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ABSTRACT 
With the goal of reducing SF6 gas usage, we investigated partial discharge (PD) and break- 
down (BD) mechanisms in ultra-dilute (0 to 1%) SF6m2 gas mixtures. The experimental results 
and discussions are given in this paper. In particular, we focused our research on the transi- 
tion characteristics of the electrical insulation performance with an extremely small amount of 
SF6 content, the PD behavior on the applied voltage, and the relation among prebreakdown 
streamer, return stroke and BD. Moreover, we discussed the PD and BD mechanisms with 
reference of space charge behavior. From these results, the transition threshold at which the 
influence of SF6 gas on the discharge characteristics began to appear, was clarified to be SF6 
content k=10 ppm for a total pressure of 0.1 MPa. 

1 INTRODUCTION 

HILE the environmental consideration related to the greenhouse w effect grows, the opinion of SF6 gas reduction is coming alive 
strongly, because its global warming potential is estimated to be nearly 
25000x larger than that of CO2 gas [l]. The introduction of SF6/N2 
gas mixture is one of the most feasible means in view of high electrical 
insulation performance, cost reduction and chemical safety (non-toxic 
characteristics) as well as reduction of the greenhouse effect. In fact, 
EDF (Electriciti de France) is developing a gas insulated transmission 
h e  (GIL) with SF6/N2 gas mixtures [2]. Thus, SF6/N2 gas mixture as 
alternative to pure SFs gas is expected and has been studied extensively 
For example, the optimal SF6 content is suggested by past extensive 
research, which was carried out mainly under uniform electric field [2- 

We so far have been investigating the electrical insulation perfor- 
mance under the non-uniform electric field condition of gas-insulated 
system (GIS) filled with SF6/N2 gas mixtures and discussed the optimal 
SF6 contents [5,6]. As a result, we pointed out that PD characteristics 
and breakdown voltage (BDV) in SF6/N2 gas mixtures were very sus- 
ceptible to SF6 content (0 to 5%). In this paper, we focused our research 
on the influence of ultra-dilute SF6 content into ppm order (0 to 1%) 
from the viewpoints of the transition of the discharge characteristics, 
PD behavior and BDV in the SF6/N2 gas mixtures. 

41. 

2 EXPERIMENTAL 

Figure 1 shows the experimental setup for the measurement of PD 
and BD characteristics under 60 Hz HV application. A needle with a tip 

radius of 0.5 mm and length of 20 mm was fixed on the sphere electrode. 
The gap length of needle-plane electrodes was 20 to 50 mm. The test 
vessel was filled with SF6/N2 gas mixtures at the pressure of 0.1 MPa 
(converted under 20°C). We used SF6 gas (purity: >99.99%, moisture: 
<5 ppm) and N2 gas (purity: >99.99%, moisture: <lo ppm). The SF6 
content IC in the gas mixtures was quantified at 1 to 5x10-*% (5 ppm) 
as the partial pressure by gas chromatography (flame photometric de- 
tector (FPD)) with precision of ppb order. All experiments in this paper 
were carried out at room temperature. 
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Figure 1. Experimental setup. 

The PD current pulse signal was fed into a digital oscilloscope (5 GS/s, 
1 GHz) through the plane electrode and a matching circuit. The match- 
ing circuit had high frequency response from dc to 1 GHz. On the other 

1070-9878/1/ $3.00 0 2001 IEEE 



1 138 Yamada et al.: PD and Breakdown in Ultra-dilute SF6/N2 Gas Mixtures 

hand, PD light intensity was observed using optical lenses and a photo 
multiplier tube (PMT). Moreover, PD light emission image were en- 
larged by lenses, multiplied by an image intensifier (11) and observed by 
a still camera. The phase-gate control method [7] enabled us to measure 
simultaneously the current waveform, the light intensity waveform and 
the light emission image of PD occurring at a designated phase angle of 
the applied ac voltage. 

