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Abstract—Gas insulator switchgears (GISs), widely used in
electric power systems for decades, have many advantages due
to their compactness, minimal environmental impact, and long
maintenance cycles. However, very fast transient overvoltage
(VFTO) increases caused by a rise in voltage levels can lead
to GIS insulation failures. In this paper, a generating system of
VFTO and standard lightning impulse (LI) is established. The
insulation characteristics of SF¢ gas with and without insulators
under VFTO and standard LI are investigated. Experimental
results show that the 50% breakdown voltages of the inhomo-
geneous electric field rod-plane gap under positive VFTO and
standard LI are higher than that under negative VFTO and
standard LI. The research shows that the 50% breakdown voltage
under VFTO could be lower than that under standard LI at
0.5 MPa for the negative polarity. Moreover, the polarity effect
of the insulator without defect is different from that with defect.
Similarly, the breakdown voltage of the defective insulator under
VFTO could be lower than that under standard LI by 8%. The
flashover channel under VFTO is seen as more than that under
standard LI. Based on the analysis of discharge images and
experimental results, it is concluded that the polarity effect is
related to the distortion effect of ion clusters formed by SFs on
the electric field. Additionally, the steepness and front time of
impulse plays an important role in the initiation and further
development of discharge on insulator surface. Finally, the
research shows that different discharge characteristics between
VFTO and standard LI may be caused by different wave fronts
and oscillation on the tails of the impulses.

Index Terms—Breakdown voltage, discharge characteristic,
gas insulated switchgear (GIS), lightning impulse (LI), space
charge, very fast transient overvoltage (VFTO)
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AS insulator switchgears (GISs) are widely used in

electric power systems for their many advantages in
compactness, minimal environmental impact, and long main-
tenance cycles [1]. However, the disconnector operation in
GIS can generate very fast transient overvoltage (VFTO),
which varies from 1 MHz to 100 MHz [2], with maximum
amplitude reaching 2.5 p.u. [3]. The VFTO can harm the
insulation of the GIS, especially when voltage levels reach
330 kV or higher [4]. Data show that at high voltage levels,
there are more insulation failures of GIS caused by VFTO than
caused by lightning impulse (LI), thus drawing the attention
of researchers in the field of high voltage.

SFg gas insulation characteristics [S]-[7] have been studied
extensively and a large number of research results are available
in the literature. S. Okabe et al. [11] have experimentally
proven that for a SFg quasi-uniform electric field gap, the
minimum breakdown voltage of positive polarity is higher
than that of negative polarity under VFTO and standard LI.
However, in an SFg highly inhomogenous electric field, the
polarity effect was reversed and the minimum breakdown
voltage of VFTO could be lower than that of standard LI [8],
[9]. For example, in the non-uniform electrode gap with gap
distance d = 30 mm and field utilization factor n = 0.036,
the minimum breakdown voltage under VFTO (157.0 kV)
(oscillation frequency f = 2.7 MHz, damping time constant
T = 25.6 us) is lower than that under standard LI (198.6 kV)
with SF¢ up to absolute pressures 0.5 MPa. Moreover, when
the local field enhancement appeared on the insulator surface,
the breakdown voltage under VFTO could be lower than that
under standard LI by 10%-20% [10].

However, other results have indicated that the breakdown
voltage of insulator under VFTO was not lower than that
under standard LI even though the non-uniform field was
appeared [11]. Also, the gas gaps and insulators used in
the studies were simplified models in small sizes (no more
than 30 mm), which were inappropriate for simulation of the
real situation. Therefore, the theoretical study of discharge
characteristics and mechanisms of long SFg gaps with and
without insulator is a valid research direction.

