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ABSTRACT 
This paper discusses the characteristics of very fast transient overvoltages (VFTO) in SFb-N* gas 
mixtures at different percentages of SF6. A comparison of the VFTO characteristics of pure SF6 
with those of pure NZ is also presented. The investigations are performed using a laboratory 
model GIS bus duct having a test gap used for simulating a switching event leading to the 
generation of VFTO. A capacitive voltage sensor is used to measure the VFTO peak magnitude 
and temporal characteristics. Measurements were carried out at two different gap spacings 
(0.20 and 0.61 mm) over a pressure range of 100 to 500 kPa. VFTO characteristics for N2, SF6 and 
SF6-N2 mixtures obtained from the experiments show similar trends. The level of surge peak 
magnitude is <2.0 pu for all cases when the gap was 0.20 mm, but it reaches a maximum of 
2.41 pu at 0.61 mm gap. At 0.20 mm gap, in fiF6-N~ mixtures, the difference in peak magnitudes 
is not significant for 10% and 20% sF6 mixtures (between 200 and 400 kPa) and also for pure 
SF6 and 40% SF6 (between 200 and 300 kPa). The occurrence of corona stabilization during 
breakdown of the gap may be the cause for such a behavior. Unlike the above observations 
at 0.20 mm gap, at 0.61 mm gap, the peak magnitudes strictly increase with pressure for the 
pure gases and gas mixtures. At 0.20 mm gap, the time to breakdown of the gap is found to be 
almost constant in all cases. But at 0.61 mm gap, the time to breakdown is seen to be dependent 
on the mixture, pressure, and breakdown voltage, and this observation is in accordance with 
Toepler's spark law. 

1 INTRODUCTION 

6 is the main insulating medium in almost all gas insulated HV 

ing debated throughout the world in spite of it having all the desir- 
able properties of a good insulating and arc-quenching medium. When 
SF6 is subjected to an electrical discharge, highly toxic and corrosive 
compounds are formed in small concentration [l]. It is also an effi- 
cient infrared (IR) absorber and hence a potent greenhouse gas [l]. The 
United Nations Convention on Climate Change has decided to reduce 
the emission quantity of greenhouse gases in 2010 to values lower than 
in 1990 [2]. Under this protocol, SF6 gas also has to be reduced and 
therefore appropriate action is needed worldwide to replace SF6 gas 
by environmentally friendly gases or gas mixtures. Due to the above 
reasons, investigations are in progress to develop alternative methods 
to minimize the release of SF6 into the environment. Possible solutions 
are to use other gases or gas mixtures containing a lower content of 
SF6. In this regard, SF6-N2 gas mixtures, containing different percent- 
ages of SFb, have been found to be a good dielectric medium and is 
widely accepted as the best possible replacement for SF6 [l]. The basic 

SF equipment. However, in recent years, the future use of SF6 is be- 

properties, behavior and performance of SF,j-N2 mixtures as an insulat- 
ing medium have been investigated thoroughly for several years in the 
past. Based on the research conducted worldwide, the optimum com- 
position of SF6-Nz mixture (which can be used instead of SF6 without 
requiring much change in hardware, operations or ratings of the exist- 
ing GIS equipment) for practical applications is considered to be 40% to 
60% N2 mixture [l, 21. Studies carried out in recent years also suggest 
that SF6-Nz mixture with SF6 concentration as low as 20% can be used 
with an advantage. Even with low SF6 content, this mixture has been 
found to exhibit many of the desirable properties of pure SF6 [2]. 

Steep fronted transients, generally named very fast transient over- 
voltages (VFTO), are generated in GIs  during operation of disconnector 
switches and circuit breakers or during a ground fault [3,4]. At each 
irregularity of the characteristic impedance inside the GIS and its inter- 
faces with other equipment, these transients are reflected and super- 
imposed on the steady state voltage. Although these transients have 
a frequency band in a real GIS, a single frequency voltage shape has 
been used to evaluate the influence of VFTO on the dielectric behavior 
of the components in the GIS. With the advances in GIs  technology, 
increasing emphasis is being given to the reliability of the disconnec- 
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tor switches and GIS components under the condition of fast transients. 
Earlier studies [3] have described the physical phenomena, which occur 
during disconnector switch arcing and the magnitude of the transients 
that occur. Also, the general requirements for disconnect and ground 
switches were discussed by Itoh et al. [5]. For the purpose of calcu- 
lating transient magnitude, these authors and others have assumed a 
trapped charge of 1 pu prior to closing of the disconnect switch. The 
electromagnetic transients program (EMTP) has been used to calculate 
the transient magnitudes at various points within the GIS by model- 
ing the different parameters on known lumped or distributed elements. 
The results thus obtained have shown that the transient magnitude can 
be as high as 2.5 pu. 