3 EXPERIMENTAL RESULTS 

3.1 GAP LENGTH DEPENDENCE 

AND DISCUSSIONS 

The partial discharge inception voltage (PDIV) and breakdown volt- 
age (BDV) as a function of SF6 content (k < 1%) with the gap length 
g=50 mm are shown in Figure 2. Positive and negative PDIV are inde- 
pendent of the voltage polarity and slightly increases with the increase 
in SF6 content. On the other hand, BDV is constant for IC < 10 ppm, 
but drastically increases with the increase in SF6 content (IC>lO ppm). 
The prebreakdown streamer inception voltage (PSIV) will be explained 
in the next Section. PDIV and BDV for different gap lengths are shown 
in Figure 3 as a function of SF6 content. PDIV, PSIV and BDV charac- 
teristics depend on the SF6 content, and have similar tendency for the 
various gap lengths. This means that PD and BD mechanisms may be 
only slightly dependent on the gap length. 
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Figure 2. PDIV and BDV as a function of SFs content (g=50 mm). 

3.2 APPLIED VOLTAGE 
DEPENDENCE 

Light emission images, current waveforms and light intensity wave- 
forms for PD (ac voltage phase 8=90°, gate width 50 pus, g=50 mm, 
k=10 ppm) with increasing the applied voltage Vu from PDIV to near 
BDV are shown in Figure 4. From Figure 4(a), PD channels near PDIV are 
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Figure 3. Gap length dependence of PDIv and BDV for SFs content 
(g=20 to 50 mm). 

observed in the vicinity of the needle electrode. Because the current and 
light intensity waveforms are observed as a single pulse, respectively, 
the whole PD channel is recognized as a single PD. 

At the higher applied voltage in Figure 4(b), PD occurs only at the 
tip of the needle electrode, and the PD current and light intensity wave- 
forms are pulseless. However, when the applied voltage is raised fur- 
ther, the pulsive PD again emerges as shown in Figure 4(c). PD extends 
firstly in a single channel from the needle tip and then spreads out into 
the gap space. In this case, PD channels reach the plane electrode and 
result in superposed current and light intensity waveforms with differ- 
ent pulses. Such a transition of PD characteristics is also verified for the 
other gap lengths. 

The applied voltage dependence of PD current and light intensity 
waveforms, i.e. pulse type +pulseless type +pulse type, corresponds 
to that of PD behavior; streamer +glow jprebreakdown streamer, 
and was recognized also in air [8]. In this paper, the transition voltage 
from glow to prebreakdown streamer is referred to as the ’prebreak- 
down streamer inception voltage (PSIV)’, and has been shown already 
in Figures 2 and 3. PSIV is almost equal to BDV at ktlO ppm, decreases 
with the increase in SF6 content and approaches to the positive PDIV at 
lc>O.l%. The results mean that the influence of SF6 addition on the dis- 
charge characteristics of SF6/N2 gas mixtures can be found at k>10 ppm 
along with the reduction of PSIV, which also shows similar tendency 
for the gap length. Thus, the generation mechanism of prebreakdown 
streamers should be discussed in order to understand the breakdown 
characteristics of SF6/N2 gas mixtures. 

3.3 SF6 CONTENT DEPENDENCE 

Figure 5 shows the change of prebreakdown streamer with the in- 
crease in SF6 content at g=50 mm and Vu=22 kV,. At k=lO ppm in 
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Figure 4. PD light emission image, PD current and PD light intensity waveforms for different applied voltage (g=50 mm, k=10 ppm, 0=90", P=O.l MPa). 
(a) V,=13.4 kV, (=positive PDIV), (b) positive PDIV < V, <positive PSIV, (c) Va=22 kV,, (z positive PSIV). 
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Figure 5. PD light emission image, PD current and PD light intensity waveforms for different SFs content (g=50 mm, 0=90", Va=22 kVm, P=O.l MPa). 
(a) k=10 ppm, (b) k=50 ppm, (c) k=lOO ppm. 

