Chapter 5
Propagation Characteristics of Surface Discharge

under Impulse Application Voltage

5.1 Introduction

Flashover on insulator surface in air at atmospheric pressure occurs as a sequence of
several processes that leads to the formation of a plasma channel which bridges the
electrode gap. The main stages of the flashover are the occurrence of initial seeding
electrons, the development of electron avalanches, the inception and the propagation of
streamers, the streamer-to-leader transition, the propagation of leader, and the formation
of a breakdown[1, 2]. The streamer-to-leader transition is a very critical stage of such a
breakdown since the leader can propagate a long distance with a low increment of
application voltage. The streamer-to-leader transition and the propagation process of a
leader are still the object of intensive experimental and theoretical studies [3, 4, 5, 6].

In this chapter, the propagation characteristics of surface discharge including
propagation speed, length, and the residual charge distribution are investigated under
the application of impulse voltage with the 2-layer structure pipe, where the surface
discharge propagates on the pipe without any accumulated charge.

5.2 Propagation Length of Surface Discharge

The propagation length of impulse surface discharge on the 2-layer structure pipe is
measured with changing the applied voltage. The distance between electrodes, d, is set
to 100 mm, and 300 mm, and the experiments under each impulse voltage are repeated
four times.

Figures 5.1 and 5.2 show the relationships between the propagation length, which are
measured from the photographs, and the peak values of the application voltage for d =
100 mm and 300 mm, respectively. The experimental conditions are shown respectively
in Table 5.1 and 5.2.

For the positive discharge when d = 100 mm, the discharge distance can be fitted by
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the following equation:

Lp = 0.00010 V38 (5.1)

For the negative discharge when d = 100 mm, the discharge distance can be fitted by
the following equation:

Ly = 0.011 V328 (5.2)

For the positive discharge when d = 300 mm, the discharge distance can be fitted by
the following equation:

Lp = 0.019 1348 (5.3)

For the negative discharge when d = 300 mm, the discharge distance can be fitted by
the following equation:

Ly = 0.012 1428 (5.4)

Discharge length of surface discharge under impulse voltage application for
electrodes distance d = 100 mm and d = 300 mm are put together for comparison to
study the influence of electrodes distance on the discharge length of surface discharge,
as shown in Fig. 5.3.

The electrodes distance has little influence to the discharge length for negative
impulse discharge, while it has a big influence to the discharge length for positive
impulse discharge.
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Table 5.1 Experimental condition for Fig. 5.1

Insulator Two-layer structure pipe
Back electrode Grounded
. . HV =
Distance between ring d =100mm electrode | =0 z
falec-trodes 4
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Fig. 5.1 Discharge length of surface discharge under impulse voltage application for electrodes

distance d =100 mm.

79



Table 5.2 Experimental condition for Fig. 5.2

Insulator Two-layer structure pipe
Back electrode Grounded
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Fig. 5.2 Discharge length of surface discharge under impulse voltage application for electrodes

distance d = 300 mm.
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Fig. 5.3 Influence of electrodes distance on the discharge length of surface discharge
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5.3 Potential and Charge Density Distributions of Positive Surface
Discharge

5.3.1 Potential and residual charge distributions

Residual charge distributions of surface discharge under the application of impulse
voltages are measured by the measuring system described in Section 2.4, and the
potential distribution are calculated by Eq. (3.3). Figures 5.4(a), (b), (c), and (d) are
respectively the potential distributions of surface discharges under 12.5 kV, 13.5 kV,
14.5 kV, and 16 kV positive impulse application voltage where the distance between the
high voltage ring electrode and the grounded ring electrode is set to 100 mm.

Under the application of 12.5 kV impulse voltage, a lot of blush-like streamer
discharges propagate in parallel from the high voltage electrode as shown in Fig. 5.4 (a).
When 13.5kV is applied, an arborescent discharge, which corresponds to a leader
discharge, propagates towards the grounded electrode through the streamer region as
shown in Fig. 5.4(b). The stem of such discharge is regarded as the leader part and the
filamentary discharge ahead of the leader is regarded as the streamer part.

With the increase of the application voltage, more leader discharge occurs and
develops for a longer distance as shown in Figs. 5.4(c) and (d). In the suburb of the high
voltage electrode, some residual charge has disappeared due to the back discharge
which occurred at the tail part of the impulse voltage.

