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1.0	 INTRODUCTION

During the service, transformers undergo various 
types of over-voltages. Studies have also been 
carried out to understand the electrical strength 
of the oil-paper insulator under a combination of 
Alternating Current (AC) and lightening impulse 
voltages [1] Flashover is initiated by electrons 
generated by field electron emission and secondary 
electron emission [2] Electrons drift in the applied 
electric field. In addition to this electron current, 
ambient gas molecules ionize and contribute to 
the current. When this current in the insulating gap 
between negative and positive electrode becomes 
continuous, the potential barrier across the gap 
disappear. This causes breakdown of the material, 
which is the key process in flashover.

The mechanism of surface flashover mainly 
involves three processes. The first step is 
initiation of electron emission from the triple 
point ie. junction of insulator, electrode and 
the ambient medium. The second process is the 
development of streamer discharge which also 
includes emission of photons. In the final step, 
the ionization channel from negative to positive 
electrode is completed and the breakdown occurs. 
Relatively more studies are reported about 
surface flashover in vacuum ambience [3] The 
primary difference between vacuum ambience 
and air ambience is the contribution of ions to 
the discharge process. In vacuum ambience the 
ions are supplied by the desorbed gases, forming 
a thin layer on the surface of the insulator [4] 
while this is not significant in air medium due 
to the abundance of various molecules. Thus the 
arcing can happen in a broader region including 
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air and the insulator surface. The Oxygen content 
in air causes ultra-violet photoemission [5] This 
photons causes release of electrons causing a net 
positive charge on the surface of the insulator. 
The strong electronegativity of oxygen holds the 
released electrons, increasing the net positivity of 
the surface. Further electron channel is attracted 
near the surface causing discharge to develop 
near the surface. 

In transformer oil, presence of corrosive sulphur 
has been identified [6] It is reported that this 
corrosive sulphur reacts with current carrying 
conductors and form copper sulphide which 
diffuses into the pressboard insulating material, 
affecting its insulating properties [7] In this work, 
surface flashover phenonmena under lightening 
impulse voltage of positive and negative polarity 
on Oil Impregnated Pressboard (OIP) insulation 
material used in transformer is studied. Accelerated 
thermal ageing is performed on the OIP material 
in the presence of corrosive sulphur. Influence of 
copper sulphide diffusion on surface flashover 
is investigated by adopting electrical and optical 
emission measurement techniques.

2.0	 EXPERIMENTAL  SET UP

The setup for impulse surface flashover 
measurement is shown in Figure 1. A lightening 
impulse (1.2/50 µs) voltage of positive 
and negative polarity are applied on the oil 
impregnated pressboard material  adopting IEC 
60112 electrode configuration [9] The voltage 
waveform was recorded during flashover using 
a 1000:1 voltage probe. A current sensor was 
used to observe the current variations during the 
process of flashover. The optical emission during 
the surface flashover was detected using a optical 
lens – fiber – coupled spectrometer with operating 
in UV-Visible region. A Photo Multiplier tube 
(PMT) was used to detect the temporal evolution 
of the optical signal from the surface flashover 
process. Pressboard material prepared using 
accelerated ageing (denoted as aged OIP) and 
surface deposition of Cu particles (denoted as 
Cu OIP) were used for the study. The method of 
preparation was described in [10

Fig. 1.   Schematic of surface potential 
measurement after corona charging 
using electrostatic voltmeter probe.

3.0	 RESULTS

Typical voltage and current waveforms observed 
during the flashover is shown in figure 2. 
 

Fig. 2.   Typical temporal profiles of (a) 
voltage (b) current during surface 
flashover

During the surface flashover, the applied voltage 
collapsed and the magnitude of current increased. 
The discharge current had a ringing pattern 
irrespective of the polarity of the applied impulse 
voltage. 