Figure 5(a), as shown in Figure 4(c), a number of PD channels, PD cur- 
rent and light intensity pulses are observed. Note that the number of 
PD channels crossing the gap space is in good agreement with the num- 
ber of PD current pulses after the primary pulse. The relation in height 
between the primary PD pulse and the subsequent PD pulses of the cur- 
rent and light intensity waveforms is different. These suggest that there 
could exist a difference in generation mechanism between the primary 

PD pulse and the subsequent PD pulses. 
At k=50 ppm in Figure 5@), however, just one of the PD channels 

reaches the plane electrode, and double pulses of PD current and light 
intensity waveforms are observed with the time interval of - 1.6 ,us. 
These mean that increasing the SFb content reduces the number of PD 
channels which reach the plane electrode, as well as the current and 
light intensity pulses. Finally, at 5=100 ppm in Figure 5(c), the PD chan- 
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ne1 does not reach the plane electrode and propagates into the middle 
of the gap space, and the PD current and light intensity waveforms have 
a single pulse. 

As was shown in Figures 5(a) and @), PD channels which reach the 
plane electrode form the subsequent pulses after the primary pulse in 
the current and light intensity waveforms. In order to discuss the differ- 
ence between the primary and subsequent PD pulses, a selective mea- 
surement of the primary and subsequent PD current pulses was carried 
out utilizing the phase-gate control method. Figure 6 shows the results 
at g=50 mm, Va=22 kV,, and k=50 ppm with different gate width at 
8=90". Note that the observation area of PMT is restricted around the 
needle tip. From the measured results of both the primary and subse- 
quent PD pulses in Figure 6(a), PD channels reach the plane electrode. 
The selective measurement results for only the primary current pulse in 
Figure 6(!3), indicates that the PD channel did not reach the plane elec- 
trode. On the other hand, the PD light emissions for only subsequent 
current pulses in Figure 6(c) were observed at two spots; the needle tip 
and the plane electrode. At this moment, the subsequent pulse of light 
intensity waveform corresponding to that of the current waveform, did 
not appear. This means that the PD at the needle tip emitted inside the 
observation area of PMT was pulseless as shown in Figure 4(b), and 
appeared even during the prebreakdown streamer. Therefore, the sub- 
sequent current pulse was formed by the PD not at the needle tip but 
around the plane electrode. In other words, the PD is considered to be 
the 'return stroke' [9], which arises from the electron avalanche around 
the plane electrode and propagates toward the needle tip. From the 
above discussions, the BD in the ultra-dilute SF6/N2 gas mixtures can 
result from the propagation of the return stroke after disappearance of 
the prebreakdown streamer. 

As for the BD process, the space charge behavior to generate and 
propagate the return stroke is important. The mechanism from pre- 
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Figure 7. Schematic illustration from prebreakdown streamer to 
breakdown. 

breakdown streamer to BD is shown schematically in Figure 7. Pre- 
breakdown streamers that occurs from the needle tip develop toward 
the plane electrode and disappear in the middle of the gap space, and 
then the residual positive ions drift and form high electric field around 
the plane electrode. Then, electron avalanche occurs around the plane 
electrode under the high electric field because of less effective electron 
attachment of ultra-dilute sF6 gas. In this case, a return stroke is formed 
by the growth of an electron avalanche, propagates along the residual 
positive ion channel by the prebreakdown streamer and by the glow at 
the needle tip, and finally results in BD. 
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Figure 8. PD current pulse height as a function of ac voltage phase for different SF6 content (g=50 mm and P=O.1 MPa). (a) k=20 ppm, V,=22 kV,, 
(b) k=50 ppm, K=22 kV,, (c) k=100 ppm, K=21 kVm, (d) k=l% , V,=26 kV,. 