Potential profiles along surface discharges are extracted from Fig. 5.4 and are shown
in Fig. 5.5 as a function of path length, L. The residual charge density profiles are also
extracted and shown in Fig. 5.6. The potential in the brush-like streamer decreases
almost linearly with the distance from the electrode as shown in Fig. 5.5 (a), and its
gradient is 0.6 kV/mm. From Figs 5.5 (b) - (d) and 5.6 (b) — (d), it is possible to say that
the potential and charge density profiles along a leader discharge can be divided into
two parts: leader parts and streamer parts. The potential gradient in the streamer part
increases with the application voltage and its value is from 1.0 to 1.2 kV/mm. In the
leader part, it is from 0.15 kV/mm to 0.20 kV/mm and decrease with the application
voltage. The dividing point of the leader and streamer is about 6 - 8 kV, which
corresponds to 350 - 600 pC/mm?. The dividing point increases with the application
voltage.
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Table 5.3 Experimental condition for Fig. 5. 4

Insulator Two-layer structure pipe
Back electrode Grounded
. . HV =
Distance between ring d =100mm electrode | 2=0

electrodes i ‘
d
Application Voltage Positive Impulse : _

a0

0 20 40 50 80
z[mm] Z[mm]

(©) (d)
Fig. 5. 4 Potential distribution of positive surface discharge under (a) 12.5 kV, (b) 13.5 kV, (c) 14.5
kV and (d) 16 kV impulse voltage application.
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Fig. 5.5 Potential profile along surface discharge extracted from Fig. 5.5; under the application of (a)
12.5kV, (b) 13.5 kV, (c) 14.5 kV and (d) 16 KV impulse voltage.
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Fig. 5.6 Charge density profile along surface discharge extracted from Fig. 5.5; under the application
of (a) 12.5 kV, (b) 13.5 kV, (c) 14.5 kV and (d) 16 kV impulse voltage.



5.3.2 Framing image of positive surface discharge

The framing images of propagating positive surface leader discharge under the
application of 15.2 kV-impulse voltage are taken by the ultra high speed camera as
shown in Fig. 5.8 with the application impulse voltage and the discharge current as
shown in Fig. 5.7. The exposure time for each frame is 300 ns, and d is 300 mm.

The thin and luminous channel corresponds to leader channel and the luminous zone
at the tip of the leader corresponds to streamer zone. The streamer zone is also referred
as the ionization zone, and leader channel is of a very high conductivity where carrier
can flow freely [7]. The ionization zone at the tip of the leader develops rapidly forward,
and at the root of the streamer, the leader comes into being. It is to be noted that the
luminous leader channel is much smaller than the radical extension of the ionization

Zone.
Table 5.4 Experimental condition for Fig. 5. 7 and Fig. 5. 8
Insulator 200 um-thick PET pipe
Back electrode Grounded
HV -
Distance between ring d = 300mm electrode | 0 z

electrodes P —
d
Application Voltage 15.2 kV,

Positive Impulse
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Fig. 5.7 Waveform of 15.2 kV positive impulse voltage and the discharge current.

Fig. 5.8 Framing images under 15.2 kV positive impulse voltage; (a) Frame No. 1, (b) Frame No. 2,
(c) Frame No. 3, (d) Frame No. 4, (e) Frame No. 5, (f) Frame No. 6.
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5.3.3 Structure

In the book of M. Khalifa, the discharge in long gap is described [8] as shown in Fig.
5.9. In long gaps, if the voltage gradient at the stressed electrode exceeds the corona
onset level, the ionization activity in the gap increases. As a result, a highly ionized and
luminous filamentary channel, called the leader channel, develops at the electrode and
propagates toward the other electrode. At the tip of the leader channel, filamentary
branches called leader streamers exist where most of the ionization in the leader feed
through the leader channel into the stressed electrode. Depending on the value of the
instantaneous voltage gradient and the leader channel length, the leader streamer either
stops after having crossed a part of the gap, or reaches the plane electrode, causing a
return ionizing wave to develop there. In the latter case, the ionizing wave advances
toward the leader channel tip and leads to the final jump.

In his description, the discharge includes leader channel, leader streamer, leader
channel tip and streamer tip. The characteristic of “Leader” is that it is a highly ionized
and luminous channel and the characteristic of “Leader streamers” is that they are
filamentary branches at the tip of the leader channel. The discharge on the insulator
surface is assumed to have the same structure.

(>

Leader channel

Leader channel tip

Leader streamers

Fig. 5.9 Structure of discharge in long gap.
In this subsection, the potential distribution and field distribution under negative
impulse voltage are analyzed by the method described in Chapter 3. The experimental

conditions are shown in Table 5.5.
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In Fig. 5.10, (a) is the waveforms , in which 1 v represents 5 kV for voltage and 1 A
for current respectively, (b) is the image, (c) is the potential distribution and (d) is the
electrical field distribution under 18.0 kV positive impulse application voltage. Fig.5.11
and Fig. 5.12 are respectively enlarged (a) potential distribution and (b) electrical field
distribution of one front part of 18.0 kV impulse discharge in the big rectangular in
Fig.5.10.

