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THAI ABSTRACT 

จอมรง อู : การศึกษาโคโรนาดิสชาร์จที่ถูกเหนี่ยวน าโดยอนุภาคในระบบฉนวน  (Study on 
Particle-Induced Corona Discharge in Insulation Systems) อ.ที่ปรึกษาวิทยานิพนธ์หลัก: 
บุญชัย เตชะอ านาจ {, 61 หน้า. 

ระบบฉนวนก๊าซเป็นระบบที่นิยมใช้อย่างแพร่หลาย เนื่องจากความน่าเชื่อถือในการท างาน, ความ
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failures. The objective of this study is to investigate the characteristic of corona 
discharge induced by particles having different ending shapes with various gaps 
between the particle and the electrode. The experiments are conducted with two 
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also applied to study. The corona inception voltage is estimated by using streamer 
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discharge charge follows the tendency of the measured values for the standing 
particles. For the experiment on the floating particles, the particles having flat upper 
tip yield direct breakdown at 0.25 to 1 mm, and corona discharge at larger gap from 
1.5 to 2 mm. The corona inception voltage, current magnitude and charge depend on 
the gap lengths and the tip shapes of the particles. 
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CHAPTER I 
INTRODUCTION 

1.1 General introduction 

 Continuous electrical supply with reliability, safety and stability to users is a 
main aim of electrical utilities. For the rapid growing of power consumption and long 
transmission, high voltage (HV) is used to reduce power loss and voltage drop, etc. 
Electrical insulation systems play an important role in high voltage engineering to 
protect high voltage equipment from electrical stress [1]. Gases are used in insulation 
systems to insulate the HV conductor from ground. Sulfur hexafluoride (SF6), air and 
vacuum are in popular use for insulation systems. They are nontoxic and noncorrosive. 
They can reduce heat, and enhance stability of dielectric coefficient with low dielectric 
loss [2]. Basically, gases used in insulation systems are required to prevent partial 
discharge or breakdown with high electric strength. Air is naturally used for overhead 
transmission lines, but it has a limit in dielectric strength under atmospheric pressure. 
Therefore, compressed gases are used to provide superior insulation [3]. For example, 
SF6, which also has excellent arc extinguishing, is used for circuit breakers[4]. 

  

 

 

 

 

 

 Figure 1.1 shows a typical design of gas insulation switchgears (GIS). The 
conductor is mainly insulated by SF6 and completely sealed in a metal enclosure. The 
grounded enclosure also protects human from electric-shock hazard caused by a fault 
inside GIS. For substations in city, which have limited space, GIS optimize constructional 

Figure 1.1 Typical design of GIS [5]. 
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space compared to conventional air insulated systems. GIS also suppress power loss, 
and reduce the electromagnetic noise due to partial discharge. [5] 

 Although GIS provide an excellent insulation, it has been reported that the 
existence of particles is a major cause of insulation failures [6]. The particles may be 
present in a gas insulated system by various means during fabrication, maintenance, 
or mechanical operation. Electric field distribution is distorted when particles exist in 
GIS vicinity. The particles usually intensify electric field near their surfaces due to the 
higher dielectric constant or conductivity than the gas dielectrics [7]. Excessively strong 
electric field may result in partial discharge in the gas medium, which has a critical 
effect on the breakdown of the insulation system. Additionally, conductive particles 
are charged when they are in contact with another conductor under an electric field. 
The charged particles can be moved by the force inserted from electric field. The 
movement of particles possibly promotes the harmful effect of the particle on the 
insulating performance, in particular, when the particles are attracted closer to an 
energized electrode.  

When partial discharge occurs, it may be observed by its luminous and audible 
phenomena initiating in highest electric field region [8]. The partial discharge causes 
electrical power losses. The mechanical degradation is also caused by corona discharge 
due to material erosion [9]. The degree of damage depends on the type of insulation 
systems and magnitude of the discharge.  

 
1.2 Literature reviews 

In actual insulation systems, particles have a diversity of shapes and 
dimensions. In experiments, spherical and wire particles with various dimensions are 
used to represent the actual particles. The particles are set in contact with or float 
above the grounded electrode in compressed air or SF6. Under influence of electric 
field, the particles are charged and moved by electrostatic force. The movement of 
particles promotes partial discharge.  The related studies can be classified into (i) the 
particle motions (ii) the discharge initiated by particles (iii) the particle motion 
manipulation. In addition, numerical calculations based on the streamer breakdown 
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criteria are also applied to find an agreement between experimental and analytical 
values. 

 

1.2.1 Particles motions 

When a particle is placed on a grounded electrode under nonuniform electric 
field, it may lift to the upper electrode by electrostatic force when the force is greater 
than the particle weight. The particle is found to stand before lifting because of 
electrostatic torque [10].  

Viet et. al. analyzed the behavior of electric field, induced charge and 
electrostatic force on spheroidal particles [11]. The particles were set to be in contact 
with or floated above the grounded electrodes under external electric field. For the 
particle standing on the ground electrode, the electric field was highest at the top 
pole of spheroidal particle, and decreased to zero at the bottom pole. The electric 
field was higher when the ratio of the major-to-minor axis became larger. 
Approximately 80% of net charge and electrostatic force were distributed on the upper 
haft of the particle. When an uncharged particle was floated above the grounded 
electrode, the maximal field was at the bottom pole of particle. The electric field 
increased when the ratio of major axis of particle to gap increased.  

Sakai et. al. [12] studied the particle behavior under AC voltage between non-
parallel electrodes in air. The upper electrode was tilted to make an angle 3.5º with 
the lower electrode. The particles were stainless-steel and aluminum wires having 
diameter of 0.5 and length of 1.0 mm. They were initially placed at the right side of 
the grounded electrode, where the gap between electrodes was highest. When 10 kV, 
60 Hz AC voltage was applied to the electrode, the particles lifted at initial position. 
They lifted, but did not across full gap between electrodes. They also bounced on 
grounded electrode, and tended to reach higher field region causing breakdown. When 
the frequency was increased to 500 Hz, and the particles lifted across the gap and 
bounced forward to high field. The bouncing was more stable than that in case of 60 
Hz.   



 

  

4 

1.2.2 Corona induced by particles 

Experiments were performed to explain the behavior of corona discharge 
initiated by particle. Kudo et. al. observed corona induced by hemispherical-end wire 
particles floated in a parallel electrode system with 10 or 20 mm air gap [13]. The 
particles had 0.25 mm diameter and 6–12 mm length. The results showed that the 
corona onset voltage depended on the length and position of particles. The corona 
onset voltage was higher for shorter particle. When the particle was in contact with 
the negative electrode, the corona onset voltage was smallest. The corona onset 
voltage increased with the gap distance from the bottom of particle to the grounded 
electrode up to 0.8 mm, and kept almost constant when the gap was longer than 0.8 
mm. When the particle was in contact with the positive electrode, the positive corona 
discharge occurred stably. The corona onset voltage of the particle at positive 
electrode was slightly larger than that at the negative electrode. 

Asano et. al. investigated bipolar corona discharge induced by filamentary 
particles in parallel electrodes with 20 mm air gap [14]. The particles were copper 
wires with perpendicularly cut ends. They had 0.25 mm diameter and 4–10 mm length. 
The authors reported that the corona onset voltage did not depend on gap for the 
particle length of 4 or 6 mm. The corona onset voltage slightly depended on the 
particle length. When the particle length increased, the corona onset voltage 
decreased. They also increased the applied voltage until breakdown took place. The 
breakdown voltage was higher with increasing gap. 