3.4 CRITICAL SFc CONTENT TO 
DISCHARGE 

CHARACTERISTICS 

From the above discussions, the primary and subsequent current 
pulses correspond to streamer and return stroke, respectively, Genera- 
tion of the return stroke is concerned with the decrease in SF6 content, 
and with the decrease in the electron attachment ability of the gas mix- 
ture. The influence rate of SF6 gas in SF6/N2 gas mixture could be 
estimated by the generation of return stroke. We can identify the gen- 
eration of return stroke by the measurement of PD current pulse height, 
i.e. the current pulse height of the return stroke is larger than that of 
the streamer, as was shown in Figure 6. 

Figure 8 shows PD current pulse height as a function of ac voltage 
phase at g=50 mm and k=20 ppm, 50 ppm, 100 ppm and 1%, respec- 
tively The applied voltage V, was set a little bit higher than PSIV; PSIV 
t (BDV- PS1V)x 0.2, for each SF6 content. We divided a single cycle of 
the applied ac voltage into 36 phase regions (every lo", i.e. 463 ys). The 
current pulse waveforms were measured 10 times for the designated 
phase region by using the phase-gate control method. When the pri- 
mary current pulse was followed by the subsequent current pulses, the 
subsequent pulses were regarded as return strokes and the maximum 
pulse height is plotted in Figure 8. From Figure 8, with the increase in 
SF6 content, the current pulse heights of the positive PD decrease and 

their generative phase regions spread. On the other hand, for negative 
PD, the heights and generative regions of the current pulses did not 
change remarkably with the increase in SF6 content. 

From the change of the PD generative region in Figure 8, we focused 
on the SF6 content dependence of the current pulse height near the pos- 
itive peak phase of the applied ac voltage. Figure 9 shows PD current 
pulse heights in the phase region of positive (85" to 95") and negative 
(265" to 275") polarities as a function of SF6 content at g=50 mm. Pos- 
itive PD current pulse height drastically decreases with increasing SF6 
content at k>10 ppm, which means the suppression of the return stroke. 
The decrease in the current pulse height at k>50 ppm means the sup- 
pression of the prebreakdown streamer as well as the extinction of the 
return stroke, where BDV drastically begins to increase, as was shown 
in Figures 2 and 3. On the other hand, the negative PD current pulse 
height becomes larger at k>10 ppm, which corresponds to the critical 
SF6 content for the suppression of the return stroke in the positive half 
cycle. 

From the above results, we pointed out that the suppression and ex- 
tinction of the return stroke has the close relation to the appearance of 
the influence of SF6 gas on the PD and BD characteristics. The threshold 
of the suppression of the return stroke is k=10 ppm. The return stroke 
finally extinguishes at k>50 ppm. In other words, above k=10 ppm, 
discharge characteristics in SF6/N2 gas mixture behave under the influ- 
ence of SF6 gas, as was shown in Figures 2 and 3. 
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Figure 9. PD current puke  height as a function of SF6 content 
(g=50 mm, V,=22 kVm, 8=85" to 95" and 265" to 275", P=O.l MPa). 

4 CONCLUSIONS 

N aiming to reducing SF6 gas usage, we applied SFb/N2 gas mixtures I with extremely small SF6 content. To investigate PD and breakdown 
mechanisms in the ultra-dilute SF6 gas mixtures with N2 gas under non- 
uniform electric field, PDIV, PSIV, BDV, PD light emission image, PD 
current and light intensity waveforms were measured. The obtained 
results are summarized as follows: 

3. Return stroke occurred from the plane electrode after disappearance of 
the prebreakdown streamer at k< 50 ppm for g=50 mm. 

4. The return stroke propagated along the residual positive ion channel of 
prebreakdown streamer and resulted in BD. 

5. The suppression and extinction of the return stroke has the close corre- 
lation with the appearance of the influence of sF6 gas on the PD charac- 
teristics in gas mixture. 
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