In Fig. 5.14, (a) shows the waveforms , in which 1 v represents 5 kV for voltage and
1 A for current respectively), (b) shows the image, (c) shows the potential distribution
and (d) shows the electrical field distribution under 23.5 kV positive impulse
application voltage. Fig. 5.15 shows the enlarged (a) potential distribution and (b)
electrical field distribution of 23.5 kV impulse discharge in the big rectangular in
Fig.5.17. Fig. 5.16 shows the enlarged (a) potential distribution and (b) potential along
across-direction and (c) potential along longitude-direction of 23.5 kV impulse
discharge in the small rectangular in Fig.5.14(c). Fig. 5.16 shows the enlarged (a)
electrical field distribution and (b) electrical field along across-direction and (c)
electrical field along longitude-direction of 23.5 kV impulse discharge in the small
rectangular in Fig.5.17(d).

From Figures 5.10 ~ 5.17, it shows that the structure of surface discharge under
positive impulse has the same structure of the discharge in long gaps. That is, it includes
leader channel, leader streamer, leader channel tip and streamer tip.

In the leader channel, it is highly ionized, and the potential is very high, the
potential gradient is low and the field is low. In the streamer channel, the potential
gradient is higher and the field is higher than those in the leader channel. At the leader
channel tip, the field is as high as to 2 k\V/mm and at the streamer tip, the field is as high
as to 1 kv/mm. Because the size of the streamer tip is much smaller than the probe
sensor, the spatial resolution is not good enough to measure the streamer tip, the field
should be much higher than 1 kV/mm.

Table 5.5 Experimental condition for section 5.4

Insulator Two-layer structure pipe
Back electrode Grounded
. . HV =
Distance between ring d = 300mm electrode | 2=0 z

electrodes i ‘
d
Application Voltage Positive Impulse : !.
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(d)
Fig.5.10 (a) waveforms (1 v represents 5 kV for voltage and 1 A for current
respectively), (b) image, (c) potential distribution and (d) electrical field distribution
under 18.0 kV positive impulse application voltage.
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Fig.5.11 Enlarged (a) potential distribution and (b) electrical field distribution of
18.0 kV impulse discharge of a front part in Fig.5.10.
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Fig.5.12 Enlarged (a) potential distribution and (b) electrical field distribution of
18.0 kV impulse discharge of a front part in Fig.5.10.
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Fig.5.13 (a) waveforms (1 v represents 5 kV for voltage and 1 A for current
respectively), (b) image, (c) potential distribution and (d) electrical field distribution
under 23.5 kV positive impulse application voltage.
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Fig.5.14 Enlarged (a) potential distribution and (b) electrical field distribution of 23.5
kV impulse discharge in the big rectangular in Fig.5.17.
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Fig.5.16 Enlarged (a) electrical field distribution and (b) electrical field along
across-direction and (c) electrical field along longitude-direction of 23.5 kV impulse
discharge in the small rectangular in Fig.5.17(d).
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5.4 Potential and Charge Density Distributions of Negative Surface
Discharge

5.4.1 Potential and residual charge distributions

In the same manner, the potential and charge density distributions of negative
surface discharges are measured for d = 100 mm, and 300mm, with changing the
application voltage. Figures 5.17, 5.18 and 5.19 show respectively the potential
distribution, the potential profiles along negative surface discharges, and the charge
density distribution for d = 100 mm.

Under the application of -9.5kV impulse voltage, a lot of blush-like streamer
discharges propagate in parallel from the high voltage electrode as shown in
Fig. 5.17(a). With increasing application voltage, leader discharges are
formed and propagate for longer length in parallel with each other without
branching.

The potential in the brush-like streamer decreases with the distance from the
electrode as shown in Fig. 5. 18 (a) and (b), and its gradient takes its peak on the head
part of the streamer and is 1.5 kV/mm. From Figs 5.18 (c) - (d) and 5.19 (d) - (d), the
potential and charge density profiles along a leader discharge can be divided into two
parts as well as a positive leader discharge: leader parts and streamer parts. The
averaged potential gradient in the negative streamer part is from 1.0 kV/mm to 1.6
kV/mm, and in the leader part, it is from 0.15 kV/mm to 0.20 kV/mm. The dividing
point of the leader and streamer is 8 - 10 kV which corresponds to 500 - 600 pC/mm?.
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Table 5.6 Experimental condition for Fig. 5.17 - 5.19.

Insulator Two-layer structure pipe
Back electrode Grounded
HV =
Distance between ring d =100mm electrode | ‘ z

electrodes P —
d
Application Voltage Positive Impulse

Z [mm] z [mm]

(©) (d)
Fig. 5.17 Potential distribution under (a) -9.5 kV, (b) -11.5 kV, (c) -15.25 kV and (d) -17.5 kV

impulse voltage application.
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Fig. 5.18 Potential along z-direction under (a) -9.5 kV, (b) -11.5 kV, (c) -15.25 kV and (d) -17.5 kV
negative impulse voltage application.
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Fig. 5.19 Potential along z-direction under (a) -9.5 kV, (b) -11.5 kV, (c) -15.25 kV and (d) -17.5 kV



5.4.2 Framing Image

The framing images of propagating positive surface leader discharge under the
application of -15.2 kV-impulse voltage are taken by the ultra high speed camera as
shown in Fig. 5.20 with the application impulse voltage and the discharge current as
shown in Fig. 5.19. The exposure time for each frame is 300 ns, and d is 300 mm. The
experimental conditions are shown in Table 5.7.