The transient phenomena with respect to the overvoltage level (in 
pu) when pure SF6 is used as the insulating medium in GIS has been 
extensively studied by analytical methods; experimental studies being 
rare. Experimental measurements of VFTO in a GIs with SF6 insulation 
have been reported, but are mainly confined to the on-site testing of 
GIS [4,6]. These experimental measurements were carried out using 
spherical electric field sensors that are capable of making non-contact 
measurements of the steep fronted voltage transients [4,7,8]. A ma- 
jority of these measurements were made to confirm the adequacy of 
capacitive sensors in measuring VFTO in GIs systems and these reports 
contain more information on sensor performance and very less data 
pertaining to VFTO characteristics. It has been reported that the peak 
magnitude of the measured VFTO seldom exceeded 2.0 pu, but VFTO 
magnitudes >2.0 pu also have been reported [4,8] in some other cases. 
The VFTO peak magnitude depends entirely on the GIs  system layout 
in which experiments are conducted and thus the peak VFTO level will 
vary from system to system. 

Also, under certain circumstances such as the presence of a trapped 
charge of 1 pu on the load side before disconnector operation and dur- 
ing occurrence of a ground fault, the VFTO level may reach 2.5 to 3.0 pu 
depending on the GIS system layout. In addition, experimental inves- 
tigations have been undertaken to study the breakdown phenomena of 
a gap in a GIS with pure SF6 and SF6-N2 gas mixtures under the ap- 
plication of very transient voltages 19,101. In most of these cases, fast 
transient voltages (mainly oscillating) were generated using a resonat- 
ing test circuit and this was applied to the gap in a model GIS bus duct 
and the breakdown voltages were measured. 

The time to breakdown of the gap in a GIS is reported to be normally 
between 4 to 20 ns depending on the field inhomogeneity and the peak 
of the transients has been reported to occur - 200 ns after the gap has 
broken down [l]. The time for the occurrence of the maximum peak of 
the VFTO also depends mainly on the GIs  system configuration. 

Although some basic information is available on the characteristics 
of VFTO generated in a GIS using pure SF6, detailed studies of the vFTO 
peak magnitudes and temporal characteristics by systematic variation 
of the gap distance, gas pressure and gas mixture over the practical 
pressure range in an actual CIS with SF6-N2 gas mixture as the insulat- 
ing medium have not been reported yet. 

Therefore, in the present study experimental measurement of VFTO 
magnitude and temporal characteristics have been carried out in SF6- 

N2 mixtures at different gap spacings and gas pressures for mixture 
compositions varying from 10% to 40% SF6 in N2. 
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Figure 1. Experimental setup for measurement of VFTO characteris- 
tics. 

2 EXPERIMENTAL TECHNIQUE 

The experiments for the measurement of VFTO in SF6-N2 mixtures at 
different percentages of SF6 in N2 were carried out using a 145 kV GIS 
bus duct supplied by Siemens, Germany. The VFTO magnitudes were 
measured using a capacitive probe. 

