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Abstract 
The creepage discharge and breakdown process occurring at the vegetable or mineral oil/pressboard interface were 
investigated experimentally under alternating current (AC) and direct current (DC) voltages. The test vegetable oil was 
crude rapeseed oil and was compared to mineral oil. The oil-impregnated high-density pressboard was used as a solid 
insulating barrier. The pseudo-composite insulating system (PCIS) for experiments was composed of the pressboard, 
tungsten needle electrode, counter electrode (copper plate) and back side electrode (thin copper rod). The needle electrode 
was placed on one side surface of the pressboard as a high-voltage electrode to generate the creepage discharge. The 
counter electrode and back side electrode were grounded. The discharge shape, discharge current, light signal, streamer 
final length, surface flashover, pressboard puncture and pressboard surface damage were observed in the test oils. In this 
paper, it is presented that the behavior and characteristic of DC creepage discharges are significantly different from those 
of AC creepage discharges due to a discrepancy between the AC and DC of the electric field (or voltage) imposed to the 
pressboard and oil gap. 
 
Keywords: Creepage discharge, surface flashover, pressboard puncture, rapeseed and mineral oils, non-uniform AC 

and DC electric fields.  
 
 
1. Introduction 
 
The reliability of an electrical insulation in the high-voltage apparatus such as oil-filled power transformers 
will directly affect safe operation of an electric power system. Traditionally, composite insulation structures 
composed of insulating oil and oil-impregnated cellulose products (pressboard, kraft paper etc.) have been 
adopted since early times to ensure an electrical insulation between windings or wining and ground inside 
transformers. Such insulation systems are often exposed to the creepage discharge phenomena that can 
progress on the oil/cellulose interface and/or within the cellulose material under an overvoltage, due to a 
permittivity (or conductivity) mismatch of two insulation materials. Thence, an irreversible damage is created 
to the cellulose surface and can result in a flashover or cellulose puncture leading to a catastrophic transformer 
accident. The creepage discharge is one of the major inducements to the electrical accident caused by an 
insulation failure. In general, an insulating oil has an excellent dielectric strength and cooling performance, so 
its global demand is extremely high in the field of electrical insulation. Petroleum-based mineral oil (the so-
called transformer oil) has been most often used in insulation systems for more than a century, but has some 
environmental risks, e.g., poor biodegradability, slight toxicity, flammability, copper sulfide-induced corrosion, 
environmental pollution due to oil leaks, air pollution due to combustion, future depletion of mineral resources, 
etc. [1, 2]. Therefore, the environmentally harmless vegetable-based oils also called natural esters which made 
from soybeans, rapeseed, palm nuts etc. have currently become the leading candidate as substitutes of mineral 
oil [3−5]. These oils have many advantages such as excellent biodegradability, non-toxic, non-copper sulfide, 
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higher flash/fire points, high permittivity, contribution to carbon-neutral, better dielectric strength at low 
moisture level etc. [6−8]. However, vegetable oils have a high moisture saturation limit (~ 2500 ppm at 20 °C), 
which leads to the increase of dissipation factor and reduction in volume resistivity or dielectric strength. The 
comparison between mineral oil and vegetable-based oils on an electrical and physical performance, partial 
discharge, creepage discharge and electrical breakdown has been investigated by many researchers over the 
last decade [9−14]. 

On the other hand, recently, high-voltage DC transmission systems consisting of only two conductors have 
been attracting attention as having many of the technical and economic advantages [15, 16]. The transmission 
capacity in DC systems is not affected by inductive and capacitive parameters, the voltage drop, corona loss 
and dielectric loss are very low compared to AC transmission lines under the identical load and sending end 
voltage, there is no skin effect, and DC systems are economical, because a long high-voltage DC line can carry 
almost double the power of an AC line at the same voltage. DC transmission systems, however, inevitably 
require expensive power conversion devices such as AC/DC converter transformer and oil-filled thyristor valve. 
The inner conductors of these devices are insulated electrically by an oil/cellulose composite system which 
has to withstand various overvoltages (DC, AC, impulse, DC/AC superposition, etc.). Because the oil/cellulose 
interface is concerned as an insulating weakness where the creepage discharge is easy to occur [17, 18], the 
knowledge on the behavior of creepage discharges and the process leading to an insulation failure will be very 
beneficial to designers and manufacturers. 