Negara et. al. extensively studied the corona phenomena initiated by floating 
spheroidal particles in air or SF6, compressed in a chamber. The negative or positive 
DC voltages was applied to a planar electrode system [15]. The particles had a 10 mm 
major axis and 1 mm minor axis. The electrodes were separated by 45 mm from each 
other.  They found that the corona pulses in SF6 regularly appeared in time as in air. 
The positive and negative coronas from both tips of particle were difficult to be 
discriminated by only observing of corona currents, as the currents pulses appeared 
as a mixture of positive and negative coronas. When the particles were close to either 
electrode, the amplitudes of corona current pulses were large with high repetition rate 
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of current pulses. When the particles were placed away from the electrode, the corona 
and breakdown hardly occurred with increasing voltage, compared to air. The negative 
corona took place more easily than the positive corona. The repetitions of negative 
and positive pulses in time were independent of particle position for both positive and 
negative applied voltages. 

Morcos et. al. studied particle-initiated corona and breakdown in gas insulation 
transmission line [16]. The particles with hemispherical ends had length of 2, 4 and 6.4 
mm and diameter of 0.45 mm. They were placed in a 70 or 190 mm diameter coaxial 
electrode arrangement filled with SF6 compressed up to 0.2 MPa. Three levels of AC 
voltages with 60 Hz applying to the coaxial system were 120, 140 and 170 kV.  The 
results showed that the corona onset and the breakdown voltages increased with 
higher gas pressure. The higher applied voltage increased corona current magnitude, 
but reduced the repetition rate of pulses. 

 

1.2.3 Particle motion manipulation  

Excluding particles from GIS is impossible. Therefore, many techniques are 
proposed to eliminate the effect of the corona initiated by particles in GIS. Dielectric 
coating reduced the effect of particle contamination[17]. The conductors and the 
enclosure were coated by a dielectric material to prevent the particles from contact 
charging. The coating dielectric impeded the development of pre-discharge. Once the 
particles were lifted under electric field, they collided with the coated conductor or 
enclosure, the charge of particle reduced (compared to the case without coating). 
Then, the discharge hardly occurred. Although this technique provided a better 
solution, the possibility of discharge still remained. To reduce possibility of discharge 
further, electrostatic particle trap was designed to trap and contain the particles [18]. 
The particle trap is located at the bottom enclosure where the electric field is low. 
When the particles moves to the vicinity of the particle trap, they were attracted to 
slot edge of the trap. Once trapped, the particles no longer moved, reducing possibility 
of discharge.   
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Khan et. al. studied the motion behavior of particle near three types of acrylic 
spacers in air [19]. The experiment was carried out by using stainless steel sphere with 
radius of 0.5 mm and wire particles having length of 2–3 mm and diameter of 0.25 and 
0.5 mm. The spacers were trapezoidal, inclined, and cone and rib sharps, as shown in 
Figure 1.2. Their lengths were of 80 mm. The upper electrode was tilted with angle θ 
= 3.5º. The authors found that the particles moved to the higher electric field region 
and lifted to adhere the spacers even when the applied voltage was low. They 
suggested that the spacer angle φ should be between 150º and 90º to eliminate the 
effect of particle motion. For the larger angle φ, the particles easily moved away from 
the spacer at lower on set motion voltage, and hardly lifted with low applied voltage. 
When the particles made a contact with the spacer, they hardly adhered to the spacer. 
The particles were pulled out from the spacer due to electrostatic repulsion between 
the charge on the particle and the accumulated charges on the spacer.   

 

 

 

 

 

 

 

1.2.4 Calculations of corona inception voltage in air 

Kubuki et. al. used the models and the experiment of sphere-sphere electrodes 
with a floating particle to estimate breakdown voltage in air. Both sphere electrodes 
had 62.5 mm diameters and the electrode separation was 40 to 400 mm [20]. The 
particle was stainless steel needle with hemispherical ends. The particle length was 
20 mm.  The criteria used to estimate breakdown voltage was  

0

cx

dz K             (1.1) 

φ = 45° 

6 mm 

(b) Inclined  

5 
mm 

3 

m
3 mm 

(c) Cone and rib 

Figure 1.2 Electrode arrangement for observing particle motion around spacers. 
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where ᾱ is the ionization coefficient, xc is critical avalanche length, and K is a constant 
value which is set to 10.  

They found that the breakdown initiated from the particle. In the analysis, the 
positive breakdown voltage was almost constantly independent with position of the 
particle, but the negative breakdown voltage increased linearly with increasing gap 
between the particle and the grounded electrode. The difference of positive 
breakdown voltage between experimental and analytical values was largest where the 
particle in contact with high voltage electrode, and with the grounded electrode for 
the negative breakdown voltage.       

Hiziroglu et. al. studied and analyzed the breakdown voltage in short air gap 
[21]. For the first experiment, two sphere electrodes were placed vertically above the 
ground plane. The lower sphere was also grounded.  For the second experiment, only 
one sphere was placed above the ground plane. Two spheres had diameters of 22 cm, 
and the grounded plane electrode had dimensions of 240 cm by 300 cm. The gap 
between electrodes was set from 2 to 10 cm. The streamer criteria was also calculated 
by equation (1.1). K was constant value which was set to 18.5. They calculated ᾱ by  

2

i i i

E E
A B C

p p p

    
     

   
 for   

i i
E

p
a b    .  (1.2) 

 
where the coefficients (

iA ,
iB  and 

iC ) and the ranges ( ia  and ib ) are given in table 1.1. 
From the results, the calculated breakdown voltages agreed with measured ones with 
error 0.42–2.40 %.  

Petcharaks investigated streamer breakdown criteria which were modified by 
many authors to match with their experimental values [22]. Meek and Raether 
proposed equations as 

 
/

de
E k

d p
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 de d               (1.4) 
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For equation (1.3), Meek, Sanders and Friedrich set k equal to 84.8 10 , 73.6 10 and
55.6 10 , respectively. Friedrich also suggested that K = 9.15 for equation (1.1) to 

compare with equation (1.3). For equation (1.4), Meek, Sanders and Friedrich set values 
of   equal to 63 10 , 62.1 10  and 41.5 10 , respectively. The modified criteria of 
Friedrich and Sanders were compared with experimental data of spherical electrodes 
with 5–100 mm gap. The results showed that the criteria proposed by Sanders for dry 
air were not accurate in dry air. The value was too high for calculation of breakdown 
voltage.  The criteria proposed by Friedrich was more accurate with k = 85.6 10  and 

41.5 10   in equations (1.3) and (1.4), respectively. The breakdown or inception 
voltages could be calculated with value of K = 9.15 in equation (1.1). 
 

Table 1.1 Coefficients ( iA , iB  and iC ) and the ranges ( ia  and ib ) 

i 
iA  iB  iC  ( / )ia V cmtorr  ( / )ib V cmtorr  

1 38.10 10
 31.29 10 

 53.28 10  25  30  
2 23.87 10  33.37 10   56.80 10  30  35  
3 11.32 10  38.57 10   41.40 10  35  40  
4 21.69 10  32.64 10   56.40 10  40  45  
5 13.98 10   21.41 10  41.04 10   45  50  
6 16.49 10  22.80 10   43.20 10  50  55  
7 15.28 10  22.14 10   42.40 10  55  60  

 
 
1.3 Problem statement 

Particle-initiated partial discharge is a complex phenomenon, which is 
influenced by many factors. The researches aims to clarify the corona discharge 
initiated by particles. The particles treated in the thesis are in various geometrical 
forms, having different ending profiles. 
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1.4 Objective and scope of work 

 The purpose of this research is to clarify the effect on the partial discharge from 
the following factors: 
  1. Tip profile: rounded, flat, sharp, very-sharp tip and spheroidal particles   
  2. Charging condition: charged and uncharged particles 
  3. Contact condition and separation from an electrode: particles standing in contact 
with or floating above the grounded electrode. 
 The research is limited to the study of corona inception and charge associated 
with corona under positive DC applied voltage because the negative corona discharge 
is easier to take place than the positive corona discharge. For separation condition, the 
particles are floated by small distances above the grounded electrode in comparison 
with the total gap length.  
 
1.5 Thesis organization 

The contents of thesis are organized as follows: 

Chapter I presents introduction, objective, scope and literature reviews. 

Chapter II presents Theory and theoretical background, fundamental of corona 
discharge and calculation of corona inception voltage. 