2.1 TEST GAP AND PROCEDURE 

The experimental setup used in the present study is shown in Fig- 
ure 1. Disconnector operation for the generation of VFTO was simu- 
lated by the breakdown of a 5 cm diameter hemispherical electrode 
gap, which is built into the model bus duct. VFTO characteristics at two 
different gaps of 0.20 and 0.61 mm were studied. For accurate measure- 
ment, and also to confirm the alignment of the electrode surfaces, the 
gap spacings were measured using a filler gauge to an accuracy better 
than + 0.5%. Once the gap was adjusted, experiments for all mixture 
ratios and pressures were conducted without disturbing the gap. The 
GIS model bus duct is a single floating bus of length 2.45 m from the 
gap axis. Using the bus duct, experiments were carried out at each 
of the above mentioned gaps over a pressure range of 100 to 500 P a .  
Pressure in the chamber was measured with the help of a pre-calibrated 
pressure gauge, which is lnherent to the model bus duct and the pres- 
sures measured using this gauge are accurate to f 2%. The HV bus was 
excited with a sinusoidal voltage of 50 Hz from a 150 kV HV test trans- 
former. Over the range of voltages in the present study, the transformer 
is assumed to be discharge free. The model bus duct initially was evac- 
uated to very low pressures of - lop3 kPa to remove air, moisture and 
other contaminants present. The duct was then filled with the appro- 
priate gas in which experiments were performed. In case of pure SF6 
and pure N2, cylinder grade gas (99.5% purity) was filled directly and 
left for N 1 h before starting the experiments. For preparing SF6-N2 
mixtures, the duct was filled according to the partial pressure of the 
gases. In this method, the gas having the lesser percentage content in 
the mixture, i.e. SF6 in the present case is let in first followed by the gas 
with higher content in the mixture, i.e. Nz. The mixture was then left 
for a minimum of 5 h to allow proper mixing of the gases prior to start 
of the experiments. Between successive breakdowns, a time delay of - 10 min was provided. The handling of SF6 gas, i.e. evacuation, pres- 
surizing and recycling etc. was done with the help of a gas recycling 
and pressurizing plant from DILO, Germany. 
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2.2 MEASURING SYSTEM 

The VFTO were measured using a capacitive voltage sensor hav- 
ing a fast response time, which was developed in-house specifically for 
this purpose [U]. The voltage rise time of the sensor (the time to rise 
from 10% to 90% of the full amplitude) is sufficiently steep for measur- 
ing the voltage rise of a disconnector induced fast transient. The fast 
transients generated due to the breakdown of the gap are recorded on 
an oscilloscope (200 MHz Tektronix digital storage oscilloscope having 
a sampling rate of 1 Gsample/s), which was connected from the out- 
put of the sensor using a 0.6 m long coaxial cable (RG56/CU). It was 
found through simulation that the connecting cable would not induce 
any effect on the VFTO characteristics. Also, since the objective of the 
measurement was on the pu value of the VFTO peak (i.e. the ratio of the 
peak voltage to the actual 50 Hz ac peak voltage) rather than the actual 
voltage levels, the possible error in measurement of the pu peak of the 
VFTO using the oscilloscope can be neglected. The VFTO waveforms 
were recorded at an appropriate time sweep taking into consideration 
the accuracy with which the parameters of the plot can be measured 
on the CRO screen. A schematic of the sensor used for measurement is 
shown in Figure 2 .  

To CRo \ 

3 RESULTS 

bus duct 

Figure 2. Capacitive sensor used for measurements. 
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Figure 3. A typical VFTO waveform. Time Scale: 2.5 ns/div. t ,  = 
Breakdown time. t ,  = time to maximum peak. 0: is at 10% of the peak 
value (B) obtained with zero (0 V) as the base. A: is the first peak from 
0 on the rising portion of the VFTO waveform. B: maximum peak of 
the VFTO 

Using the experimental technique described above, it was possible 
to measure the VFTO characteristics in the GIS model bus duct with SF6- 
N2 gas mixture insulation up to an accuracy o f f  2%. A typical VFTO 
waveform recorded using the experimental setup is shown in Figure 3 
where the different parameters of interest are shown. The results and 
discussions are presented in the following Sections. 

Typical VFTO characteristics recorded at a pressure of 500 kPa using 
the experimental setup described above for pure N2, pure SFb and mix- 
tures of SF6 in N2 with concentrations of lo%, 20% and 40"Y0 are shown 
in Figures 4,5 and 6. Only characteristics at a pressure of 500 kPa are 
shown because it lies in the practical pressure range of a GIS filled with 
pure SF6. The characteristics at other gas pressures are similar to the 
ones shown. Figures 4 and 5 show the characteristics obtained at gaps 
of 0.20 mm and 0.61 mm respectively, while characteristics in Figure 6 
correspond to those recorded at 0.61 mm gap, but at shorter time scales. 
In addition, the results of the VFTO rise times and the overvoltage factor 
(in pu) for the pure gases as well as the gas mixtures at all pressures are 
given in Table 1 for both 0.20 and 0.61 mm gaps. These data are shown 
in Figure 7 as variations of the overvoltage factor with gas/mixture 
pressure, while the same data are shown in Figure 8 as a function of 
SF6 concentration in N2. 