3.1 	 Characteristics of The Discharge

Characteristics of discharge current such as peak 
time, overshoot, decay ratio and frequency of 
oscillation were estimated from the discharge 
current profile. Peak time was the amount of 
time it takes to reach the maximum overshoot. 
Overshoot was defined as the ratio of the 
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magnitude of first peak to second peak of the 
ringing current pattern. Decay ratio was the ratio 
of the heights of successive same polarity peaks 
in the response. Frequency of oscillation is the 
dominant frequency content in the current signal. 
The summary of estimated parameters are shown 
in Table 1.

TABLE 1
Characteristics of discharge 

current profile

Parameter
+LIV 
(aged 
OIP)

-LIV 
(aged 
OIP)

+LIV 
(Cu 
OIP)

-LIV 
(Cu 
OIP)

+LIV 
(Virgin)

-LIV 
(Virg-
in)

Peak time 
(µs)

1.8 – 
4.0 

0.20-
0.21

0.4-
2.0 

1.7-
3.7

0.4-1.7 0.21-
0.22

Overshoot 0.9-2 2.10-
5.0

0.13-
0.9

0.96-
2.12

0.2-0.9 1.9-
2.1

Decay 
time

0.3-6.4 0.49-
0.53

0.34 
-5.4

0.31-
1.03

0.7-7.5 0.5-
0.6

Frequency 
(MHz)

1.89-
2.4

1.89-
1.90

1.90-
2.44

1.88-
1.89

1.89-
2.44

1.90-
1.91

The total energy deposited on the insulating 
pressboard material during the surface 
flashover was calculated by time integrating the 
instantaneous power delivered to the material 
surface. The results for both type of samples 
under +/-LIV voltages are shown in Figure 3.

An increasing trend of energy deposited with 
increase in ageing duration was observed in the 
case of aged OIP material. However, the Cu 
deposited samples had a deposited energy of 25-
30 J irrespective of the surface concentration. 
This indicated that flashover is affected by bulk 
properties, even though the process happens 
on the surface. A high voltage stress on the 
surface on the OIP material can cause flashover 
breakdown due to the presence of diffused Cu 
contaminant.The magnitude of discharge current 
during the flashover was also important to look 
at. Figure 4 shows the room mean squared 
magnitude of discharge current for aged and Cu 
deposited OIP material under flashover by +/-
LIV. Similar to the trend observed in the case 
of deposited energy, the magnitude of discharge 
current during surface flashover increases for 
increase in ageing duration of oil impregnated 
pressboard. The magnitude of current is in the 

range 18-20 A for Cu deposited OIP material. 
 

Fig.  3.   The total energy deposited on 
the surface for (a) aged OIP (b) Cu 
deposited OIP

Fig. 4.   Magnitude of discharge current 
during surface flashover for (a) aged 
OIP (b) Cu OIP
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The optical emission during flashover, detected 
using PMT showed an exponentially decaying 
envelope pattern. The persistence time of the 
optical emission was estimated by calculating 
the time at which PMT signal decayed to 1/e 
of the initial amplitude. The persistence time 
of optical emission is  shown in Figure 5. The 
aged OIP material showed an increase of optical 
emission persistence time with increase in the 
duration of ageing. The Cu deposited samples 
also showed a marginal increase in persistence 
with concentration.

Fig. 5.   Optical emission persistence time for 
(a) aged OIP (b) Cu OIP

3.2	 Time Probing of Surface Flashover

During surface flashover, the discharge current 
generated and the optical signal detected by 
PMT do develop instantaneously and decay 
exponentially.

Figure 6 shows the correlation between the 
discharge current and the PMT signal of a typical 
impulse surface flashover. Since PMT is negative 
biased, on application of both +LIV (Figure 
(a)) and –LIV (Figure (b)) the decay is negative 

exponential. It can be seen that the temporal decay 
of optical signal is well correlated with the decay 
of discharge current during surface flashover. The 
correlation existed in the case of both virgin and 
aged OIP material.

Fig. 6.   Discharge current and PMT signal 
during surface flashover under (a) 
+LIV (b) -LIV

3.2.1 Pre-breakdown phenomenon

Various stages of small breakdowns prior to 
the main breakdown event occur during surface 
flashover. These can be probed by monitoring the 
discharge current as shown in Figure 7. Figure 7 
(a) shows the very early pre-breakdown process 
producing a discharge current in the order of 100 
mA.