Chapter III presents setup and procedure for the particles standing on and floating 
above the grounded    electrodes.  

Chapter IV presents results of standing and floating particles   

Chapter V presents analysis results  

Chapter VI presents conclusion. 
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CHAPTER II 
FUNDATIONAL OF CORONA DISCHARGE 

2.1 Corona discharge 

Corona is originally from a French word “couronne”, which means crown. It 
usually takes place in a short period, but repeats in time. It can be detected by the 
blue or violate light of discharge current. Figure 2.1 shows an example of positive and 
negative discharges in a 40 mm point-plane electrode gap at 1 bar atmospheric air 
under DC applied voltages. The upper and lower dot lines are the position of point 
and plane electrodes, respectively. The discharge is initiated from the point electrode, 
and propagates to the plat electrode. The luminous filaments extend with higher 
applied voltage. [23]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1 The positive (left column) and negative (right column) corona discharges in 
point-plane electrode under DC applied voltage. [23]. 
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2.2 Influencing factors of corona discharge 

The corona discharge has many forms depending on voltage sources, which are 
DC, AC, or combination of types. The corona discharge behavior is affected by many 
factors such as polarity of applied voltage, environment factors, electrode curvature 
radius or others. 

 

2.2.1 Applied voltage 

When a positive voltage is applied to a rod electrode until electric field is higher 
than critical value, electron avalanches move toward the rod electrode, and positive 
ions move away from the rod electrode due to opposite polarity of the rod electrode, 
as shown in Figure 2.2(a). Because of high mobility, the electrons move rapidly to the 
rod electrode and are neutralized. The positive ions form cloud, and move slowly to 
drift region [24]. The space charge of positive ions reduces the electric field at the rod 
electrode side and increases the electric field further away from it. The field distorted 
by positive space charged is shown in Figure 2.2(b). Therefore, the ionization process 
near the rod electrode is weakened, and the positive corona discharge is suppressed 
to take place at stronger field stress. [25] 

 
 
 
 
 
 
 
 
 
 

Positive corona discharge starts in a form of burst pulse, and processes to 
streamer corona, glow corona and spark when applied voltage increases [26]. Figure 

Figure 2.2 Corona under positive applied voltage [25]. 

 (a) Electron avalanche near rod electrode   (b) Electric field distortion by space charge  
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2.3 shows the typical positive corona discharges. When the applied voltage is below 
the onset voltage of burst pulse, there is no self-sustainment of discharge between 
electrode gaps. A little increase of voltage above voltage of burst pulses, a large 
number of electrons generated from electron multiplication process appears and the 
discharge spreads over the rod electrode. The small branches with light phenomena 
are initiated from the rod tip of electrode under positive applied voltage in short time, 
called burst pulse, shown in Figure 2.3(a). The preceding pulses have shorter and 
weaker light. When the voltage increases, the efficiency of ionization process increases, 
and the current density near rod electrode vicinity rises. Therefore, the burst pulses 
develop with longer length and larger number of branches, called streamer, shown in 
Figure 2.3(b). The branches of streamer never cross to each other. The velocity of the 
streamer increases in the high electric region, but decreases in low electric field region. 
The Figure 2.4 shows the propagation velocity of axial streamer in 2.5 cm air gap [25]. 
When the voltage is applied to rod electrode with 1-cm radius tip for long time, the 
ionization process has sufficient time to wander the gap and accumulates in space. 
That results electric field distortion. The streamer head has positive charge density 
approximately 108 –1020/m3 with diameter from 20 to 200 µm [27]. When the streamer 
disappears, the discharge gap is filled with the space charge of positive ions. The new 
generation of streamer re-appears when the space charge is removed far enough from 
the rod electrode and the field strength recovers.  

 
 
 
 
 
 
 
 

When the applied voltage keeps increasing further, the repetition rate of 
streamer increases, and the streamer becomes self-sustainment. Then, it develops to 
steady glow at the rod electrode with fluctuate current. The glow corona is shown in 

(a) Burst (c) Streamer (b) Glow corona (d) Spark (arc) 

Figure 2.3 Typical positive corona discharges in rod-plane electrode. 
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Figure 2.3(c). When the applied voltage increases still further, the new and more 
vigorous glows develop to complete breakdown as shown in Figure 2.3(d). A strong 
luminous filament appears in the whole gap of electrodes.  

 
 
 
  
 
 
 
 

 
 

 
 

When a negative voltage is applied to the rod electrode, the electrons move 
rapidly to the low field region. They attach gas molecules and tend to hold back the 
positive space charge which remains in the space between the negative charge and 
the rod electrode. The positive ions move slowly to the rod. Because of low mobility, 
the positive ions concentrate in form of cloud near the rod electrode. These ions 
distort electric field, increasing electric field near the electrode, but reducing the 
ionization region. 

 
 
 
 
 

 
 
 
 

Figure 2.5 Negative corona discharge in the rod-plane electrode [25]. 
 (a) Positive ions cloud near rod electrode   (b) Field distortion by space charge  

Figure 2.4 propagation velocity of axial streamer in 2.5 cm air gap [25]. 

Distance from the rod electrode (cm) 
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When negative DC applied voltage increases until the first observable pulses 
appear, they are called Trichel pulses. The pulses lead to glow and spark as shown in 
Figure 2.6. The repetition rate of Trichel pulses, shown in Figure 2.6(a), increases with 
increasing voltage. When the pressure decreases, the repetition rate of pulses 
decreases. A little increasing of applied voltage, the pulses join in a continuous plateau. 
The luminous pulses decrease and accumulate others at the space region, called glow 
corona as shown in Figure 2.6(b). Figure 2.7 shows the corona development under 
negative applied voltage in the air gap between the rod and plane electrodes. The gap 
length slightly affects Tichel onset voltage. The steady glow discharge still persists with 
raising wide range of onset voltage. When the applied voltage increases above the 
glow corona level, the glow discharge transitions to spark, shown in Figure 2.6(c). 

 
 
 
 
  
 
 
 
 

 
 
 

 
 
 
 
 

Figure 2.7 Development corona discharge in 0.75 radius rod-plane electrode from 
Trichel pulse to glow and Spark [25]. 

(a) Trichel (b) Glow (c) Spark 

Figure 2.6 Typical negative corona discharges in rod-plane electrode. 
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2.2.2 Environmental factors 

Corona discharge has relationships with environment factors such as gas 
pressure, humidity and temperature. When the gas pressure is low with increasing 
applied voltage, the luminous of discharge current becomes brighter [28]. The luminary 
becomes brighter as the current increases. When the pressure increases, the luminary 
becomes smaller and disappears. 

The humidity is considered to affect current and voltage characteristic [29]. In 
the experiment in wire-plane electrodes under positive or negative applied voltages, 
the corona current and voltage decrease significantly with increasing humidity because 
present of water vapor in air increases the attachment coefficient of mixture (air and 
water) and the ionization coefficient is constant. In addition, the mobility of ion 
decreased with increasing humidity.  

Base on the experiment carried out in temperature range between 20–40° C, 
the temperature affects PD characteristic in needle-bowl electrode configuration under 
AC applied voltage with low frequency (0.1–50 Hz) [30]. The electrode system is placed 
in an enclosed chamber. The PD charge magnitude and voltage do not change 
significantly when the temperature is between 20–30°C. When the temperature 
increases from 30−40°C, PD inception voltage decreases, and the PD charge magnitude 
increases. 

 

2.3 Physical process of ionization 

Under a normal condition, gas is an excellent insulation. High electric field 
excites an electron to gain energy to ionize with an atom or molecule on the mean 
free path in direction of the field [31]. That is called direct ionization, which can be 
shown as   

e– + AB → AB+ + 2e–     (2.1) 

where e– is an electron. AB and AB+ are molecule, and positive ion after collision with 
the electron. After the direct ionization, an extra electron is liberated, but it does not 
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have enough energy for ionizing. It transfers certain amount of kinetic energy to another 
molecule it collides with.  