The aim of this research is to make clearly how the creepage discharge activity at the oil/pressboard interface 
differs by divergent AC and DC electric stresses. Experiments were carried out to obtain an understanding of 
the process leading from a creepage discharge to the insulation failure under AC and DC voltages using the 
pseudo-composite insulating system (PCIS) immersed in rapeseed and mineral oils. In this paper, it is clearly 
indicated that AC and DC creepage discharges have a significant difference in their behaviors and 
characteristics. 

 
 

2. Experiments 
 
2.1 Test oils and pseudo-composite insulation system (PCIS)  
 
Rapeseed oil (natural ester: Sun-Ohm ECO) and mineral oil (Sun-Ohm MU) provided by Kanden Engineering 
Corporation in Japan were used as test oils. Table 1 shows their main physical and electrical properties. 
Rapeseed oil has an unsaturated fatty acid chemical structure with a carbon double bond, which contains high 
percentage of oleic acid (more than 60%) and is better than mineral oil for environmental safety due to an 
excellent biodegradability, non-toxicity and higher flash point. The relative permittivity is ~ 1.3 times higher 
than mineral oil, and kinetic viscosity is much higher (~ 4.4 times). The electrical breakdown voltage of 
rapeseed oil at low moisture levels is comparable to that of mineral oil. However, rapeseed oil is easy to capture 
the moisture (in chemical bonding or dissolved form) that leads to a reduction in dielectric strength. In this 
research, test oils were dried for 24 hours at 60 °C under vacuum conditions to remove as much moisture as 
possible. As a result, the moisture content in rapeseed and mineral oils measured by a Karl Fisher titration was 
64.2 and 35.9 ppm, respectively. 

Fig. 1 shows a schematic of the PCIS used in the experiment. An insulating barrier was the high-density 
pressboard with 70 mm width, 170 mm length and 3 mm thickness. The surface of pressboard has small 
elliptical dimples (~ 0.29 mm width, ~ 0.82 mm length and ~ 0.013 mm depth), which are arrayed uniformly 
by the compression in the manufacturing process. The pressboard was impregnated with the test oil for more 
than 24 hours under vacuum conditions to remove a moisture and air from the fibrous structure as much as 
possible after drying by the thermostatic oven for 24 hours at 60 °C. To generate the creepage discharge, the 
tungsten needle electrode with a tip radius of 30 ± 2 μm was installed on one side of the pressboard with an 
inclination of ~ 30 degrees from the surface as a high-voltage electrode. The needle tip was in light contact 
with the pressboard surface. A thin copper rod with 2 mm diameter and 100 mm length was adhered tightly by 
an epoxy resin to the other side of the pressboard as a back-side electrode (BSE). The needle tip was positioned 
just above the BSE, 20 mm away from BSE one end. A copper plate (50 mm width, 10 mm height and 1 mm 
thickness) was attached to the distance Lc against the needle tip as a counter electrode (CE). The BSE and CE 
were grounded after being connected. Additionally, PCISs with only either BSE or CE were also used to 
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examine the effect of BSE and CE on the creepage discharge behavior. A predetermined PCIS was immersed 
completely into a cubic transparent acrylic vessel with 0.7 liters of the test oil. 
 

Table 1. Main physical and electrical properties in rapeseed and mineral oils. 