It can be seen from Figure 7 that the overvoltage factor increases 
with the gas/mixture pressure for the two gaps studied. It is evident 
from Figure 8 that the overvoltage factor is lowest in N2 and increases 
with increase in SF6 concentration. The characteristics clearly exhibit a 
nonlinear trend, which is more pronounced at higher gas pressures (400 
and 500 kPa). Between 300 and 500 P a ,  there is a rapid increase in the 
overvoltage factor to 540% SF6 content in N2 (at 0.61 mm gap) but only 
to 10% SF6 (at 0.20 mm gap). Between pressures of 200 and 300 kPa at 
0.20 mm gap, there is no significant difference in the overvoltage factors 
for pure SF6 and 40% SFs in N2 mixture. A similar observation is seen 
for the mixtures having 20% and 10% SF6 in N2, but now between 200 
and 400 kPa. On the other hand, at 0.61 mm gap, such observations 
could not be made. 

As can be seen from Figures 4, 5 and 6 and also from Table 1, at 
0.20 mm gap, the time to breakdown of the gap is almost constant at 
5.5 ns for pure SF6 and its mixtures at all pressures, while it is 6.0 ns 
for N2 to 400 kPa pressure. On the contrary, with 0.61 mm gap, the 
breakdown time of the gap is seen to decrease with increasing pressure 
as well as breakdown voltage. The lowest sparking time observed was 
3.4 ns for SF6 at 500 kPa as can be seen clearly from Figure 6. Most of 
these data a?e obtained for the first time, and wherever possible com- 
parisons have been made with published data. 

4 DISCUSSION 

For the sake of clarity, the results obtained at the two gap spacings 
at gas/gas mixture pressures ranging from 100 to 500 kPa and for dif- 
ferent gas mixture ratios are analyzed and discussed under appropriate 
Sections. 

4.1 WAVEFORMS 

From the typical VFTO waveforms shown in Figures 4,5 and 6, it can 
be seen that the VFTO waveforms are similar to those obtained earlier 
during studies on GIs  systems using fast response capacitive sensors 
[4]. It has a steep initial rise (3 to 6 ns), a peak that does not occur in the 
steepest portion of the wave, and a gradually decaying oscillating com- 
ponent. It can be observed further that the waveforms are all similar 



IEEE Transactions on Dielectrics and Electrical Insulation Vol. 8 No. 4, August 2001 661 

I "  1 

(a i 
Figure 4. VFTO Characteristics at 500 kPa for 0.20 mm gap. Divider ratio = 456f 2 [9]. (a) Pure NZ [Scale: 7 V/div, 50 ns/div], (b) 10% SF6-90% N2 
[Scale: 8 V/div, 50 ns/div], (c) 20% SF6-80% NZ [Scale: 10 V/div, 50 ns/div], (d) 40% SF6-60% NZ [Scale: 10 V/div, 50 ns/div], (e) Pure SF.5 [Scale: 10 
V/div, 50 ns/div]. 

Figure 5. VFTO Characteristics at 500 kPa for 0.61 mm gap. Divider ratio = 456+ 2 [9]. (a) Pure NZ [Scale: 5 V/div, 50 ns/div], (b) 10% SF6-90% NZ 
[Scale: 5 V/div, 50 ns/div], (c) 20% %-80% NZ [Scale: 7 V/div, 50 ns/div], (d) 40% SF6-60% NZ [Scale: 5 V/div, 50 ns/div], (e) Pure SF6 [Scale: 5 V/div, 
50 ns/div]. 

Figure 6. VFTO Characteristics at shorter time scales at 500 kPa for 0.61 mm gap. Divider ratio = 456f 2 [9]. (a) 10% SF6-!?0% NZ [Scale: 5 V/div, 2.5 
ns/div], (b) 20% SF6-80% N2 [Scale: 7 V/div, 2.5 ns/div], (c) 40% SF6-60% NZ [Scale: 5 V/div, 5 ns/div], (d) Pure SF6 [Scale: 10 V/div, 5 ns/div]. 

irrespective of any variations in the gap spacings, mixture concentra- 
tions and gas pressures. This observation is due to the fact that the 
nature of the VFTO waveform depends on the GIS configuration and in 
the present study, VFTO measurements were carried out using the same 
GIS bus duct configuration for all the cases. 