AB + e– + KE → AB* + e–    (2.2) 

Where AB* molecule receives energy transferred from the electron, KE is kinetic 
energy. 

If the energy is smaller than that of the ionizing energy, it is absorbed by another 
molecule. If the energy exceeds the ionizing energy, the molecule with the energy 
generates one or more electrons.  

 For an experiment on the discharge current in two parallel plate electrodes at 
atmospheric air, the discharge current grown in gas is a function of applied voltage [24]. 
Figure 2.8 shows the process of current grown with applies voltage. The current 
increases proportionally with applied voltage V1 when the applied voltage reaches 
onset corona voltage. At one voltage level, the current i0 keeps constant at saturation 
point although the applied voltage increases further. When applied voltage increases 
from V2 to define level. The current increases by an exponential rate.  

   
 
 
 
 
 
 
 
 

 Townsend’s first ionization α expresses the increasing current in exponential 
rate leading to partial discharge [27].  Let n0 be the number of initial electrons 
generated from distance (x = 0) from the cathode in electric field’s direction. They will 
drift under the influence of electric field E(x) with velocity V = μeE(x) where μe is the 

Figure 2.8 Curve of grown current with applied voltage [25]. 
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mobility of an electrons. If η is attachment coefficients, the increased electrons 
number dn along the drift length dx is 
 

( ) ( ) ( )dn n x dx n x dx                 (2.3) 
 

By integrating both side of equation (2.3), we have 

0

0

exp( )

x

n n dx                 (2.4) 

  The exponential term in equation (2.4) is called electron multiplication. In case 
of the discharge in nonuniform electric field, the number of electrons reaches about 
103–108. The region between electrodes is divided into ionization (α > 0) and drift 
regions (α < 0).  
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CHAPTER III 
EXPERIMENT 

3.1. Experimental setup 

Experiments are set up to investigate the characteristic of partial discharge (PD). 
We use two configurations of particles in the experiments. For the first configuration, 
the particles are set to stand in contact with the grounded (lower) electrode. For the 
second configuration, the particles are hung above the grounded electrode by various 
gaps. 

  
3.1.1 High voltage supplies 

Two DC high voltage supplies are used in separated experiments. For the 
experiment on standing-particle configuration, a high voltage test transformer, a 2-stage 
Cockcroft-Walton rectifier circuit, a 13.9-MΩ limiting current resistor, and a control 
panel are used, as shown in Figure 3.1. The circuit has voltage rating of 200 kV. The 
test transformer rating is 220 V/ 100 kV and 5 kVA. The control panel is connected to 
a variac to change the primary voltage of the test transformer. The output voltage of 
the test transformer is converted to DC voltage by using the rectifier, which is 
connected in series to the current limiting resistor and the electrode system. The circuit 
diagram is shown in Figure 3.2. For the experiment on floating-particle configuration, a 
solid state 20 kV, 2.2 kW HV power supply (Matsusada, Model AU SERIES 2.2 kW), shown 
in Figure 3.3, is used. 

 

 

 

 

 

 
High-voltage test transformer 2-stage rectifier 

Limiting resistor 

Figure 3.1 High voltage supply by a rectifier circuit for the standing particle-configuration. 
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3.1.2 Electrode system 

Figure 3.4 shows the electrode system used in the experiments. The upper 
electrode has a diameter of 94 mm, and height of 20 mm. The electrode shape follows 
the Rogowski’s profile approximately to avoid breakdown at the edge of electrode. 
The grounded electrode has a diameter of 140 mm and a solid cylinder (20 mm 
diameter) at its center. An insulating film is used to separate the grounded electrode 
from the solid cylinder to avoid PD current flowing directly to ground through the 
grounded electrode. The solid cylinder is connected to the ground through Rm, which 
is equal to 50 and 500 Ω to ground. PD current waveforms measured from Rm = 50 Ω 
is expected to minimize the wave distortion. By using Rm = 500 Ω, PD current can be 
detected at smaller magnitude. The voltage across Rm is measured by a 2 GS/s 

Figure 3.3 Solid state HV Power Supply for the experiments of floating-particle configuration. 

Two-stage rectifier   

Voltage divider  

Test transformer 

Figure 3.2 Schematic circuit diagram of applied voltage for the experiments of standing-
particle configuration. 
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oscilloscope (Tektronix, TBS1202B-EDU) connected with a 50 Ω double-shielded cable 
to detect the PD current waveforms. The input impedance of oscilloscope is 1 MΩ 
and 20 pF. The waveforms are saved in a USB storage, and transferred to a personal 
computer. 

 

3.1.3 Particles 

 Different kinds of particles are used for the experiments on standing or floating 
particles. Three samples are used for each kind of particles. All of them have 1-mm 
diameter and 4-mm length. They are made by aluminum. Their shapes are spheroidal 
or wire. The wire particles are prepared from aluminum (AL-011487 Nilaco).  

 The experiments of standing particles use three kinds of wire particles and the 
spheroidal particle. The wire particles have flat lower tips and the upper-tip shapes 
are rounded, sharp, or very sharp. The images of the standing particles are shown in 
Figure 3.5. 

 

 

 

 

 

 

 

 

 

 

 

 (b) Image of electrode 
system Figure 3.4 Parallel electrode system used for standing or floating-particle configurations. 

(a) Illustration of electrode system 

Rm = 50 Ω 
To oscilloscope  

Grounded electrode  

High voltage electrode  

Insulating film 

94 mm 

140 mm 

20 mm 

(c) Bottom view of grounded electrode 

Resistor To oscilloscope 
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 The experiments of floating particles also use four kinds of particles. For this 
configuration, the lower-tip shapes are also varied as they affect the electric field 
between the particles and the grounded electrode. The particles are identified as F-F, 
F-S, S-F, or S-S. The A-B notification specifies the particle upper and lower tips. For 
example, an F-S particle has a flat upper tip and a sharp lower tip. The images of the 
floating particles are shown in Figure 3.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Procedure 

3.2.1 Standing-particle configuration 

The particles are set to stand perpendicular to the solid cylinder by using a 
rounded silicon plate (1 mm thickness) as shown in Figure 3.7. The flat tips of particles 
are in contact with the solid cylinder. The grounded electrode is separated from the 
upper electrode by 10 mm high spacers, while positive DC high voltage is applied to 
the upper electrode. The voltage is increased with a step of 0.06 kV approximately 

Figure 3.5 Images of the particles for the experiments in the standing configuration. 

(a) Rounded-tip (b) Sharp-tip (c) very-sharp tip (d) Spheroid 

(a) Flat-Flat 
(F-F) 

(b) Flat-Sharp 
(F-S) 

(c) Sharp-Flat 
(S-F) 

(d) Sharp-Sharp 
(S-S) 

Figure 3.6 Images of particles for the experiments in the floating configuration. 
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until PD current is detected by the oscilloscope. The high voltage is measured by using 
resistive voltage divider, which is connected in parallel with the electrode system. The 
experiments are repeated 10 times for each samples of the particles. 

 

 

 

 

 

 

 

 

 

3.2.2 Floating-particle configuration 

A hole of 0.5 mm is drilled on the wire particles. A nylon wire with diameter of 
0.4 mm is inserted through the hole, and the two ends of the nylon wire are attached 
to two acrylic poles by rubber bands. The upper electrode is fixed with a bakelite plate 
which is connected to z-axis moving stage. The grounded electrode is also supported 
by z-axis moving stage to vary the gap. The upper electrode is separated by 12 mm 
from the grounded electrode. The details of electrode system are shown in Figure 3.8. 

For the experiments on floating particles, Ethanol is sprayed on the particles 
to eliminate the charge in the particles for every experimental runs. The particles are 
hung by 0.25, 0.5, 1, 1.5 or 2 mm above the grounded electrode. Then, the positive 
voltage applied to the upper electrode is increased by rating of 0.1 kV/s approximately 
until the first PD current is detected. The waveforms are recorded. The experiments 
are repeated 10 times for each samples of the particles. 