Physical properties 
Rapeseed 

oil 
Mineral 

oil 
Electrical properties 

Rapeseed 
oil 

Mineral 
oil 

Density at 20°C (g cm−3) 0.92 0.88 Breakdown voltage 
kV/2.5 mm 

(Moisture level: 10 ppm or less) 
74 70−75 

Kinetic viscosity at 40°C (mm2 s−1) 36.0 8.13 

Pour point (°C) −27.5 −45.0 
Relative permittivity 

(80°C) 
2.86 2.20 

Flash point (°C) 334 152 

Thermal conductivity at 25°C 
(W m−1 K−1) 

0.18 0.13 
Dissipation factor: tan δ 

(80°C) 8.3  10−2 1.0  10−3 

Toxicity non-toxic 
slightly 

toxic 
Volume resistivity (80°C) 

Ω cm 4.4  1012 7.6  1015 

Ability to biodegradability high low    

Water saturation at 20°C (ppm) 
high 

(~2500) 
low 

(~80) 
   

 
In these PCIS models, the acute angle (~30 degrees) of needle electrode creates sufficiently large tangential 

electric field components along the pressboard surface and will lead the discharge to one direction rather than 
radial direction [19, 20]. The morphology of electrode configuration (shape and size of pressboard, BSE, CE 
and needle electrode) was chosen in this research so as to facilitate the observation of discharge process. The 
electrode system like this has been widely used to investigate creepage discharge phenomena [20−22]. 
However, the actual composite insulating system in power transformers is designed with a very complex 
structure which consists of an internal insulation within the windings and suitably spaced pressboard barriers 
at the areas between different windings, between the core limb (and yoke) and windings, between leads and 
ground etc. [21, 23]. Therefore, the simple PCIS in Fig. 1 is not for practical use, but convenient for simulating 
a creepage discharge behavior and breakdown process in the laboratory experiment. 
 

 
Fig. 1. Schematic of pseudo-composite insulating system (PCIS). 

 
2.2 Experimental setup and procedure 
 
A schematic of the experimental setup employed to observe the behavior of creepage discharges is shown in 
Fig. 2. The test oil-filled acrylic vessel equipped with the PCIS was put into the stainless steel chamber with 
an observation window and the air in chamber was replaced with GN2 (gaseous nitrogen) with 99.999% purity 
using a vacuum pump and GN2 high-pressure tank to avoid the oxidation of oil and invasion of moisture. A 
variable AC or DC voltage was applied to the needle electrode through a current limiting resistor R (10 kΩ) 
from the point A in Fig. 2. The resistor R was used to protect the measuring instrument from large currents 
when a flashover or puncture occurred. An AC voltage (60 Hz) with effective value from 0 to 50 kV was 
supplied by a testing transformer (AG-100K50 with maximal output voltage of 100 kV, Nissin Pulse 
Electronics Inc.). A positive and negative DC voltage up to 65 kV was supplied through a capacitor C (1 μF, 
75 kV rated) connected to the output of a DC high-voltage generator (Model-502 with 100 kV and 5 mA rated, 
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Nissin Pulse Electronics Inc.). The capacitor C was used to reinforce the undercurrent capacity of DC power 
supply. The voltage waveform was monitored with an oscilloscope by the high-voltage probe with 1/5000 
output (EP-100K, Nissin Pulse Electronics Inc.). The digital single-lens reflex (SLR) camera (D-750, Nikon 
Co.) was used to examine the behavior of creepage discharges in a darkroom as a function of the applied 
voltage or time imposing the voltage. In this research, the creepage discharge propagated continuously for an 
AC voltage and occurred intermittently for a DC voltage. Hence, AC and DC creepage discharges were 
analyzed from still images taken at the automatic exposure time (~ 6.0 seconds) and from moving images taken 
with 60 frames per second, respectively. The discharge current was measured with a digital oscilloscope by a 
non-inductive current shunt resistor (50 Ω) connected to the ground electrode. The light signal emitted by the 
discharge was detected by a photo-sensor module (H10721-20, Hamamatsu Photonics K. K.) at the same time 
as current measurement. The pressboard surface damage after the discharge was also observed. The test oil 
and PCIS were replaced with new ones for each experiment. All the experiments were performed at room 
temperature and atmospheric pressure. 
 

 
Fig. 2. Schematic of experimental setup. 