As well as positive leader discharge, the luminous thin channels and the luminous
zones ahead of them, which correspond to the leader channels and streamer zone,
respectively, are recognized.

Table 5.7 Experimental condition for Fig. 5. 7 and Fig. 5. 8

Insulator 200 um-thick PET pipe
Back electrode Grounded
Distance between ring d =300mm e|e:>gde I =0 z
electrodes : —
Application Voltage -15.2 kV,

Negative impulse
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Fig. 5.20 Waveform of -15.2 kV negative impulse voltage and the discharge current.

Fig. 5.21 Framing images under -15.2 kV impulse voltage; (a) Frame No. 1, (b) Frame No. 2, (c)
Frame No. 3, (d) Frame No. 4, (e) Frame No. 5, (f) Frame No. 6.
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5.4.3 Structure

As well as the positive discharge, the electric field distribution around negative
surface discharge is calculated from the measured potential distribution by the method
described in chapter 3. Figure 5.22 shows potential and electrical field distribution on
pipe insulator under the application of -15.25 kV impulse voltage: Fig. 5.22(a) shows
potential, (b) shows the horizontal component intensity of the electrical field, |En| (c)
shows the perpendicular component intensity of the electrical field, |E,|, and (d) shows
the electrical field intensity, |E|. Since the PET film is very thin, there is little difference
among the distribution-patterns of the potential, the perpendicular component intensity
of the electrical field and the total intensity of the electrical field.

The horizontal component of the electrical field is the determining factor of surface
discharge propagation, therefore, only the potential distribution and the horizontal
component of the electrical field are discussed here.

The potential profiles along and across the discharge, which corresponds to those
along black and red line, respectively, are extracted as shown in Fig. 5.23. In the same
manner, the profiles of electrical field |En| along and across the discharge are extracted
as shown in Fig. 5.22. In the center of the discharge, there is a thin channel with a low
electrical field corresponding to the leader channel. On the periphery of this ionization
zone, the electrical field is high and it reaches 1.2 kV/mm.

In Fig.5.25, (a) is waveforms, in which 1 v represents 5 kV for voltage and 1 A for
current respectively, (b) is the image corresponding to the range in the black-box in (c)
and (d) , (c) is the potential distribution and (d) is the electrical field distribution of
-22.25 kV negative impulse discharge. In Fig.5.26, (a) is the potential distribution and
(b) is the potential along the longitude-direction of -22.25 kV negative impulse
discharge. In Fig. 5.27, (a) is the electrical field distribution and (b) is the electrical field
along the longitude-direction of -22.25 kV negative impulse discharge.

From the above figures, it is found that the in the channel of the leader, the electrical
field is very low and the conductivity is very high. At the periphery of the streamer zone,
the electrical field is very high.

It is supposed that the negative discharge also includes leader channel, leader tip,
streamer and streamer tip just as positive discharge, but the positive streamers are many
very thin and short channels and can not be distinguished by the probe. The leader tip is
very near to the streamer tip.
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Table 5.8 Experimental condition for section 5.4

Insulator Two-layer structure pipe
Back electrode Grounded
. . HV =
Distance between ring d = 300mm electrode | 2=0

electrodes

d
Application Voltage Neagtive Impulse

(b) (b)

[kV/imm]

[kv/mm]
16
14

12

0 10 20 30 40
Z [mm]

(c) (d)
Fig. 5.22 (a) potential distribution, (b) horizontal component of the electrical field, (c)
perpendicular component of the electrical field, (d) the electrical field distribution under -15.25

kV impulse application voltage.

Z [mm]
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Fig. 5.23 Potential distribution along (a) the black line and (b) the red line in Fig. 5.22(a).
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Fig.5.24 Electrical field distribution along (a) the black line and (b) the red line in Fig.5.7(b).
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Fig.5.25 (a) waveforms (1 v represents 5 kV for voltage and 1 A for current
respectively), (b) image, (c) potential distribution and (d) electrical field distribution of
-22.25 KV negative impulse discharge.
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Fig.5.26 (a) potential distribution and (b) potential along the longitude-direction of
-22.25 KV negative impulse discharge.
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Fig.5.27 (a) electrical field distribution and (b) electrical field along the
longitude-direction of -22.25 kV negative impulse discharge.
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5.5 Summary

In this chapter, the propagation characteristics of surface discharge under impulse

application voltage are studied.

a)  The function between the discharge length and the application voltage is
gotten, the discharge length under positive discharge is longer than that under
negative impulse voltage.

b)  The potential gradient in the leader part and streamer part is gotten.