 

 

Silicon plate 

Particle 

Figure 3.7 Standing-particle configuration. 
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(d) Actual front view 

Figure 3.8 Illustrations and Images of floating-particle configuration. 

(b) Illustration of front view (a) Illustration of side view 

(c) Actual side view  

Nylon 

wire 

Particle 
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CHAPTER IV 
EXPERIMENTAL RESULTS 

4.1 Standing-particle configuration 

4.1.1 PD inception voltage 

When a positive voltage is applied to the upper electrode, ionization takes 
place at the particle tip. The electrons move toward the upper electrode, while 
positive ions accumulate near the particle tip. The inception corona takes place at the 
particle tip, where the electric field is the highest. Figure 4.1 shows the average values 
of corona inception voltage Ui measured from two values of Rm, 50 Ω or 500 Ω. The 
average values of Ui were taken from 30 experimental runs. The error bars present the 
maximal and minimal Ui values from the experimental runs. From the figure, the 
measured Ui in the case using 50 Ω Rm did not differ significantly from those using 500 
Ω. For the wire particles, the rounded-tip particle had the highest measured Ui and the 
very-sharp tip particle had the lowest measured Ui. The measured Ui of the spheroidal 
particle was between those of the rounded and sharp tip particles.  

 
 
 
 
 
 
 
 
 
.  

 
 

Figure 4.1 PD inception voltage measured from Rm = 50 and 500 Ω for the standing particles. 
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4.1.2 PD current waveforms  

Figure 4.2 shows an example of the waveforms of the PD currents measured 
from 50 Ω Rm for the standing particles. The rise time of PD current pulse (limited by 
response of oscilloscope and the measuring circuit) was about a few ns to reach the 
peak.  PD current magnitudes followed the tendency of the measured Ui values in 
Figure 4.1 as they were higher when the Ui values were higher. The duration of 
discharge was about 0.25 µs. The oscillation of the waveform was caused by the input 
impedance of oscilloscope. The effect of the input impedance of the oscilloscope on 
the measured PD current waveforms is shown in Appendix.   

Figure 4.3 shows an example of PD current waveforms measured from Rm = 
500 Ω for the standing particles. The tendency of current waveform magnitudes also 
followed the tendency of the measured Ui in Figure 4.1. The rise time for the case 
using Rm = 500 Ω was longer than that for the case using Rm = 50 Ω. The current 
magnitudes for case 500 Ω were lower than the case using Rm = 50 Ω for all particles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.2 PD current waveforms measured from Rm = 50 Ω for the standing particles. 

(c) Very-sharp tip particle 
(d) Spheroidal particle 

(b) Sharp-tip particle (a) Rounded-tip particle 
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4.1.3 PD charge 

Figure 4.4 presents the average PD charge QPD measured from Rm = 50 and 500 
Ω, associated with partial discharge on the particle at the PD inception voltage for the 
standing particles. QPD was obtained by integrating current waveform for an interval of 
0.25 μs for 50 Ω and 1 μs for 500 Ω because the duration of some discharges in the 
case using 500 Ω was longer than 0.25 μs. The error bars in the figure represent the 
maximal and minimal QPD. The average QPD values in the case Rm = 50 and 500 Ω 
were not much different even the variation of QPD were large from each experimental 
runs. The rounded-tip particle had the highest average QPD and lowest for the very-
sharp tip particle. The average QPD of the spheroidal particle was between QPD of the 
rounded and sharp-tip particles. The tendency of average QPD was the same as the 
measured Ui in Figure 4.1.  

 

(b) Sharp-tip particle 

(c) Very-sharp tip particle (d) Spheroidal particle 

(a) Rounded-tip particle 

 Figure 4.3 PD current waveforms measured from Rm = 500 Ω for the standing particles. 



 

  

27 

 
 
 
 
 
 
 
 
 
 
 
 
 

4.2 Floating-particle configuration 

4.2.1 PD inception voltage 

When the particle is floated in electrode system, the particle is polarized under 
the external field. The positive and negative charges are induced on the tip facing the 
cathode and the anode, respectively. The discharge inception voltage was measured 
by using Rm = 50 Ω for floating particles. Figure 4.5 shows the measured results as a 
function of the gap g. The void plots present the PD inception voltage Ui, and the 
solid plots present the spark discharge voltage Us (without preceding PD inception 
voltage). The particles with the flat upper tip (F-S and F-S) exhibited direct spark 
discharge Us at smaller g values as shown in Figure 4.5(a) and (b). The spark occurred 
at longer ranges of g (0.25−1 mm) for the F-F particle than for the F-S particle. Us of 
the F-F and F-S particle increased with increasing g. The tendency of Ui occurring at at 
longer gap g was not clear for the F-F and F-S particles. The particles with upper sharp 
tip (S-F and S-S) exhibited Ui for all gap lengths between 0.25−2.0 mm. Ui of the S-F 
and S-S particle increased with increasing g from 0.25−1.0 mm but decreased with 
increasing g for larger gap.  

 

 Figure 4.4 PD charge measured from Rm = 50 and 500 Ω for the standing particles. 
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Figure 4.6 compares the average values of discharge inception voltage between 
the particles at each gap distance. At small gap (g = 0.25 or 0.5 mm), Us was higher for 
the F-F particle than for the F-S particle. Ui was higher for the S-F particle than for the 
S-S particle. Therefore, the lower tip contributed to Us and Ui for small gap lengths. 
At large gap (g = 1.5 to 2 mm), Ui of the F-F and F-S particle still showed the same 
contribution of the lower tip. The shape lower tip exhibited lower Ui values. On the 
other hand, the tendency of Ui for the S-F and S-S was not clear enough for conclusion. 
The F-F and F-S particles with flat upper tip exhibited higher Ui than the S-F and S-S 
particles.  

   

Figure 4.5 Discharge inception voltages as a function of gap length for the floating particles. 

(a) Flat-Flat particle (F-F) (b) Flat-Sharp particle (F-S) 

(c) Sharp-Flat particle (S-F) (d) Sharp-Sharp particle (S-S) 
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4.2.2 Comparison of Ui with existing works  

 Ui of the F-F particle is used to compare with that of wire particle with two 
hemispherical tips. The hemispherical tip particle has length of 6mm and diameter of 
of 0.25 mm. The gap between the upper and lower electrodes was 20 mm. Figure 4.7 
shows the discharge voltage as a function of gap lengths for the F-F particle and 
hemispherical tip particle. For Figure 4.7 (a), the F-F particle yielded spark discharge at 

(c) g = 1 mm (d) g = 1.5 mm 

(b) g = 0.5 mm 

Figure 4.6 Discharge inception voltages as a function of tip profile for the floating particles. 

(e) g = 2.0 mm 

(a) g = 0.25 mm 
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small gap. In contrast, Figure 4.7(b) shows that the corona took place for all gap lengths 
because the hemispherical-tip particle has smaller diameter than the F-F particle by 4 
times. Anyhow, the tendency of discharge inception voltage of both particles increased 
with increasing gap from 0 to 1 mm.  
 Figure 4.8 shows the corona onset voltage of the particle with two flat tips (the 
same shape as the F-F particles) from [14]. The results shows the corona onset was 
almost constant with increasing gaps. The tendency is different from that in Figure 
4.7(a) because large increasing gap length (2 mm). The electric field is higher when the 
particle is closer to the grounded electrode, and it hardly varies with distance from 
the electrodes. Therefore, the corona onset is almost constant with increasing gap 
length. 
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Figure 4.8 Corona onset voltage of particle with two flat tips. 

g (mm) 

U
o
n
se

t (
k
V

) 

Figure 4.7 Comparison of discharge inception voltage of particle with flat or hemispherical tips 

(a) F-F particle (b) Hemispherical tip particle.  
Modified from [13] 
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Figure 4.10 PD current waveforms associated with the measured Ui for the floating particles. 