 
 

3. Results and discussion  
 
3.1 Characteristics of AC creepage discharge 
 
3.1.1 Discharge activity, discharge current and light signal 
 
It is well known that when an AC voltage is applied to the oil/pressboard composite systems with two layers 
between the electrodes, the electric field strength is inversely proportional to their permittivities for oil and 
pressboard. Usually, since the permittivity of pressboard is 1.6-2.1 times higher than that of the oil, an electric 
field (or voltage) imposed to the oil is very higher than that to the pressboard. Accordingly, a higher electric 
field is formed at the needle tip in the electrode arrangement such as Fig. 1. This means that the partial 
discharge (PD) and creepage discharge are likely to occur at the needle tip in oil under an AC voltage. 

In this experiment, the Lc (distance between needle tip and CE) in Fig. 1 was fixed at 50 mm. To begin with, 
the PD was initiated at the needle tip when the voltage exceeded the critical value of oil (the so-called PD 
inception value). This is attributed to the local ionization process in oil at the high electric field level in ~ 2 
MV/cm or more. The PD pattern was changed to the shape of a creepage streamer after a short duration (within 
1 minute on an average). Fig. 3 shows typical AC creepage discharges taken as a function of the time tm 
applying a fixed voltage. In both test oils, the creepage streamer grew slowly towards the CE while expanding 
the discharge area in parallel and normal to the BSE over the time, but it was extended longer in the direction 
parallel to the BSE. Streamers inside the discharge area were characterized by the formation of fine branches 
and many bright spots. Bright spots indicating stronger ionization zones were on the head of streamer branches. 
The brightness of spots in rapeseed oil was slightly brighter than that in mineral oil. The head of the most 
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advanced streamer reached the CE surface in the course of time. A similar pattern of creepage discharges was 
also observed for the voltage increased at 1-minute intervals. The discharge area expanded with increasing the 
voltage and the streamer head reached the CE surface at a certain voltage. By the way, the creepage discharges 
showed a similar activity for the PCIS with only BSE without CE. The discharge area expanded longer in the 
direction parallel to the BSE within the range of BSE. This indicates clearly the effect of the BSE on the 
streamer growth [11, 13]. The PCIS with only CE without BSE also showed a similar discharge pattern, but 
the discharge area expanded towards the CE by following a random path. In this case, the brightness of 
discharge area was poor and the discharge growth rate was very low compared to PCISs with BSE. 

 

 
Fig. 3. Typical AC creepage discharges as a function of time tm. (Vrms= 35 kV). 

 

 
Fig. 4. Typical examples of current and light signal. (Vrms = 30 kV, rapeseed oil). 

 
The current and light signal accompanying creepage discharges were observed in the form of many pulses, 

regardless of types of the oil and PCIS. Fig. 4 shows typical examples of the current and light signal measured 
as a function of the time tm in rapeseed oil under a fixed voltage. Similar waveforms were also observed in 
mineral oil. Generally, it has been reported that current pulses accompanying the creepage streamer correspond 
to the streamer propagation and branching under an impulse voltage, and current pulses and light signals are 
generated synchronously [9, 24]. However, AC creepage streamers in the discharge area grow slowly by fast 
intermittent branching at each streamer head as shown in this research. Therefore, the current pulses with high 
repetition rate in Fig.4 are thought to be a displacement current caused mainly by the branching at many 
streamer heads. The current pulses in a positive and negative half cycle of the voltage will be attributed to 
positive ions based on field ionization at the streamer head and electrons based on impact ionization, 
respectively. These charges form a plasma with high conductivity in the streamer path. The amplitude and 
number of current pulses observed in a short time after the start of PD were larger than those in during the 
streamer growth (see Fig. 4). An initial creepage discharge starts in a narrow area near the needle tip after the 
PD inception and has the high brightness and many fine branches by a local breakdown of oil due to the 
concentrated electric field, which produce a current pulse with high amplitude and density. When the discharge 
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area is expanded in parallel and normal to the BSE over the time, the discharge energy is dispersed in a wide 
area. Furthermore, the current created by streamers in the region away from BSE is hard to detect. This results 
in a decrease in the amplitude and density of current pulses. The light signals mainly respond to bright spots 
at the head of many streamer branches. Though the groups of current pulses and light signals roughly matched 
in time, the individual pulses of current and light signal were not closely synchronized, because numerous 
bright spots with light and dark in the discharge area could not be detected accurately in agreement with the 
individual current pulses. These features on the current and light signal were observed similarly for all test oils. 
 