c) It is found that in the channel of the leader, the electrical field is very low and
the conductivity is very high. At the periphery of the streamer zone, the
electrical field is very high.
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Chapter 6
The Influence of Residual Charge on Surface

Discharge Propagation

6.1 Introduction

For the high voltage electrical apparatus, the operating conditions are very complex
and have to withstand all kinds of overvoltage, including VFTO (very fast transient
overvoltage), lightning overvoltage, switching overvoltage and power frequency
overvoltage. At the triple point of high voltage apparatus, surface discharge occurs
easily. After the propagation of the surface discharge, charge is accumulated on the
insulation surface [1-5]. This residual charge will greatly influence the onset and the
development of the subsequent discharge [6, 7]. It is also called “memorial effects [8]”.
Many researchers have investigated partial discharge under dc stress and impulse
conditions and find that the discharge is a complex and stochastic process [9, 10], but
the stochastic behavior is inherently governed by memory effects [11]. The authors have
developed charge measuring systems with a Pockels device and an electrostatic probe,
and have measured the potential distribution on the insulator with the propagating
surface discharge [12, 13] and investigated the fine structure of each surface discharge
[14].

In this paper, surface discharges on the PET (Polyethylene terephthalate, relative
permittivity: 3.2 at 1 MHz) film are observed with high speed cameras and measured by
an electrostatic probe. From the photographs and potential distribution figures, the
influence of the residual charge on the propagation characteristics of surface discharge,
including the propagation pattern, length and velocity, discharge current and potential
gradient are studied.

6.2 Experimental setup

The investigations have been performed in a cylindrical insulator configuration as
shown in Fig. 6.1. There are two ring electrodes and one rod back electrode. The
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distance between two ring electrodes is 300 mm. The diameter and the length of the rod
back electrode are 29.6 mm and 600 mm, respectively. There is a 0.2 mm-thick PET
film layer as the insulator between the pair of ring electrodes and the grounded back
electrode.

The experiment is carried out in atmosphere and the application voltage is
1.2/5000us standard lightning impulse. Two cameras are used to observe the discharge.
One is the high speed video camera (Phantom, Vision Research Inc.) and the other is
ultra high speed framing and streak camera (Imacon 468, NAC).

b
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©
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(b)
Fig. 6.1 Experimental setup, (a) Schematic of experimental setup and (b) Structure of
cylindrical insulator
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6.3Experimental Result and Discussion
6.3.1 Propagation pattern

The exposure time of the high speed video camera is set to 66 [lus. Typical
discharge images taken by the high speed video camera under the application of
standard lightning impulse voltage of 17.6 kV in its peak value are shown in Fig. 6.2:
Figure 6.2(a) shows the scope area taken by phantom, which is 48 mm X 96 mm; (b) is
negative discharge on the clear insulator surface and (c) is positive discharge with the
residual charge of (b); (d) is positive discharge on the clear insulator surface and (e) is
negative discharge with the residual charge of (d).

Negative discharge on the clear insulator surface propagates from the high-voltage
electrode to the grounded electrode without branches, while positive discharge on the
clear insulator consists of many small branches. The path of a discharge after an
opposite polarity discharge is similar with the previous one. And the discharge pattern is
also influenced by the residual charge of the previous discharge: The negative discharge
after the positive discharge consists of some branches as shown in Fig. 6.2(e), although
not as much as those of the previous one as shown in Fig. 6.2(d).
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Fig. 6.2 Typical discharge images under 17.6 kV; (a) scope area, (b) negative discharge on clear
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insulator, (c¢) positive discharge with residual charge of (b), (d) negative discharge with residual

charge of (c), (e) positive discharge with residual charge of (d).
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6.3.2 Propagation distance

Changing the application voltage from 12kV to 18kV, the propagation length of the
surface discharge is measured from the photographs. The results are shown in Fig. 6.3. P
and N are positive and negative discharge on clear insulator surface, P-P and P-N are
respectively positive discharges after a positive discharge and a negative discharge, N-P
and N-N are respectively negative discharges after a positive discharge and a negative
discharge.

It can be seen that on the clear insulator surface the length of negative discharge, L,
is much shorter than that of the positive discharge, Lp. But the length of the negative
discharge with the residual charge of the previous positive discharge, Ly.p, is almost the
same as the positive discharge with the residual charge of the previous negative
discharge, Lp.n, and almost the same as Lp.

As shown in Fig. 6.3, the length of discharge under different conditions almost
linearly increases with the increase of the application voltage. The length of the negative
discharge on the clear insulator, Ly, can be described by:

L, =11.6V —126 (6.1)

where V is the application voltage in kV.