(a) g = 0.25 mm (b) g = 0.5 mm 

(e) g = 2.0 mm 

(c) g = 1.0 mm (d) g = 1.5 mm 

Figure 4.9 Spark current waveform of the F-F and F-S particles in the case g = 0.25 mm. 
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4.2.3 PD current waveform  

Figure 4.9 shows the discharge current waveforms obtained from the F-F and 
F-S particle in the case g = 0.25 mm. The discharge currents were from spark events. 
The current magnitudes were large and the reversion of current direction took place. 
When the spark took place, the total positive ions in the particle were transferred to 
ground, and the particle are negatively changed. Then, the positive charge flew for 
balancing of particle. Therefore, the current reversed from positive to negative values. 
For other cases of spark in Figures 4.5 (a) and 4.5(b), the waveforms were similar to the 
spark in the case g = 0.25 mm in Figure 4.9. 

Figure 4.10 show of PD current waveforms of the floating particles. The rise 
times were a few nanoseconds. The PD current magnitudes in the case of the floating 
particles are lower than those in the case of the standing particles. Note that the 
current magnitudes of PD did not follow the tendency of Ui in Figure 4.6.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.11 PD charge obtained from Rm = 50 Ω as a function of gap lengths for the 
floating particles. 

(a) F-F particle (b) F-S particle 

(c) S-F particle (d) S-S particle 
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4.2.3 PD charge  

Figure 4.11 presents QPD associated with the measured Ui. QPD was obtained 

by integrating current waveform in Figure 4.10 for an interval of 0.25 μs. For g = 1.5 or 

2 mm, QPD of the F-F and F-S particle was larger with increasing g. The QPD intended 

to follow the tendency of Ui in Figure 4.5. The relation of QPD and Ui of the F-F 

particles was not clear. Figure 4.12 shows QPD as a function of the particle profiles. QPD 

of the F-F and F-S particle followed the tendency of Ui in Figure 4.6. For smaller g 

(0.25−1 mm), the QPD of the F-F particle was largest and lowest for the S-S particles 

for all gap lengths.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(d) g = 1.5 mm (c) g = 1.0 mm 

(b) g = 0.5 mm 

(e) g = 2.0 mm 

(a) g = 0.25 mm 

Figure 4.12 PD charge as a function of particle profiles for the floating particles. 
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CHAPTER V 
DISCUSSION 

This chapter presents the analysis of the electric field, corona inception voltage, 
and particle charge for the standing or floating-particle configurations in relation to the 
experiments describing in chapter 4. The criteria based on breakdown streamer is used 
to calculate corona inception voltage. 

 
5.1. Calculation of corona inception voltage. 

5.1.1 Model  

The Elmer software based on the finite element analysis is employed to 

simulate the electric field. The GiD software is used for the pre-processing (geometrical 

modeling). Figure 5.1 shows the axisymmetric models of standing or floating-particle 

configurations. A unit potential is applied to the upper electrode, and the lower 

electrode is grounded. Note that the models are simplified to be axisymmetric in order 

to reduce the calculation time and memory usage. Figure 5.2 shows the particle 

contours used for the standing and floating configurations. The sharp and very-sharp 

tips of the particles are approximated to have 0.02 mm radius, as shown in Figure 5.3. 

 
 
 

 

 
 
 
 
 
 

Figure 5.1 Axisymmetric models. 

7 mm  

10 mm  

4 mm  
Particle  

Axis of symmetry  1 V 

(a) Standing particle-
configuration 

7 mm  

12 mm  

4 mm  

g Particle  

Axis of symmetry  1 V  

(b) Floating-particle configuration 
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0.5 mm 

0.5 mm 

0.5 mm 

630 

0.5 mm 

780 

0.5 mm 

4 mm 

(a) Rounded, sharp, very-sharp and spheroidal (from the left to right)  

(b) F-F, F-S, S-F, and S-S particles (from the left to right)  

4 mm 

0.5 mm 

630 

0.5 mm 

630 

0.5 mm 

630 

0.5 mm 

Figure 5.2 Particle contours used for (a) standing and (b) floating-particle configurations. 

1.0 mm 

(a) Sharp-tip 

r = 0.02 
mm 

0.5 mm 

2.5 mm 

(b) Very-sharp 
tip 

r = 0.02 mm 

0.5 mm 

Figure 5.3 Curvatre at the sharp and very-sharp particle tips of the particles. 
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5.1.2 Calculation of corona inception voltage  

The breakdown criteria (1.1) is widely used to predict breakdown voltage in 
nonuniform electric field. An equation often used for calculating ionization coefficient 
is 

2

1 1

186 2.39
E

p p

  
  

 

      (5.1) 

where E is electric field (kV/mm), p1 is atmospheric pressure (bar).  
 Another set of two equations are used for separated ranges of electric field 
[32]. For 2.588 < E < 7.943 kV/mm,  

2

MEE
Cp Ap

p p


 
   

 
                     (5.2) 

where p is the pressure (bar) at 20 Cº, EM /p, A and C are constant values, equal to 
2.165 (kV/mm bar), 0.2873 (1/mm bar) and 1.6053 mm bar/ (kV) 2, respectively.  For 
7.943 < E < 14 kV/mm, 

  1 1C E A p                               (5.3) 
where A1 and C1 are equal to 80.0006 (1/mm bar), and 16.7766 (1/kV), respectively. 
Note that for the electric field higher than 14 kV/mm, I also use equation (5.3) to 
calculate the ionization coefficient. Equations (5.1), (5.2) and (5.3) are applicable to dry 
air (0 g/m3 humidity). According to IEC-60052, discharge inception voltage calculated 
by using these equations increases 0.2% per g/m3 of humidity [33]. The typical humidity 
condition is 20 g/m3 in our experiments. I suppose that calculated discharge inception 
voltage in the experimental environments increases around 5% from the calculated 
value.  
 A method similar to the trapezoidal rule is used to approximate the integration 
in equation (1.1). The electric field is taken on the axis of symmetry from a particle tip 
to the upper or grounded electrode. For evaluating the equation numerically, we divide 
xc into N intervals and write 

10

i

cx N

i
i

dx x 


              (5.4) 

where ∆xi is the width of the i-th subinterval and xi is the position (Z) at the interval 
as shown in Figure 5.4. ᾱ is calculated from equation (5.1) or from equations (5.2) and 
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(5.3)  by using E = E(xi). Up to 6000 subintervals are used in the calculation. We increase 
electric field by increasing voltage on the upper electrode until the condition of criteria 
K in equation (1.1) is satisfied. Therefore, the inception voltage Ui is determined. 
 
 
 
 
 
 
 
 
 
 
 
5.1.3 Calculated Ui using 3D and AS models with different mesh sizes    

 The electric field is an important parameter for calculating ionization or corona 
inception voltage. When the mesh size varies in the model, the calculated Ui also 
changes due to the accuracy of field computation. This section clarifies the effects of 
the different mesh sizes and the equations used for calculating ionization on the 
calculated Ui for the model of standing configuration. 

The mesh sizes ranging from 0.0002 to 0.1 mm are used on the particle contour 
and axis of symmetry to simulate electric field E. The sharp-tip particle shown in Figure 
5.2(a) is simulated with an AS model. Figure 5.5 shows the AS sharp-tip particle 
contours with mesh size of 0.1, 0.01 and 0.001 mm. Figure 5.6 shows the electric field 
E from axis of symmetry of the AS sharp-tip particle for the mesh sizes from 0.0002 to 
0.1 mm. The vertical axis presents the electric field, and the horizontal axis presents 
the position from the particle tip to the upper electrode. The tendency of E is not 
much different when the mesh size decreases from 0.001 to 0.0002 mm. Figure 5.7 
shows the calculated Ui using equation (5.1), or equations (5.2) and (5.3) with different 
mesh sizes. The gray solid line presents the experimental value. The dot lines present 

Figure 5.4 Illustration of trapezoidal rule. 