4.2 VFTO CHARACTERISTICS - 
OVERVOLTAGE FACTOR 

It can be seen from Figures 7 and 8 that the VFTO magnitudes in- 
crease with increasing gas/gas mixture pressure and with increasing 
concentration of SF6 in Nz. The maximum magnitude recorded was 
2.41 pu in 0.61 mm gap at 500 kPa. At 0.20 mm gap, the increase in the 
overvoltage factors is almost linear over the complete pressure range 
studied while for 0.61 mm gap, linearity is observed to <300 kPa only 
(Figure 7). For a given system configuration, the VFTO magnitudes de- 
pend on the breakdown voltage of the gap. Since the breakdown volt- 
age of the gap increases with increasing gas pressure and concentration 
of SF6 in the gas mixture, the VFTO magnitude also increases accord- 
ingly. The VFTO peak magnitudes in N2 are lower compared to those 
in pure SF6 and gas mixtures at all gas pressures and at both 
gaps studied, which is due to the correspondingly lower values of the 
breakdown voltages for N2 compared to those of pure SF6 and SF642 
mixtures. 

The VFTO magnitude was observed to increase rapidly on increas- 
ing the percentage of SF6 from 0 to 10% in the mixture at all pressures 
(Figure 8). However, with the further addition of SF6 in N2, the rate 
of rise in the VFTO magnitude reduces at all pressures. The trends in 
the variations of overvoltage factors with mixture compositions are dis- 
tinctly different at the two gaps studied. At 0.20 mm gap, the rapid 
increase in VFTO magnitude to <lo% SF6 concentration occurs at all 
pressures, but it is pronounced at higher pressures. Further increase 
in SF6 concentration appears to have no significant effect on the over- 
voltage factors especially at lower pressures. On the other hand, at the 
gap distance of 0.61 mm, the overvoltage factor increases linearly with 
the SF6 concentration to <20% (100 and 200 kPa) and increases more 
rapidly with increasing SF6 concentration in the mixture (especially at 
200 kPa). At pressures >300 kPa, the increase in overvoltage factor is 
rapid when the SF6 concentration was increased from 0% to 40% and 
it is less steep at SF6 concentrations >40%. The variations of the VFTO 
magnitudes at both gap spacings are also similar to the variations ob- 
tained in the attachment coefficient ( q / p )  us. YO SF6 in N2 characteristics 
[12]. The difference between the VFTO magnitudes obtained in various 
mixtures is lower at lower pressures and higher at 400 and 500 kPa. 
Table 1 shows the differences in the VFTO magnitudes for different gas 
mixtures. In both gaps, the breakdown process mostly controls the 
variations in the overvoltage factor. 
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Pressure pure SF6 40%SF6-60%Nz 20%SF6-80%Nz 

kPa ns pu ns pu ns pu 
t ,  VFTO t ,  VFTO tr VFTO 

Table 

10%SF6-90%N2 Pure N2 

ns pu IIS pu 
tr VFTO tr  VFTO 

1. 

Pressure pure SF6 40%SF6-60%Nz 20%SF6-80%Nz 

kPa ns pu ns pu ns pu 
t ,  VFTO t ,  VFTO tr VFTO 

10%SF6-90%N2 Pure N2 

ns pu IIS pu 
tr VFTO t r  VFTO 

Thomas et al.: Very Fast Transient Overvoltages 

Time to breakdown and VFTO magnitudes at different pressures and gap spacings. tr is the breakdown time. 

3.80 

400 
500 

Gap spacing 0.61 mm 

2.19 4.15 1.82 4.28 1.80 5.40 1.77 
2.33 3.98 2.19 4.05 2.02 4.08 5.32 1.88 
2.37 3.85 2.30 3.93 2.18 4.02 2.06 5.25 1.92 
2.41 3.60 2.34 3.70 2.23 3.95 2.15 5.20 2.04 

Gap spacing 0.2 mm 

1.75 5.5 1.74 1.72 1.71 6.0 1.65 
1.83 5.0 1.75 5.0 1.73 5.5 1.72 6.0 1.66 
1.88 5.0 1.82 5.0 1.78 5.5 1.77 5.5 1.67 