In Fig. 6.3, because of the dispersion of the measured data, the length of the positive
discharge on the clear insulator, Lp, the length of the negative discharge with the
residual charge of the previous positive discharge, Ly.p, and the length of the positive
discharge with the residual charge of the previous negative discharge, Lp.y, are almost
the same and can be described by:

L, ~ Ly~ L, =16.8V —168 (6.2)

But when the impulse voltage is consecutively applied 25 times with changing the
polarity, the propagation length of surface discharge increases with the number of the
voltage application, as shown in Fig. 4, and it hardly converges. The averaged increment
of the discharge length of a positive discharge after a negative discharge is much longer
than that of a negative discharge after a positive discharge. It suggests that the
propagation length of the positive discharge is more affected by the residual charge of
the previous discharge.

The images of the 25 times serial surface discharge are shown in Fig. 6.5: odd
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number images are positive discharge and even number images are negative discharge.
The range of the image is 48 mm X130 mm. After the propagation of a surface
discharge, a back discharge will occur in the area near the HV electrode, therefore, only
the front parts of surface discharge are compared.

The propagation path and the pattern of a negative surface discharge after a positive
surface discharge is influenced by the residual charge of the positive surface discharge;
The negative discharges shown in Figs. 6.5 (b) and Figs. 6.5 (d) propagate with some
branched and their propagation paths are similar with the previous positive surface
discharges shown in Figs. 6.5 (a) and 6.5 (b). On the other hand, the propagation path
and the pattern of a positive surface discharge are less influenced by the residual charge
of a previous negative surface discharge. The positive discharge shown in Fig. 6.5 (c)
consists of small branches and its path differs from that in Fig. 6.5 (a).
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Fig. 6.5 Images of 25-times consecutive surface discharge; (a) No. 1, (b) No. 2, (¢) No.
3, (d) No. 4, (e) No. 5, (f) No. 6, (g) No. 7, (h) No. 8, (i) No. 9, (j) No. 10, (k) No. 11, (1)
No. 12, (m) No. 13, (n) No. 14, (o) No. 15, (p) No. 16, (q) No. 17, (r) No. 18, (s) No. 19,

(t) No. 20, (u) No. 21, (v) No. 22, (w) No. 23, (x) No. 24, (y) No. 25.
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6.3.3 Propagation speed

As mentioned in the previous subsection, the electric field along the discharge
propagation path is changed by the residual charge. To study the influence of the
residual charge on the discharge occurrence time and the propagation speed, the framing
and streak images of the surface discharges with/without the residual charge are taken
by Imacon 468.

Figures 6.6 (a), 6.6 (b), and 6.6 (c) show the voltage and current waveforms, streak
image, and framing images for a positive surface discharge on the clear insulator,
respectively. The application voltage is positive impulse of +15.4kV in its peak value,
and the gate exposure timing for each frame and streak duration are also illustrated in
Fig. 6.6 ().

With the residual charge of this positive surface discharge on the insulator surface,
negative impulse voltage of -15.4kV in its peak value is applied and the voltage and
current waveforms, framing image, and streak image of the subsequent negative surface
discharge are monitored as shown in Fig. 6.7.

In the same manner, the negative surface discharge on the clear insulator under the
application of -15.4kV impulse voltage is monitored as shown in Fig. 6.8. And the
subsequent positive surface discharge with the residual charge of the negative discharge
shown in Fig. 6.8 is also monitored as shown in Fig. 6.9.

The beginning of illumination is regard as the start of discharge. The time between
the origin of impulse voltage and the beginning of illumination is regarded as delay time.
The gradient in streak images is regarded as propagation speed. From these images, the
delay time, the last time, the propagation length and the propagation speed are
calculated and listed in Table 6.1. With the residual charge of different polarity, the
delay time and last time are shortened, and the speed of discharge is greatly accelerated.

Table 6.1
Propagation surface discharge under different conditions
Type Delay time Last time Length Speed
(us) (ps) (mm) (mm/ps)
P 0.40 1.0 84 80
P-N 0.16 0.38 87 400
N 0.40 1.0 53 50
N-P 0.38 0.34 89 260
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(b) Streak image

(c) Framing image

Fig.6.6 Voltage and current waveforms, streak image, and framing images of surface

discharge under +15.4kV application on clear insulator surface
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Fig.6.7. Voltage and current waveforms, streak image, and framing images of surface
discharge under -15.4kV application voltage on the insulator surface with residual

charge of +15.4kV application
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Fig.6.8 Voltage and current waveforms, streak image, and framing images of surface
discharge under -15.4kV application on clear insulator surface

123



Toas T T T

Woltage 4KV/div i J—

Current 20A/div

(c) Framing image

Fig. 6.9. Voltage and current waveforms, streak image, and framing images of surface
discharge under +15.4kV application voltage on the insulator surface with residual
charge of -15.4kV application
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6.3.4 Surface discharge under AC voltage

Since the polarity of AC voltage also changes continuously, the discharge developed
by 50 Hz AC voltage application is studied to compare with the discharge under
consecutive impulse application with changing the polarity. Figure 6.10 shows voltage
and current waveforms. A series of current pulses flow at the same time of discharge
occurs. Almost all current pulses are observed during 0 to 5 ms and 10 to 15 ms, where
the magnitude of the voltage is increasing.