(c) (d) 
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the calculated Ui using equation (5.1), and black solid lines present the calculated Ui 
using equations (5.2) and (5.3). From the figure, the calculated Ui decreases with 
increasing mesh size. For K ranging from 8 to 20, the calculated Ui using equation (5.1) 
is much lower than the measured Ui due to the high electric field region. The 
measured Ui is in range of the calculated Ui using equations (5.2) and (5.3) for K from 
8 to 20. The calculated Ui using equations (5.2) and (5.3) for K = 9.15 is close to the 
experimental value.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 0.1 mm (b) 0.01 mm (c) 0.001 mm 

Figure 5.5 Sharp-tip particle in AS model with mess sizes of 0.1, 0.01 and 0.001 mm. 

Particle contour 

Axis of symmetry 

Figure 5.6 Electric field given from axis of symmetry for AS sharp-tip particle for 
different meh sizes. 
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In order to examine the accuracy of calculated Ui using 3D model, the AS 
sharp-tip results from the same geometry with mesh sizes from 0.02−0.1 mm are used 
for comparison. Figure 5.8 shows the 3D particle contours with mesh size of 0.1, 0.05 
and 0.02 mm. Figure 5.9 compares the electric field E from the 3D model with that 

Figure 5.8 Conical-tip particle in 3D model with mess sizes of 0.1, 0.05 and 0.02 mm. 
(a) 0.1 mm (b) 0.05 mm (c) 0.02 mm 

Figure 5.7 Calculated Ui of the sharp-tip particle using the AS model as a 
function of mesh size (with humidity factor correction). 

∆Ui 
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from the AS model.  The tendency of E is almost the same for these mesh sizes. Figure 
5.10 shows the calculated Ui using equations (5.2) and (5.3) with criteria K = 9.15. The 
calculated Ui of the 3D and AS models are almost the same for mesh size from 0.02 
to 0.1 mm. Anyhow, Figure 5.7 shows that the calculated result using mesh size of 0.02 
mm is not accurate enough. Therefore, we expect considerable error by the 3D results 
due to the limitation of the possible mesh size for calculation.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 5.9 Electric field from 3D and AS particles. 

(a) 0.1 mm 

(b) 0.05 mm 

(C) 0.02 mm 
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Figure 5.11 shows the 3D model of the sharp-tip particle. Figure 12 shows the 

3D particle contours with the same shape of actual particle in Figure 3.5(b). Mesh sizes 
of 0.1, 0.05 and 0.02 mm are used on the particle contours. Figure 5.13 compares the 
calculated Ui of the conical-tip and with that of the sharp-tip particles from the 3D 
models. The electric field on the black dashed line from the particle tip to the upper 
electrode in Figure 5.11 is used for calculating Ui. Equations (5.2) and (5.3) with K = 
9.15 are used. The figure shows that the calculated Ui of the conical-tip particle is 
lower than that of the sharp-tip particle by about 23%.  
 
 
 
 
 
 
 
 
 
  
 
 

Figure 5.10 Calculated Ui of 3D conical-tip and AS sharp-tip particles 
using equations (5.2) and (5.3) with Ncr = 9.15. 

Figure 5.11 3D model of sharp-tip particle 
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5.2 Calculation results of the standing particles 

 The calculation in this section uses the AS model, shown in Figure 5.2(a) and 

uses equations (5.2) and (5.3) with K = 9.15 for determining Ui. The mesh size is 0.001 

mm. 

 

(a) 0.1 mm (b) 0.05 mm (c) 0.02 mm 
Figure 5.12 Sharp-tip particle in 3D model with mess sizes of 0.1, 0.05 and 0.02 mm. 

Figure 5.13 Calculated Ui of the 3D conical-tip and the sharp-tip 
particles using equations (5.2) and (5.3) with K = 9.15. 
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5.2.1. Electric field 

 Figure 5.14 shows the calculated electric field under a unit applied voltage for 
different standing particle profiles. The field is given on the axisymmetric line from the 
particle tip to the upper electrode. Z is the position from the upper tip of the particle 
to the upper electrode. It is clear that the electric field is highly nonuniform. The 
maximal electric field is at the particle tip, and the field decreases rapidly with 
increasing distance from the tip. The particle with a very-sharp tip has the highest field 
maximum, and the rounded-tip particle has the lowest field minimum.  
 
5.2.2 Calculated Ui 

 The calculated Ui values of standing particles are shown in Figure 5.15. For the 
wire particles, the rounded-tip particle has the highest calculated Ui, and the very-
sharp tip particle has the lowest calculated Ui. The calculated Ui of the spheroidal 
particle is between those of the rounded and sharp tip particles. This implies that the 
lower calculated Ui is heavily influenced by high electric field around the particle tip.  
 Figure 5.15 also compares the measured results with the calculated Ui. It can 
be seen that the calculated Ui follows the same tendency as the measured one. The 
difference ∆Ui (%) can be calculated by  

 

, ,

,

(%) 100
i cal i meas

i

i cal

U U
U

U


       (5.5) 

 
where Ui,cal and Ui,meas are obtained from the calculation and the measurement, 
respectively. Figure 5.16 shows ∆Ui. The calculated Ui follows the same tendency of 
the measured Ui. The very-sharp tip particles has the largest difference between the 
calculated and the measured Ui. The spheroidal particle has smaller ∆Ui than the wire 
particles. The axisymmetric approximation is one of causes of the difference between 
the experiments and the analysis. The geometrical difference between the models 
and the actual particle profiles are significant for the sharp and very-sharp tip particles. 

(c) (d) 
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Using actual particle profile for very-sharp and sharp-tip would give higher calculated 
Ui, as illustrated in section 5.13. 
 
5.2.3 Calculated particle charge 

The particle charge Qpar before the partial discharge can be calculated by 
integrating the electric flux density over the particle surface.  

  
                 (5.6) 

     
where E is electric field, S is particle surface and 12

0 8.854 10   F/m, permittivity of 
free space. 

Figure 5.17 shows the calculated particle charge Qpar and the measured PD 

charge QPD for the standing particles. The QPD charge is measured from Rm = 50 Ω. It 
can be seen that the tendency of Qpar follows the same tendency of PD charge QPD. 
Figure 5.18 plots PD charge versus the particle charge. The upper and lower bars present 
the maximal and minimal of the measured PD charges, respectively. The PD charge 
varies more or less linearly with the calculated particle charge. 
 
 
 
 
 
 
 
 
 
 
  
 
 

Figure 5.14 Electric field along axis of symmetry for the standing particle tips under 
1-V application. 

0parQ Eds 
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Figure 5.16 Difference between the measured and the calculated corona 
inception voltages for the standing particles. 

 Figure 5.17 Calculated particle charge and PD charge for the standing particles. 
 

 Figure 5.15 Calculated corona inception voltage for the standing particles. 
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5.3 Calculation results of floating particles 

The calculation in this section uses the AS model, shown in Figure 5.2(b) and 
uses equations (5.2) and (5.3) with K = 9.15 for determining Ui. The mesh size is 0.001 
mm. 

 
5.3.1 Electric field 

Figure 5.19 and 5.20 show the electric field along the axis of symmetry for the 
floating particles at both upper and lower gaps. For the horizontal axis, Z is the position 
from the upper particle tip to the upper electrode for the left graphs, and from the 
lower particle tip to the grounded electrode for the right graphs.  The maximal electric 
field is at the sharp tip of particle. For the particle having the same two shape tips, the 
electric field at the lower tip is higher than that at the upper tip for smaller gap. The 
field is almost the same at both tips for larger gap from 1 to 2 mm. The electric field 
at both tips increase with increasing gap at small gap, but they hardy vary with 
increasing gap for larger gap. 

 
 

Figure 5.18 Comparison of PD charge and particle charge for the standing 
particles. 
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Figure 5.19 Electric field at the upper (left graphs) or lower (right graphs) gaps as a 
function of gap lengths for the floating particles. 