 
Fig. 5. Process from creepage discharge to breakdown and pressboard surface damage.  

 
3.1.2 Process leading to flashover and pressboard puncture 
 
The creepage discharge area is extended longer in parallel to the BSE under a fixed voltage and the most 
advanced streamer head reaches the CE surface in the course of time as shown in Fig. 3. A total flashover 
between the needle tip and CE surface did not occur immediately at this time. Fig.5 represents the process 
from creepage discharge to total flashover (or pressboard puncture), and the pressboard surface damage after 
the discharge. Fig. 6 shows typical examples of the current and light signal corresponding to flashovers before 
pressboard puncture in rapeseed oil. A similar pattern of waveforms was also observed with mineral oil. When 
the streamer head reached the CE surface, a small flash (local flashover) occurred at that point (Fig. 5 (A)(B)-
(a)). Though this flash was attenuated temporarily, within minutes thereafter, the partial flashover with strong 
brightness and large instantaneous current occurred between the CE surface and an arbitrary bright spot in the 
discharge area (Fig. 5 (A)(B)-(b)). This partial flashover attenuated once again but recurred after a short period 
of time. This process was repeated several times, and on each occasion, the flashover distance increased 
towards the needle tip (Fig. 5 (A)(B)-(c)). An ionization at the bright spot leading to these partial flashovers 
appears to be more active at the streamer head. Eventually, the needle tip and CE surface were bridged by a 
total flashover on the pressboard surface and immediately after that, the pressboard puncture between the 
flashover path and BSE happened at near the needle tip (Fig. 5 (A)(B)-(d)(e)). On the other hand, the creepage 
discharge and flashover left a white mark and tracking damage on the pressboard surface as shown in Fig. 5 
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(A)(B)-(f). The white mark grew simultaneously with the streamer growth and formed a shape similar to the 
discharge area. Then, many tiny bubbles adhering to the white mark area were observed during the streamer 
growth. This white mark disappeared when a test chamber was evacuated by a vacuum pump after the 
discharge. It has been suggested that the formation of a white mark is attributed to a drying process at 
pressboard surface due to the thermal effect associated with the propagation of creepage discharge [11]. The 
tracking pattern was left permanently as a black mark indicating a carbonized conductive path. A considerable 
high temperature will be produced at a local area nearest to the streamer channels by the discharge energy, 
because the temperature for the carbonization of cellulose is more than ~ 400 °C. 

The intermittent occurrence of partial flashovers shown in Fig. 5 is thought to be associated with the effect 
of temperature on a dielectric strength of insulating oils. It has been reported that the breakdown voltage of 
insulating oils increases with an increase in temperature, which can be explained by the relative moisture 
content or gas solubility [25−27]. Once the partial flashover is occurred on the pressboard surface, the oil near 
the flashover path will suffer a rapid temperature increase by a large instantaneous current (Fig. 6), because of 
the relatively high thermal conductivity of oils (typically 0.13 to 0.18 W m−1 K−1). This acts so as to increase 
the dielectric strength of oil, and the partial flashover attenuates temporarily. Then, the heat of oil is diffused 
to the surroundings in a short time and the flashover recurs with a decrease in the dielectric strength of oil. 
Repeated flashovers steadily raise the local temperature of the pressboard. The dielectric strength of solid 
insulators usually decreases with increasing temperature, which is opposite to the effect for oils. The 
pressboard puncture happens near the needle tip with the highest electric field on the basis of a thermal 
breakdown theory of solid dielectrics. 

 

   
             (a) Just after streamer reaches CE: local flashover                       (b) After 7 min: partial flashover 

Fig. 6. Typical examples of current and light signal corresponding to flashovers before 
pressboard puncture. (Vrms=30 kV, rapeseed oil). 