In this paper, a study of the discharge characteristics of SFg
gas with and without insulator under VFTO and standard LI
up to several megavolts is described. A mechanism of space
charge model is proposed to illustrate the different discharge
characteristics between VFTO and standard LI in SFg.
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II. EXPERIMENTAL SETUP AND METHOD

A schematic of the experimental set-up used in this work is
shown in Fig. 1. It consists of an oil-immersed Marx generator
and simulation GIS bus, generating standard LI with non-
oscillating and VFTO with single frequency oscillating up to
8.1 MHz (see Fig. 2). Front time of the first wave T}, wave tail
time T}, oscillation frequency f, and oscillating coefficient &
are the four major parameters of VFTO. Oscillating coefficient
is proposed to clarify the wave oscillation amplitude. £ here
is defined as:

_ (n-W)/2

Vi— (Vi —VWa)/2

3 ey
where, V; and V; are the first peak value and the first trough
value of the VFTO, respectively. V; is used as a reference to
define the wave tail time of the VFTO.
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Fig. 1. Schematic diagram of VFTO generating system.
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Fig. 2. Typical voltage waveforms of VFTO and LI.

A newly developed conical voltage sensor is used for the
measurement of standard LI and VFTO, as shown in Fig.
3. The fast front time calibrating result and long wave tail
calibrating result indicate that the response of the newly
developed conical voltage senor is less than 7 ns, and it could
also satisfy the measuring requirement of the impulse with
wave tail around 50 us accurately, as shown in Fig. 4. An
oscilloscope (Tektronix DPO4104) of 1GHz in bandwidth and
5 Gs/s in sample rate is used to record the waveforms. The V-t
curve of breakdowns is obtained by applying impulse voltages
with different prospective peak values, and the 50% breakdown
voltage derived by using the up-and-down method, according
to IEC 60060-1 [12].
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3-PI film

4-HV bus of GIS
5-SFy
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Fig. 3. Structure of the conical voltage sensor.
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Fig. 4. Calibrating results of conical voltage sensor. (a) Fast front time
calibrating result. (b) Long wave tail calibrating result.

The rod-plane electrodes and metal-contaminated insulator,
shown in Fig. 5(a) and 5(b), is used to simulate local-field
enhancement in GIS. The high voltage electrode in Fig. 5(a)
is an 8-mm-radius hemispherically capped copper rod. A
Rogowski copper electrode of 300 mm in diameter is used
as the grounded plane. The electrode gap d is 112 mm in the
test. The field nonuniformity factor f calculated by [13] was
10.58. The insulator used in this research is a 550 kV basin-
type insulator. The high voltage electrode is a cylinder with
the diameter from 130 mm to 150 mm. The inner diameter of
the grounded cylinder is 555 mm. Steel needles with different
length were attached to the insulator surface. The diameter
of the needle is 0.5 mm, and its point tip radius is 0.1 mm.
Both ends of the needle are not covered with adhesive, and
the position of the needle on the insulator is adjustable. The
test setups were installed in the chamber where the absolute
pressures of SFg can vary from 0.1 MPa to 0.5 MPa. The £ of
VFTO stressed on the rod-plane electrodes and insulator was
0.35.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Discharge Characteristics of SFg Gas Without Insulator

In the literature, the breakdown voltage for a non-uniform
field (typically the rod-plane gap) is reported to be lower when
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Fig. 5. Test setups. (a) Rod-plane electrode. (b) Metal-contaminated insulator.

the rod electrode is stressed by positive polarity voltages [14],
[15]; the polarity effect for the rod-plane gap in this study,
however, has been found to be different, as shown in Fig. 6,
which shows the relationship between the breakdown voltage
of the SFg gap and the gas pressure under different voltage
polarities. In positive polarity, the 50% breakdown voltage
is higher than that in negative polarity for both VFTO and
standard LI. Interestingly, at 0.5 MPa the 50% breakdown
voltage under VFTO is lower than that under standard LI
for the negative polarity. In other words, VFTO with negative
polarity is a bigger threat to the insulation of GIS than standard
LL
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Fig. 6. 50% Breakdown voltage vs. gas pressure for 112 mm rod-plane gap
under VFTO and standard LI.