At 0.20 mm gap (see Figure 7),  the variation in VFTO magnitude in 
pure SF6 and in all the gas mixtures studied is similar (but ill defined) to 
the non-uniform field breakdown due to corona stabilization observed 
earlier [13]. The VFTO magnitude increases very rapidly when the SF6 
concentration in N2 increases from 0% to 10% (Figure 8). But it is inter- 
esting to note that there is negligible difference in the VFTO maptudes  
between mixtures containing 10% and 20% SF6 (200 to 400 kPa) and 
also between 40% and 100% SF6 (200 to 300 H a )  (Figure 7). A possible 
reason for such an observation may be due to the occurrence of corona 
stabilization in the gap (at 0.20 mm). In the present investigations, 
hemispherical electrodes were used and experiments were carried out 
at small gap distances. But some roughness on the electrode surfaces 
have been observed due to surface erosion over a small area near the 
tip of the electrodes. These small surface irregularities become more 
prominent when very small gaps are used for experiments (since the 
discharge area is reduced) and thus the occurrence of corona stabilized 
breakdown of the gap cannot be ruled out. Since the gap distance at 
0.20 mm gap is very small, it is felt that the corona stabilization effect 
could be the reason behind such an observation. It may be empha- 
sized here that a similar observation is not seen in the case of pure N2 
(0.20 mm gap in Figure 7). Moreover, this effect is not seen with the 
0.61 mm gap (Figure 8), and the vFTO magnitudes are distinct at dif- 
ferent gas pressures. This may be due to the reason that because of the 
slightly larger gap at 0.61 mm (compared to 0.20 mm), the discharge 
area has increased and the surface non-uniformity does not contribute 
to the breakdown process (i.e. corona stabilization does not take place). 

4.3 TIME TO GAP BREAKDOWN 

With respect to the time to breakdown of the gaps, two different 
observations have been made for the two gap distances investigated. It 
can be observed from Table 1 that the time to breakdown at 0.20 mm 
gap remains practically constant in the range of 5 to 6 ns irrespective of 
changes in the gas pressures at different gas mixture ratios. The time 
to breakdown has been observed to be constant at 5.0 ns (in pure SF6) 
and 5.5 ns (10% SF6 in N2), while in gas mixtures containing 2O%, it 
remains constant at 5.5 ns until 300 H a  and reduces to 5.0 ns at 400 and 
500 P a .  Only in the case of N2, the breakdown time is slightly higher 
at 100 kPa compared to its value at 500 kPa. These observations are in 
close agreement with the results of Pfeiffer [14], which shows that for 

in GIs 

approximately uniform fields and small gap separations, the difference 
2.5 , 
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Figure 7. Pressure us. overvoltage factor characteristics for both the 
gaps. 0: pure Nz,.: 10% SF6-90% Nz, A: 20% SF6-80% Nz, 7 :  40% 
SF&% Nz, Sr: pure SFb. Dotted lines in the graph pertain to data at 
a gap of 0.61 mm. Solid lines are for a gap of 0.20 mm. 

in the time lags (formative time) between N2 and SF6 does not seem 
to be very important. This is true for the case of SF6-N2 mixtures as 
observed in the present investigations. At this small gap (0.20 mm), the 
formative time lags to breakdown will be very small irrespective of the 
gaseous medium and therefore the contribution of the formative time 
lags to the total breakdown time of the gap is negligible. 

Contrary to the above observation, the breakdown time in the case 
of 0.61 mm gap has been found to be varying with respect to the gas 
pressure and SF6 concentration in N2 (Table 1). The breakdown time 
decreases with increasing gas pressure and SF6 concentration in N2 and 
the shortest breakdown time (3.4 ns) has been observed at 500 kPa for 
pure SF6. Therefore, the time to breakdown is a function of the gas 
pressure and the SF6 concentration in N2 in the 0.61 mm gap. This ob- 
servation has been found to agree with Toepler's spark law (commonly 
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Figure 8. YO SFs in N2 us. overvoltage factor characteristics for both 
the gaps. W: 100 kPa, 0 200 kPa, A: 300 kPa, 0: 400 kPa, Ir: 500 kPa. 
Dotted lines in the graph pertain to data at a gap of 0.61 mm. Solid 
lines are for a gap of 0.20 mm. 

used to explain VFTO phenomena in GIS [3]). According to Toepler's em- 
pirical relation [3,15], the time to breakdown of the gap (or the rise time 
of the VFTO) is inversely proportional to the breakdown voltage of the 
gap. Since the breakdown voltage of the gap increases with increasing 
gas pressure and SF6 concentration in N2, the time to breakdown of the 
gap correspondingly decreases. Although Toepler's law explains the 
change in rise time with the breakdown voltage, only varying Toepler's 
constant with respect to the gas/gas mixture pressure and concentra- 
tion can account for the changes in the breakdown time at 0.61 mm gap 
in the present study (Table 1). 