Using high speed video camera, the discharge images are taken at the speed of 1
frame per 1 ms with and exposure time of 0.99 ms. In one cycle, 21 frames of images
aretakenatt=0, 1, 2, ..., 20 ms respectively, and are named Frame No. 0, No. 1, No. 2,
..., No. 20, as shown in Figures 6.11(a), (b), ..., (u). The observed area of the image is
48 mm X 96 mm.

The maximum discharge length is 40 mm, which is almost equal to the length of
negative discharge on clear surface and is only 1/4 of the 25th consecutive impulse
discharge shown in Fig. 6.4. It has been reported that the flashover voltage on a 0.75
mm-long insulator under 1 MHz-voltage application decreases to less than 1/10 of that
under 50 Hz-voltage [15, 16]. The short propagation length of the AC-surface discharge
measured in this study coincides qualitatively with these reports.

It is possible to explain this phenomenon as follows: the rising slope of AC voltage
is very long compared with the propagating time of a surface discharge under an
impulse voltage application which is shorter than 2 us. So, where the voltage is still
very low, the initial electrons are supplied from the electrode or air and a streamer
discharge starts to propagate. Because of the low voltage, the propagation length of this
streamer discharge is short. When the voltage increases and reaches a certain value, a
surface leader is formed and propagates through the previous streamer discharge region.
Because of the suppression effects of the residual charge with the same polarity on the
insulator surface, this subsequent leader hardly propagates a long length.

It is possible to explain this phenomenon as follows: comparing with the last time of
surface discharge under impulse application voltage, which is about 1 ps, the rising
slope of AC voltage is very long. So, in the 0-m/2 region, when the instantaneous
application voltage is still very low, the primary electrons come into being, surface
discharge start to propagate. Because of the low instantaneous application voltage, the
length of discharge is very short, (Fig. 6.11(a)). When the instantaneous application
voltage rise to high enough, the surface discharge will start to propagate forward again
and across the brush-like discharge region, but because of the suppress effects of the
residual charge on the surface, so it can not propagate very long, (Fig. 6.11(a)). For the
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same reason, the Ln.n and Lp.p are very short (as shown in Fig. 6.3). In the n-3/2x region,
just like the discharge happens in the n/2 region, when the instantaneous voltage is still
low, discharge happens, some of the charge is absorbed by the charge of different
polarity produced in the 0-n/2 region.
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Fig. 6.11. Images of AC discharge in one cycle; (a) No. 0, (b) No. 1, (¢) No. 2, (d) No. 3
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(u) No. 20.
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6.3.5 Propagation model

After discharge, the potential distribution above the insulator surface is measured by
electrostatic probe (Trek 341B), as shown in Fig. 6.12. Since the insulator is very thin,
the potential distribution agrees with the charge density distribution. The charge density
can be approximately calculated by [17, 18]

oc=CxV, (6.3)

where o is the charge density distribution, C is the capacitor of the insulator and V is the
potential distribution.

The typical charge density distribution under +15.4 kV impulse voltage is shown in
Fig. 6.13 (a), and the maximum value in the black-rectangle is shown in Fig. 6.13 (b).
Fig. 6.14 is the typical charge density distribution under -15.4 kV impulse voltage.

According to the previous potential measurement results, the potential decrement
along the pipe axis can be divided into two parts: leader part and streamer part. In the
leader part, it decreases at about 0.6 kV/cm; while in the streamer part, it decreases with
a speed of 3.3 kV/cm [18].

Back electrode

T

HV electrode ~ Probe PET
Surface discharge \

20 mm 80 mm
Measuring range

Fig. 6.12 Measurement of surface discharge
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6.3.6 Discussion

According to the images of discharge, with the electrode configuration described in
Fig. 6.1, the schematic of discharge propagation on clear insulator surface are shown in
Fig. 6.15 [19], a leader looks like a thin channel propagate forward from the high
voltage electrode. The average radius is less than one millimeter.

There is a charge cover around the leader channel. The charge produced by streamer
in the streamer zone is accumulated in the cover. As the leader propagates, its head
moves forward together with the point of inception of new streamers and with the
streamer zone boundary. The earlier streamer and their surface charge do not move
forward; as a result, the elongating leader is surrounded by a charge cover.

For the negative discharge, the electrons provided by the high voltage electrode,
there are enough electrons emitted from the head to streamer zone, the streamer zone is
big and glow is uniformly distributed, so, after discharge, residual charge is uniformly
distributed on the surface of the insulator. While for the positive discharge, the electrons
come from ionization in the streamer zone. When the electrical field is not very high,
the ionization rate is not very high, so, the streamer zone is very small and the head is
easy to pull through the streamer zone to move forward. That’s why a positive leader
propagates faster and longer than a negative leader under the same voltage.