The very early pre-breakdown occurs 
approximately 2.5 µs prior to the main breakdown 
event. Figure 7 (b) shows the early pre-breakdown 
process producing a discharge current of the order 
of 0.5-1 A, 5-10 times higher than the magnitude of 
very early pre-breakdown discharge current. The 
early pre-breakdown initiated around 800-900 ns 
prior to the main breakdown event. Figure 7 (c) 
shows the largest pre-breakdown event producing 
~ 3A discharge current which occurred at ~ 100 
ns prior to the main breakdown event. During the 
main breakdown, a huge discharge current of the 
order of 20 A is produced. The graphs shown are 
for +LIV, however –LIV also produced similar 
observations.
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Fig. 7.   Discharge current during (a) very 
early pre-breakdown (b) early 
pre-breakdown (c) largest pre-
breakdown

The different stages of breakdown can be probed 
by the PMT signal as shown in Figure 8. Similar 
to Figure 7 (a), a very early pre-breakdown can 
be observed in the PMT signal of Figure 8 (a), the 
values being very less since the optical emission 
is too small. Figure 8 (b) shows increased optical 
emission amplitude and the largest pre-breakdown 
can be seen in Figure 8 (c). Although the pre-
breakdown patterns were similar for virgin and 
aged OIP material, a time lag of 120 ns was 
observed for the largest pre-breakdown event to 
occur in the case of aged OIP material.

Fig. 8.   PMT signal during (a) very early pre-
breakdown (b) early pre-breakdown 
(c) largest pre-breakdown

3.3	 OES measurements

Optical Emission Spectroscopy (OES) of 
surface flashover is useful for analysing the 
element specific information of the discharge. 
OES analysis of aged and Cu deposited OIP are 
discussed below.

3.3.1 Spectral analysis of aged oip material

In the OES emission spectrum of aged 
OIP material is shown in Figure 9. 
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Fig. 9.    OES emission spectra for (a) virgin OIP 
(b) aged OIP

Cu I emission line was detected in the case of 
aged OIP material (Figure 9 (b)) which was not 
observed in OES emission spectrum of virgin 
OIP material (Figure 9 (a)). This confirmed the 
diffusion of copper contaminant into the OIP 
material due to thermal ageing. 

Presence of S II emission lines in trace intensities 
were also found in OES emission spectrum of 
aged OIP material as shown in Figure 10 (b). 
The corresponding OES spectrum of virgin 
OIP material (Figure 10 (a)) does not show the 
presence of S II emission lines. This indicated 
that sulphur contaminant has diffused into the 
aged OIP material due to ageing. Both Cu I and 
S II emission lines were in agreement with NIST 
database [11]

Fig. 10. Selected portion of OES emission 
spectrum for (a) virgin OIP (b) aged OIP

The intensity of Cu I emission line was estimated 
for aged OIP material of different ageing durations 
as shown in Figure 11. A marginal increase in Cu 

I intensity was observed with increase in ageing 
duration of OIP material. Surface flashover was 
found to occur at a lower voltage in the case of 
aged OIP material [10]. This indicated that a 
longer aged OIP material has a larger chance of 
surface flashover.

Fig. 11.  Cu I emission line intensity of aged OIP 
material

Surface flashover studies were also carried out on 
OIP material collected from a failed transformer 
(16 MVA, 110/33-11 kV). The OES emissions 
were captured as shown in Figure 12. 

Fig. 12. OES emission spectrum for OIP 
material collected from failed 
transformer

Five Cu I emission lines were visible in the OES 
emission spectrum indicating clearly the presence 
of diffused Cu contaminant in the insulating OIP 
material of the failed transformer. OES study 
was carried out on various positions on the OIP 
material from failed transformer. The intensity of 
Cu I emission lines were varying with position. 
Largest intensity was observed in the positions 
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with darker colour on the surface. The image 
of the surface of the OIP material from field 
transformer is shown in Figure 13. Figure 13 
(a) shows virgin OIP material and Figure 13 (b) 
shows OIP material from the failed transformer.