 
3.1.3 Stopping length of discharges 
 
The stopping length of creepage discharges was estimated from still images of the streamer growth and was 
defined as the length Lm from needle tip to most advanced streamer head. The Lm were plotted as the average 
of three trials under the identical condition. Fig. 7 shows the Lm as a function of the time tm applying a fixed 
voltage Vrms for the PCIS of Fig. 1. The maximum value of Lm is 50 mm, because of the distance Lc fixed at 50 
mm. The streamer growth exhibited roughly a linear dependence on the time tm. The slope of curves represents 
the mean velocity um of streamer growth. The um increased with increasing the Vrms. The streamer growth 
velocity in rapeseed oil was faster than that in mineral oil under identical voltage, but never exceeded 10 
mm/min. at the maximum in the applied voltage range. The result that the streamer grows faster in rapeseed 
oil with a much higher kinetic viscosity than mineral oil indicates that the streamer growth is independent from 
a viscosity of oils. The figure is compared to typical characteristics measured for PCISs with only either BSE 
or CE. The evolution of Lm was much slower than that of Lm for the PCIS with both BSE and CE under identical 
voltage, especially in the PCIS with only CE. Fig. 8 shows the Lm as a function of the voltage Vrms increasing 
in steps of 2.5 kV at 1-minute intervals. The streamer growth was accelerated with increasing voltage and the 
Lm-curve was quadratic. In the PCIS with only CE, the streamer head did not reach the CE surface even when 
the Vrms was raised to 50 kV and a flashover did not occur. The PD inception voltage was also higher than other 
PCISs. 
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                                            (a) Rapeseed oil                                                    (b) Mineral oil 

Fig. 7. Lm as a function of time tm for different voltage. 
 

 
                                            (a) Rapeseed oil                                                    (b) Mineral oil 

Fig. 8. Lm as a function of voltage Vrms. 
 
3.2 Characteristics of DC creepage discharge 
 
3.2.1 Discharge activity, discharge current and light signal 
 
When a DC voltage is applied to the oil/pressboard composite systems with two layers between the electrodes, 
the electric field strength is inversely proportional to conductivities of oil and pressboard. Accordingly, most 
of the electric field (or voltage) is imposed to the pressboard which has generally 50-100 times smaller 
conductivity than the oil. In the PCIS such as Fig. 1, a high electric field is formed in the pressboard by the 
applied voltage. This may lead to the pressboard puncture before reaching the breakdown strength of oil. Since 
a creepage discharge is initiated by the partial discharge at the needle tip, the behavior of DC creeping 
discharges will be affected by the electrode structure which determines the electric field distribution. 
    In this experiment, the Lc in Fig. 1 was varied in the range 20 to 50 mm. In all test oils, the streamer extended 
radially with many branches from the needle tip, and there was a difference in the shape of positive and 
negative streamers. Positive streamers displayed a tree-like shape with slim branches compared to negative 
streamers with thickish stems and strong brightness. Positive streamers always extended longer than negative 
ones. The occurrence of positive and negative streamers was random at arbitrary time intervals within the range 
0.01 to 0.5 seconds, and the interval range between occurrences became shorter with increasing voltage. It is 
thought that an intermittentness of streamer occurrence is due to a space charge effect based on the homocharge 
that affects the electric field at the needle tip. These streamers were limited to a narrow area around the needle 
tip and no time dependence of streamer expansion was observed under a fixed voltage whatever the polarity 
of voltage. The streamer progression from needle tip will be hindered by the strong electric field in the 
pressboard. Similar behavior of streamers was observed for the Lc in the range 20 to 50 mm. The pressboard 
puncture near the needle tip happened within at least 60 minutes under a fixed voltage more than 25 kV, 
especially, when the Lc was 20 mm, it happened just after the flashover between the needle tip and CE. It is 
clear that the shape and behavior of streamers are greatly different from those in AC creepage discharges. 
Nevertheless, the streamer progression area was expanded by the increase of the voltage for both test oils. Fig. 
9 shows typical DC creepage discharges taken as a function of the voltage increased at 1-minute intervals. The 
positive streamer in mineral oil had a lot of fine branches than in rapeseed oil, and thickish stems of the negative 
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streamer were slightly brighter in rapeseed oil than in mineral oil. Either the pressboard puncture or surface 
flashover happened when the voltage reached a certain critical value. A similar activity of streamers was 
observed for the PCIS with only BSE. In this case, the puncture was observed without flashover. Streamer 
activities for the PCIS with only CE were also similar, but a flashover was observed in the Lc less than 30 mm, 
and no puncture happened. 