Fig. 7 shows the V-t curves of the rod-plane gap under
VFTO and LI at different pressures. It can be seen from Fig.
7(a) that the V-t curves of VFTO and standard LI intersect for
positive or negative polarity at a lower pressure. Similarly, at
higher pressure the V-t curve of VFTO for negative polarity
falls below that of standard LI, as shown in Fig. 7(b).

B. Discharge Characteristics of SFe¢ Gas with Insulator

The breakdown voltage of insulator with and without defect
of a 15-mm needle is shown in Fig. 8 and the corresponding
discharge images are shown in Fig. 9. The length x is defined
as the distance between the inner electrode and the needle.

The breakdown voltage of insulator with and without defect
under VFTO or standard LI in negative polarity is higher than
that in positive polarity, which is opposite to the polarity effect
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Fig. 7. Voltage-time curves of 112 mm rod-plane gap under VFTO and
standard LI. (a) P = 0.2 MPa. (b) P = 0.5 MPa.
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of SF¢ gas gap with quasi-uniform field. When the insulator
is contaminated by a needle, the breakdown process contains
two steps, i.e., the breakdown between inner electrode and
the needle as well as the breakdown between the needle and
outer electrode [16]. In Fig. 9(b), a partial arc bridges the
inner electrode and needle initially. The electric field in front
of needle is non-uniform, resulting in the breakdown voltage
for VFTO or LI in positive polarity being lower than that in
negative polarity.

In this study, the charge was generated with relatively high
density on the insulator surface near the needle under VFTO
and standard LI [17]. These surface charges interact with the
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Fig. 9. Discharge images of insulator with and without defect. (a) Insulator
without defect under VFTO. (b) Insulator with defect under VFTO (x = 29
mm). (c) Insulator with defect under VFTO (z = 108 mm). (d) Insulator
without defect under standard LI.

charges of streamer head in developing a breakdown channel
shown in Fig. 10. Thus, two forces act on the streamer head,
i.e., Fy formed by the external field and F,, from the surface
charges [16]. When the positive impulse is applied on the
inner electrode, shown in Fig. 10(a), the positive charges
accumulate on the insulator surface near the needle [17].
Thus, the streamer head near the inner electrode is attracted
to the insulator surface. The interaction of the partial arc
and insulator will cause damage to the insulator, leaving a
dark trace on the insulator surface [18]. The streamer head
near the outer electrode is instead pushed away from the
insulator surface where insulator damage is less probable. Only
the light trace is observed, which are proven by discharge
traces shown in Fig. 9(b) and Fig. 9(c). The case that inner
electrode biased negatively is shown in Fig. 10(b). The charges
could hardly accumulate on the insulator surface without
defect [17] and only Fy acts on the streamer head. Moreover,
the field of insulator surface is more uniform because of the
shielding effect of the inner protruding electrode. So, the
discharge hardly develops on the insulator surface near the
inner electrode shown in Fig. 9(a).

In order to obtain the distribution of surface electric field of
the insulator and further understand the accumulation of the
surface charges, Ansoft was used to simulate the total surface
electric field E, its normal component E,, and tangential
component E, of the insulator with and without defect, as
shown in Fig. 11. When computing, 1000 kV static voltage
was stressed on the high voltage electrode.

As shown in Fig. 11(a), the distribution of surface electric
field of the insulator without defect is approximately uniform.
The maximal E and E,, both appear on the concave side of the
insulator close to the inner conductor. When the insulator is
contaminated by the needle, the surface electric field increases
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Fig. 10. Schematic discharge diagram of insulator with defect. (a) Positive
polarity. (b) Negative polarity..

significantly to a maximum of 6 times more than that of the
insulator without defect.