Fig. 13. (a) virgin OIP material (b) OIP material 
from failed transformer

3.3.2	 Plasma temperature analysis

The surface flashover generates discharge plasma 
during the cooling of which, optical emission 
is generated. The collective temperature of the 
discharge plasma can be calculated under an 
assumption of local thermal equilibrium. 

Fig. 14. OES emission spectrum Cu deposited OIP

In the Cu deposited OIP material, optical emission 
during surface flashover was captured as shown 
in Figure 14. Several Cu I emission lines were 
observed in the OES spectrum. This is due to the 
discharge during surface flashover passing through 
the deposited Cu layer. Presence of several Cu I 
lines in the spectrum allows us to estimate plasma 
temperature at different concentrations of Cu on 
the pressboard surface. Boltzmann-Saha equations 
are used for calculating the plasma temperature. 
The parameters used are shown in Table 2. 

Table 2
Parameters for Cu plasma 
temperature calculation

line λ (nm) Ek (eV) Ei (eV) gk Aki (s
-1
)

Cu I 510.55 3.817 1.389 4 2e6

Cu I 515.32 6.191 3.786 4 6e7

Cu I 521.82 6.192 3.817 6 7.5e7
Cu I 578.21 3.786 1.642 2 1.65e7

For the temperature estimation, a linear fit was 
performed between Ek and for suitable Cu I lines 
as shown in Figure 15 where I is the intensity of 
a particular emission line, λ is the wavelength, Ek 

is the upper energy level, Ei is the lower energy 
level, gk is the upper level degeneracy and Aki is 
the transition probability of a particular transition. 
In the case of field OIP material, 3 available Cu I 
lines were used for the calculations while for Cu 
OIP, 4 lines were used. Negation of the inverse of 
slope of the linear fit gives plasma temperature.  

Fig. 15. Plasma temperature estimation 
method using Cu I emission lines as 
described in Table 2.

Estimated plasma temperature of Cu plasma for 
Cu OIP material and field OIP material from 
failed transformer are shown in Figure 16. For 
low deposition concentrations of Cu OIP material, 
plasma temperature is about 16 ×103 K while for 
larger concentrations, plasma temperature raises 
upto 19 ×103 K. For field OIP material, plasma 
temperature is much larger, it is in the order of 
28 ×103 K. This indicates that during surface 
flashover, field OIP is heated up much more than 
Cu OIP. This can be attributed to the increased 
degradation for field OIP material. Plasma 
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temperature during surface flashover can be 
taken as an indication of severity of degradation. 
Further study is essential to use the proposed 
OES technique for field measurements.

Fig. 16. Estimated plasma temperature for Cu 
OIP material and field OIP material

4.0	 Conclusion

Surface flashover phenomenon on oil impregnated 
pressboard material under impulse voltage was 
studied. The magnitude of deposited energy 
during flashover was found to increase with 
increase in the duration of ageing of OIP material. 
The increase was from 20-30 J. The magnitude of 
discharge current was increasing from 17-20 A 
with increase in duration of ageing. This was in 
agreement with energy deposited and indicated a 
higher damage possible at a higher ageing level 
of OIP material. The optical emission persistence 
time also increased with increase in duration of 
ageing. OES measurements indicated diffusion 
of Cu contaminant in aged OIP material. Trace 
indication of S contaminants was also indicated 
in OES spectrum. This supported the diffusion of 
copper sulphide contaminants in thermal ageing 
of OIP material. Higher aged OIP material showed 
a larger intensity of Cu emission line which 
suggested a larger chance of degradation. OIP 
material collected from failed transformer from 
the field also showed prominent Cu emissions 
during surface flashover. This indicates the 
feasibility of OES for detecting Cu contaminants 
in the insulating pressboard of a transformer. 
In addition, plasma temperature during surface 

flashover was found to be 19 ×103 K  for Cu OIP 
and 28 ×103 K for field OIP material. 
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