sizes is below 10, so the percentage of tangent 

points is quite small, while for medium and large electrode sizes, the number of tangent points is 

large enough so that the percentage of tangent points is quite high.  

 

4.  DISCUSSION AND CONCLUSION 

 

From the comparison of the numerical simulation graph and research data, we get the k value will be greater 

if the size of the electrode is getting smaller. The incident was because the smaller the electrode size, the 

higher the sharpness level at the electrode tip. If the tip of the electrode gets sharper, it will produce a greater 

flow of plasma coming out of the tip of the electrode, because it has a higher potential gradient. The greater 

the value of the plasma flow at the end of the electrode is indicated by the multiplication factor k which is 

also getting bigger in this model so that a large electrode will have the smallest k value and the smallest 

electrode size will have the largest value of k. 

 

There is a t-test value of 0.0741 (exceeding the 0.05 limit) for the case of medium-sized electrodes with a 

value of k = 1102. This event occurs at a position of research data that is very close to the simulation curve 

(the smallest SD value is in Table 1). The SD value that has very high accuracy can result in the value of 

the degree of conformity of the curve (I-V) decreasing so that the t-test value gets bigger until it passes the 

highest allowable limit. 

 

The number of tangent points and their percentage is the combined result of the two factors with the first 

factor being the level of proximity between the data points and the simulation curve and the second factor 

being the SD width value. For small-size electrodes, it turns out that the position of data points is close to 

the numerical curve, but there are still many that do not meet the SD width value requirements which are 

quite small too within the allowable t-test limits. As a result, the number of tangent points and the 

percentage is small. Medium-sized electrodes have the closest distance between the data points and the 

numerical curve and many meet the SD width requirement that has the smallest value among all electrode 
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sizes. As a result, the number of tangent points and the percentage is quite large. Large size electrodes have 

a considerable distance between the data points and the curve but many meet the SD width requirement that 

has the largest value of all electrode forms within the allowable limits of the accuracy of the t-test. As a 

result, the number of tangent points and the percentage is still quite large, even though it has the lowest 

level accuracy of all electrode sizes. 

 

The general conclusion that can be drawn in this research is that when the electric current is low in value 

towards a bit high value, the corona discharge event still fulfills the properties of the formulation in 

Equation (12).  

 

Although the formulation (12) still has some disadvantages, especially in the case of the electric current 

graph approaching the peak current value, the formulation is compatible with the case of plasma discharge 

in the electric current before it reaches the peak current, with a taking the certain fitting value of k. There 

is a similar case example regarding the calculation of the formulation (I-V) characteristic of the corona 

discharge, where it only applies to the low current case as expressed in Equation (2). 

 

In this study, there are still several other drawbacks that come from the experiment, namely 

 

• Lack of accuracy of observations and measuring equipment of plasma reactors, 

• Energy loss factor from corona plasma generator reactor equipment. 
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