Fig. 11(b) and Fig.11(c) indicate that E, near the needle
is much stronger than E,. Large quantities of charges are
accumulating in the insulator surface close to the needle,
resulting where the breakdown voltage of insulator with de-
fect decreases significantly when compared with that without
defect. Apart from that, when comparing Fig. 10(b) with Fig.
10(¢c), the maximal E (x = 29 mm) and E,, (x = 29 mm)
are larger than the maximal E (x = 108 mm) and E,, (z =
108 mm), which causes that the breakdown voltage of the
needle near the high electrode is the lowest, as verified in Fig.
8.

To investigate the effect of the length of the needle contam-
inant { on the insulator under VFTO and standard LI, various
lengths of needles were used keeping the defect location x at
108 mm. Fig. 12 shows the corresponding results of positive
and negative VFTO and LI flashover tests indicating that
the 50% breakdown voltage decreases with increasing needle
length. For I < 15 mm, the 50% breakdown voltage under
VFTO is higher than that with standard LI. However, VFTO
decreases significantly for [ > 15 mm, compared with standard
LL

C. Effect of Voltage Waveform

Waveform conversion factor K is proposed [14] to clarify
the effect of voltage waveform on discharge characteristics,
which is defined by the ratio of 50% breakdown voltage
under VFTO to that under standard LI. The factor K of
rod-plane gap and insulator are shown in Fig. 13 and Fig.
14. Fig. 13 shows that with increasing pressure, K decreases
and when pressure reaches 0.5 MPa, K becomes less than
1, which can be explained by the restraining effect of space
charge accumulation under oscillating impulse with increasing
pressure, mentioned in Section III A.

Previous research shows that micro discharge in the gas
near insulator surface such as streamer corona caused by
fixed metal particles is the prerequisite condition for charge
accumulation under impulse voltage [17]. For VFTO, a great
quantity of charges is absorbed onto the surface of the
defective insulator by streamer at the rising slope of oscil-
lating impulse [2]. A strong reverse electric field is formed
when the impulse decreases rapidly, resulting in the so-called
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Fig. 11. E, E; and Ey, of insulator. (a) Without defect. (b) With defect, x =
29 mm, 1000 kV. (c) With defect, x = 108 mm, 1000 kV.

“back discharge” [19], which occurs between the channel
and surrounding deposited charges. Back discharge decreases
the shielding effect of surface charges and also increases the
conductivity of streamer channels so that the leader can be
triggered easily. As a result, the breakdown voltage of the
defective insulator under VFTO can be lower than that under
standard LI by 8%, as shown in Fig. 14.

It is interesting to observe that multi-channels are formed on
the insulator surface when VFTO is applied, as shown in Fig.
9(b) and Fig. 9(c), while the discharge channels on insulator
surface under LI are fewer than those under VFTO, shown in
Fig. 9(d). This phenomenon is caused by the inter-shielding
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Fig. 12. Breakdown voltage vs. needle length for insulator with defect under
VFTO and standard LI. (P = 0.5 MPa, z = 108 mm).
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effect of electron avalanches [20]. Since the delay time of
primary electrons are different, some preceding avalanches
develop ahead of time and form the space charge field,
which changes the applied electric field. And this restrains the
adjacent electron avalanche called posterior avalanche. With
decreasing front time of pulse, the difference in formation
of primary electrons decreases; the inter-shielding effect of
electron avalanches also decreases, leading to an increase of
discharge branches. Therefore, the phenomenon of decreased
pulse front time increasing the discharge branch number can
be clarified.
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IV. CONCLUSION

The discharge characteristics and discharge development of
SFg gas with and without insulator under VFTO and standard
LI was studied. Experimental results indicated that the break-
down voltage for VFTO or standard LI in positive polarity
is higher than that in negative polarity and the breakdown
voltage of VFTO could be lower than that of standard LI at
high gas pressure. The breakdown voltage of insulator under
VFTO or standard LI in negative polarity is higher than that
in positive polarity and the breakdown voltage of defective
insulator under VFTO could be lower than that under LI
by 8%. The different characteristics of discharge are caused
by different conditions such as different applied voltages,
polarities, insulating mediums, and gas pressures.
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