The current and light signal were observed in the form of many pulses whenever the streamer occurred at 
the needle tip. Fig. 10 shows typical examples of the current and light signals. The shape of DC creepage 
streamer in Fig. 9 is morphologically similar to that of impulse creepage streamer which progresses 
instantaneously at a high speed [28]. The DC streamers progress rapidly with light emission at the same time 
as many branches based on an ionization process when the electric field at the needle tip exceeds a critical 
level that the oil can withstand. Current pulses will correspond to the propagation of branching streamers 
synchronized with light signals as shown in Fig. 10. There was no significant difference in current and light 
signal pulses for all test oils. 

 

 
                                            (a) Rapeseed oil                                                    (b) Mineral oil 

Fig. 9. Typical DC creepage discharges as a function of voltage Vdc.  
 

 
                                    (a) Positive streamer                                                         (b) Negative streamer 

Fig. 10. Typical examples of current and light signal. (Vdc = ±27.5 kV, rapeseed oil). 
 
3.2.2 Process leading to flashover and pressboard puncture 
 
The streamer occurring at the needle tip expands with increasing the voltage and the pressboard puncture or 
surface flashover happens at a certain critical voltage. Fig. 11 represents the process leading to puncture, and 
the pressboard surface damage after the discharge. The streamer attenuated the length Lm when approaching 
the puncture of pressboard, shortly thereafter, the puncture happened between the needle tip and BSE. The 
expansion of streamers in a DC creepage discharge is limited to a narrow area around the needle tip. The 
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temperature of pressboard will be gradually raised by the discharge energy in this area, which acts so as to 
reduce the dielectric strength of pressboard. Then, the streamer changes its course from the pressboard surface 
to the inside and invades towards the BSE. This results in the attenuation of Lm and thence, the pressboard is 
destroyed near the needle tip with the highest electric field. When the Lc was less than 30 mm, the flashover 
between the needle tip and CE surface and subsequent puncture were observed with a strong flash and large 
instantaneous current. A white mark and tracking damage were confirmed on the pressboard surface after the 
discharge (see Fig. 11). The white mark in positive discharges covers a wider range than that in negative 
discharges. These marks reflect the streamer extension area. 
 

 
Fig. 11. Process from creepage discharge to breakdown and pressboard surface damage.  

 
3.2.3 Stopping length of discharges 
 
The stopping length Lm of steamers was estimated from moving images of the discharge. Since the streamer in 
DC creepage discharges was extended radially from the needle tip, the Lm was defined as the distance between 
the needle tip and the most advanced streamer head. Fig. 12 shows relationships between the length Lm and the 
applied voltage Vdc for positive and negative streamers. The Vdc was increased in steps of 2.5 kV at 1-minute 
intervals and the Lm was plotted as the average of three trials under the identical condition. In the PCIS with 
both BSE and CE (Fig. 1), at least one of the pressboard puncture and surface flashover happened when the Lc 
was 20 mm, even if the streamer head did not reach the CE surface. The attenuation of Lm was observed before 
the puncture. The flashover was directly linked to the puncture, but when the Lc was extended to 50 mm, only 
puncture happened. The puncture without the flashover was observed in the PCIS with only BSE. The 
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flashover without the puncture occurred at Lc less than 30 mm in the PCIS with only CE. In this case, the 
flashover voltage was much higher than the puncture voltage in other PCISs (with BSE), and at Lc of 50 mm, 
the flashover did not occur even when the voltage was raised to 65 kV in positive and negative polarities.  
The presence of grounded BSE and CE has a large impact on both the electric field distribution and pressboard 
puncture. The BSE enhances the electric field imposing to the pressboard near the needle tip compared to the 
situation without BSE, and the pressboard is destroyed by the enhanced electric field strength and thermal 
effects. The CE will also enhance the electric field in the gap between the needle tip and CE, which leads to 
the expansion of streamer and the flashover. Fig. 12 represents the effect of CE on the streamer length Lm, that 
is, the Lm in the electrode system with BSE and CE extends longer than that with only BSE under identical 
voltage. Additionally, in the electrode system with only CE (without BSE), the puncture event does not occur, 
because there is no enhancing of the electric field in pressboard, and a higher voltage than other electrode 
systems is required for streamer expansion. 
 