The schematic of negative subsequent a positive discharge is shown in Fig. 6.16.
After positive discharge, positive charge is accumulated on the insulator surface, where
the residual charge is accumulated, positive potential is produced. When the subsequent
negative discharge propagates to this place, the potential difference is greater than that
on the clear insulator surface, so the discharge is intensified and easy to move forward
along the trance of the former discharge. When the discharge propagates to the head
place of the former discharge, the potential difference is still high than the necessary
potential to propagate forward, so it can be propagate a little further than the former

discharge. The principle is the same for the negative discharge after positive discharge.
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6.4 Summary

In this chapter, the influence of residual charge, which is generated by a surface
discharge, to the subsequent surface discharge is studied and the results are summarized
as follows:

a) When consecutive impulse voltages are applied with changing the polarity, the
propagation length of the surface discharge increases gradually and hardly converges. In
such a condition, the potential gradient in the leader part decreases with the consecutive
number of impulses, while that in the streamer part keeps constant.

b) With the residual charge of the positive surface discharge, the subsequent
negative discharge propagates with branching and follows the path of the previous
positive discharge.

c¢) The propagation velocity of the surface discharge becomes faster by the

residual charge with the opposite polarity.
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Chapter 7

Conclusions

Surface discharge on dielectric materials is an important factor which affects the
insulating performance of electrical apparatus. With the increase of the applied voltage,
the surface discharge transforms from streamer to leader and easily propagates a long
length.

To study the development process of leader discharge, the following experiments

have been arranged:

A) An impulse generator using semi-conductor switch is assembled. This IG
generates the standard lightning impulse voltage and is easily controlled.

B) A surface potential measuring system is constructed and the residual charge
distributions on insulator pipes are measured with this system. The spatial resolution
reaches 1.8 mm for measuring a 5 mm-thick PMMA pipe, 0.30 mm for measuring a
two-layer structure pipe and 0.28 mm for measuring a 200 um-thick PET pipe.

C) By utilizing Tikhonov’s regularization technique in Fourier domain, the inverse
calculation form the measured potential distribution to the charge distribution requires
less computational load and becomes stable.

D) For measuring highly charged insulator with the residual charge of a surface
leader, two-layer structure pipe is introduced. The pipe has an internal layer of low
resistivity, which can be grounded during the measuring process.

With the experimental setups and methods described above, the propagation
characteristics of surface discharge under impulse and AC application voltage are
investigated. The results of AC-discharge dynamics, which are investigated with a high
speed video camera, are summarized as follows:

E) With increasing the voltage, leader discharges are recognized, whose occurrences
concentrate in the negative half-cycles of AC voltage application. When the voltage is
increased high enough, positive leader discharge also occurs.

F) There is little difference between the maximum propagation length of the positive
leader and that of the negative leader. As later described in the item K), the propagation
patterns of these leader discharges become similar with each other because of the
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residual charge, and, therefore, the maximum propagation length hardly depends on the
polarity of discharge.

G) As reported in the relevant studies, it is observed that the intrinsic capacitance of
insulating materials has influence on the final discharge length. When the intrinsic
capacitance is large, the leader discharges occur at a lower voltage, and the discharge
easily propagates over a long distance.

H) The maximum length of discharge Luax under AC application voltage can be
denoted by

Lyax <V, (7.1)

where V; is the amplitude of AC voltage, and nis 1.5 - 3.3.

The results of the impulse-discharge characteristics are summarized as follows:

I) The positive discharge length is longer than the negative one. The propagation
length of an impulse surface discharge is almost three times as long as that of an AC
discharge under the same peak voltage.

J) The potential gradients in the leader part and the streamer part are measured. For
a positive discharge, the potential gradients in the leader part and the streamer part of a
positive discharge are 0.15 - 0.2 kV/mm and 1.0 - 1.2 kV/mm, respectively. Those for a
negative discharge are 0.15 - 0.2kV/mm and 1.0 - 1.6 kV/mm, respectively. Taking the
spatial resolution of the measuring system into account, it can be said that these values
agree with the reported values obtained by using Lichtenberg figure technique and
Pockels sensing technique.

To evaluate the influence of residual charges on the propagation characteristics of
surface discharge, including the propagation pattern, length and velocity, discharge
current and potential gradient, are studied and the results are summarized as follows:

K) With the residual charge of a positive surface discharge, the subsequent negative
discharge propagates with branching and follows the path of the previous positive
discharge. In other words, there becomes little difference between propagation patterns
of a positive discharge and a negative discharge.

L) The propagation velocity of discharge is increased due to the residual charge with
the opposite polarity.

M) When consecutive impulse voltages are applied with changing the polarity, the
propagation length of the discharge increases gradually and hardly converges. In such a
condition, the potential gradient in the leader part decreases with the consecutive
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number of impulses, while that in the streamer part keeps constant.
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