4.4 TIME TO PEAK OF THE VFTO 

It can be observed from Figures 4,5 and 6 that the maximum peak of 
the VFTO in pure SF6, pure N2 and mixtures of SF6 and N2 at different 
gas mixture pressures and mixture concentrations occur after a certain 
time, which is N 17 to 18 ns. The same observations were made at 
0.20 mm gap. The occurrence of the maximum peak is related to the 
reflections of the voltage wave from impedance mismatches and other 
terminations in the CIS bus duct. The GIs bus duct used in the current 
experiments is a single floating bus of length 2.45 m from the test gap 
and it remains unaltered for all experimental sets. Since the length of 
the bus is constant and there are no impedance mismatches, except for 
the presence of spacers (Figure l), the peak of the voltage wave occurs 
at the first reflection from the end of the bus. The travel time for the 
first reflection of the voltage wave generated in the test gap from the 
end of the floating bus will be 

(1) 
21 t = -  
U 

where 1 is the length of the bus, and U the velocity of propagation of 
the voltage wave. 

Assuming a velocity of propagation 0 . 9 5 ~  the speed of light (due to 
the presence of spacers, etc.), the travel time of the voltage wave gener- 
ated after breakdown of the gap in the CIS to get reflected is NN 17.2 ns, 
which is comparable to the time obtained from the experiments. 

5 CONCLUSIONS 
N the present study, VFTO characteristics in a GIS with SF6-N2 gas I mixture (at different percentages of SF6) as the insulating medium 

were recorded and the overvoltage factors were measured. A 50 Hz 
ac voltage source was used for triggering the gas gap within the GIs 
bus duct. Results have shown that the VFTO magnitude in N2, SF6 
and its mixture increase with increasing concentration of sF6 in N2. At 
0.20 mm gap, the overvoltage factors were found to increase rapidly 
on addition of 10% SFs in N2 but at higher pressures. -On the other 
hand, at 0.61 mm gap, the overvoltage factor increases rapidly to <40% 
SF6 concentration especially at higher mixture pressures. At 0.20 mm 
gap, between 200 and 400 kPa, there is an indication of the occurrence 
of corona stabilization in the breakdown process for different mixture 
ratios. But this effect is not seen at 0.61 mm gap and the overvoltage 
factors strictly increase with pressure. Thus, it appears that variations 
in the overvoltage factor for the pure gases and gas mixtures at both 
the gaps are directly related to the breakdown process. No significant 
change in the rise time of the VFTO could be observed for pure NE, pure 
SF6 and its mixtures at 0.20 mm gap. This is because of the fact that the 
formative time lags in all cases under the experimental conditions of the 
present study do not play any important role in the discharge growth. 
But, at 0.61 mm gap, similar observation could not be made, and the 
formative time and hence the Toepler's constant is a function of the gas/ 
mixture pressure, breakdown voltage and mixture Concentration. 

From Table 1, considering the overvoltage factors at 400 and 500 kPa 
(working pressure range in a GIS) for both gap spacings, it can be noted 
that the percentage decrease in the VFTO magnitudes for 10% and 20% 
SF6 in N2 mixture at 500 kPa is quite significant compared to pure SF6. 
Thus, bearing the overvoltage factor in mind, it appears that 10% to 
20% SF6 mixture concentration is better suited for application in gas 
insulated systems. But, from the point of view of the dielectric strength, 
a compromise has to be made with the operational pressure and the 
dimensions of the GIS apparatus and in this respect such a mixture ratio 
may prove insufficient. The use of lower SF6 concentration mixtures in 
GIS will no doubt reduce the use of SF6 gas, which is costly and also 
harmful for the environment, but problems will still exist with respect 
to the maintenance of a uniform gas mixture ratio and the removal and 
recycling of the gas mixture. 
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