 
                                        (a) Rapeseed oil                                                                     (b) Mineral oil 

Fig. 12. Lm as a function of voltage Vdc. 
 
 
4. Conclusion 
 
The behavior of creepage discharge caused by a needle electrode on the oil/pressboard interface and process 
leading up to pressboard puncture were investigated using PCISs (with and without BSE or CE) in rapeseed 
oil and mineral oil under AC and DC voltages. The main results are summarized as follows. 

The creepage discharges display a distinctive behavior depending on AC and DC voltages. In both test oils, 
under AC voltage, the creepage streamer grows slowly on the pressboard over the time while expanding the 
discharge area which has fine branches and many bright spots under a fixed voltage. The streamer growth 
exhibits roughly a linear dependence on the time, but it is accelerated by a quadratic curve with increasing 
voltage. The presence of both BSE and CE promotes streamer growth. Numerous streamers in the discharge 
area generate pulsed currents by the branching at their heads with bright spots. The individual pulses of current 
and light signal are not closely synchronized, because of a difficulty in synchronous measurement between 
numerous bright spots and individual current pulses. On the other hand, under DC voltage, the creepage 
streamer extends radially with many branches that have a polar effect on shape and propagation length. Positive 
streamers are of a tree-like shape with slim branches compared to negative streamers with thickish stems, and 
always extends longer than negative streamers. Streamers occur randomly at arbitrary time intervals regardless 
of polarity, and progress at once with light emission at the same time as many branches when the electric field 
at the needle tip exceeds a critical level. These streamers are limited to a narrow area around the needle tip. 
Streamer expansion increases with increasing voltage but has no time dependence under a fixed voltage. The 
streamer final length is most extended by the presence of both BSE and CE under identical voltage. The 
propagation of streamers generates pulsed currents and individual current pulses synchronize with light signals. 
There is notable difference in the process leading to from creepage discharge to pressboard puncture depending 
on AC and DC voltages. In the PCIS with both BSE and CE, under AC voltage, a total flashover between the 
needle tip and CE does not occur immediately even if the streamer head reaches the CE surface, because 
repeated partial flashovers with large instantaneous current between the CE surface and an arbitrary bright spot 
in the discharge area are involved in the process. This is linked to the dielectric strength of oil, which increases 
with increasing temperature. The puncture event will be caused by a local thermal effect due to the pressboard 
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heating (~ 400 °C or more that causes tracking) which is risen in the process leading to the total flashover. On 
the other hand, under DC voltage, streamers occurring intermittently in a narrow area around the needle tip 
will gradually raise the pressboard temperature in this area, which reduces the dielectric strength of pressboard. 
When approaching the pressboard puncture, streamers on the pressboard surface always reduce the length. 
This is because the streamer has changed its course from the pressboard surface to the inside. Immediately 
after that, the pressboard near the needle tip is destroyed. 

These show a clear difference between the AC and DC creepage discharge phenomena, which is probably 
due to the difference in the electric field distribution formed by AC and DC voltages. The obtained results will 
be able to provide suggestions for optimization of insulation design. A pressboard puncture failure may be 
improved by cooling the insulation system. Rapeseed oil can be recommended for use in high voltage oil-filled 
apparatus as substitute of mineral oil, because of creepage discharge characteristics that are roughly the same 
dependency as mineral oil. However, further investigations are needed under other stresses such as DC/AC 
superposition and polarity reversal voltages. 
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