(a) F-F particle 

(b) F-S particle 

(c) S-F particle 

(d) S-S particle 
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5.3.2 Calculated Ui 

For the floating particles, the calculated Ui is determined as the voltage by 
which the discharge takes place both the upper and the lower gaps. For the F-F and 
S-S particles, the calculation results show that the discharge takes place at both upper 
and lower gaps almost at the same voltage at g from 1 to 2 mm. Therefore, the 

Figure 5.20 Electric field on the upper (left graphs) or lower (right graphs) gaps as a 
function of particle profile for the floating particles. 

(a) g = 0.25 mm 

(b) g = 1.0 mm 

(c) g = 2.0 mm 
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inception voltage is determined from a single calculation process. For F-F and F-S in 
the case g = 0.25 and 0.5 mm, the calculation procedure follows the procedure of the 
F-S particle. For the F-S particles, the discharge condition is initially satisfied at the 
lower gap for all gap lengths with the particle potential

0p pU U . We assume that 
0pU  

decreases by U because of loss of positive charge after initial discharge at the lower 
gap. The particle potential decreases by 

 
 

p poU U U       (5.7) 
 

0

0 1
p

U

U


             (5.8) 

. 
After that, if a discharge condition is not satisfied at the upper gap between the particle 
and the upper electrode, the applied voltage at the upper electrode is increased until 
the condition is satisfied. The calculation procedure is shown in Figure 5.21. Figure 5.22 
shows the calculated Ui at the upper as a function of gap length for different

0/ pU U

. The calculated Ui of the F-S particle increases with increasing 
0/ pU U or gap lengths.  

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Increasing applied voltage 

The discharge condition is initially satisfied at 
the lower gap with particle potential  

Increasing applied voltage 

Decreasing particle potential by  

Determine applied voltage as Ui 

The discharge condition is 
satisfied at the upper gap 

 
No 

Yes 

Figure 5.21 Flowchart of calculating Ui procedure of the F-S particles. 
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For the S-F particle, the discharge condition is initially fulfilled at the upper gap. 

We assume the particle potential increases from 
0pU  to 

0appU  (applied voltage of the 
initial discharge at the upper gap) due to loss of negative charge. The particle potential 
increases by 

0p pU U U      (5.9) 
 

0 0

0 1
app p

U

U U


 


     (5.10) 

 
The particle is fixed at this value. If discharge condition is satisfied at the lower 

gap, then the calculated Ui is determined at this voltage. If the discharge condition is 
not satisfied, the applied voltage is increased until the condition is satisfied. The 
calculation procedure of the S-F particle is shown in Figure 5.23. Figure 5.24 shows the 
calculated Ui of the S-F particle at the lower gap as a function of gap length for 
different

0 0/ ( )app pU U U  . From the figure, the calculated Ui increases with increasing 
gap. For

0 0/ ( )app pU U U  from 0.25 to 1, the discharge condition is satisfied at both 
upper and lower gaps. Therefore the lines from 0.25 to 1 are merged together.  
Anyhow, the calculation scheme does not give a reasonable results for the F-S and S-
F particles. This may be because of the particle potential is not updated with the 
increasing of the applied voltage.  

 

Figure 5.22 Calculated Ui of the F-S particle as a function of gap length. 
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The following results are calculated by using 

0/ pU U or
0 0/ ( )app pU U U  = 0.1, 

which is small adjustment of
0pU  for the floating particles. Figure 5.25 shows the 

calculated Ui with 0.1 adjustment of Up0 as a function of gap lengths for the floating 
particles. The calculated Ui of the F-F and F-S particle slightly increases with increasing 
g = 0.25−2.0 mm.   

Increasing applied voltage 

The discharge condition is initially satisfied at the 
upper gap with particle potential  

Increasing applied voltage 

Decreasing particle potential by  

Determined applied voltage as Ui 

The discharge condition is 
satisfied at the lower gap 

 

No 

Yes 

Figure 5.23 Flowchart of calculating Ui procedure of the S-F particles. 

Figure 5.24 Calculated Ui of the S-F particle as a function of gap length. 

0.1‒1 

δU / (Uapp- Up ) =  
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For the S-F particle, the calculated Ui is more or less constant with increasing 
g from 0.25 to 1 mm, and increases with increasing g (1.0 to 2.0 mm). The tendency 
of the calculated Ui of the S-F particle is different from the measured value where the 
measured Ui decreased with increasing g from 1.0 to 2.0 mm. That is caused by 
estimation of particle potential after initial discharge at the upper gap. For S-S particle, 
the calculated Ui increases with increasing g from 0.25 mm to 1.0 mm, and keeps 
constantly with increasing g from 1 to 2 mm. Figure 5.26 shows the calculated Ui as a 
function of particle profiles. The flat upper tip effects on the calculated Ui as the 
calculate Ui of the F-F and F-S particle with the flat upper tips are higher than those 
of particle having sharp upper tip for all gap lengths.  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(d) S-S 

Figure 5.25 Calculated Ui as a function of gap lengths for the floating particles. 

(b) F-S 

(c) S-F 

(a) F-F 
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(a) 0.25 mm (b) 0.5 mm 

(c) 1.0 mm (d) 1.5 mm 

(e) 2.0 mm 

Figure 5.26 Calculated Ui as a floating particle profile. 
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CHAPTER VI  
CONCLUSIONS 

6.1 Experimental results 

For the standing particles, the corona inception voltage and PD charge 

measured from 50 and 500 Ω Rm are not much different from each other. The corona 

inception voltage is lower with sharper particle tip. PD charge follows the tendency of 

the corona inception voltage. The current magnitude is higher for the case 50 Ω than 

for the case 500 Ω.  

For the floating particles, the particles having flat upper tips yield direct 

breakdown for smaller gap and corona discharge for larger gap. The particles having 

sharp upper tips exhibit corona for all gap lengths. The corona inception voltage of 

the particles having sharp upper tips increase with increasing gaps from 0.25 to 1.0 mm, 

but decrease from 1.0 to 2.0 mm. the corona inception voltage of the particle having 

flat upper tips are higher than those of the particle having sharp lower tips. For the 

particles having the same upper tips, the sharp lower tip exhibits lower corona 

inception than that for flat lower tip. The PD charges do not follow the tendency of 

corona inception voltage. The PD charge tended to be lower for smaller gap for all 

particles.  

 

6.2 Analytical results 

The calculated corona inception voltage increases with increasing mesh size 

from the model. The mesh sizes from 0.001 to 0.0002 mm give high accurate results 

for AS model. Using actual particle profile for the sharp-tip particle gives higher 

calculated corona inception voltage than that using axisymmetric approximation.  
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For the standing particles, the electric field on the upper particle tips mainly 

determined the calculated Ui. The calculated corona inception voltage follows the 

tendency of the measured values. The very-sharp tip particle has the largest different 

between the calculated and measured values. The tendency of calculated particle 

charge follows tendency of PD charge. The PD charge varies more or less linearly with 

the calculated particle charge. 

For the floating particles, Ui depended on the mechanics of the discharge at 

the upper and lower particle tips. The calculated Ui did not agree well with the 

measured ones. This may be due to the inappropriate assumption of particles potential 

and the influence of space charges on the field distribution.  
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APPENDIX 

 PD current waveforms 

PD current waveforms are detected by an oscilloscope (TDS 754A, 500 MHz, 2 
GS/S). 50 Ω and 1 MΩ of input impedance in the oscilloscope are used. The left and 
right graphs present the PD current waveforms detected by oscilloscope using 50 Ω 
and 1 MΩ, respectively. The PD current waveforms detected by using input impedance 
of 50 Ω were smother, but had smaller magnitude than theses using 1 M Ω. This is 
because with 50 Ω input impedance, the oscilloscope measured only a half of the PD 
current. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Very-sharp tip particle 

Figure A.1 PD current waveforms detected by oscilloscope using input impedancce of 50 
Ω (left graphs) and 1 MΩ (right graphs). 

(b) Sharp tip particle 

(a) Rounded-tip particle 
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