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Abstract: Very fast transient overvoltages (VFTOs) generated during circuit breakers or
disconnector switches operations in ultra high voltage gas insulated switchgears (GIS)
make great threats to the insulation of power equipments. For the purpose of more
economical of GIS insulation design and insulation co-ordination, it is necessary to
research the insulation characteristics of GIS equipments under VFTOs. In this paper,
simulation results of designed high voltage circuit using Electro Magnetic Transients
Program, a systemic design method of VFTO generation and measurement were
proposed. Besides, the effects of circuit configuration on VFTO parameters were also
researched. Finally, VFTO generated by the system was measured. Simulation results
revealed that the intermediate storage capacitor had a big effect on output efficiency and
frequency of VFTO. The inductance of generation circuit should be as small as possible.
While resistance should be chosen properly for higher efficiency and proper oscillation of
VFTO. Test results demonstrated the newly developed generation system could generate
2.5MV VFTO, which had a risetime of 49ns and oscillation frequency of 8.1MHz. The
VFTO generation system can help to better research insulation characteristics of GIS.

can generate VFTO of several megavolts for

Gas insulated switchgear (GIS) has been widely
used in electrical power systems for decades.
Recently, it has also been motivated by the ultra
high voltage transmissions in China[1]. Compared
with the air insulated substations(AIS), GIS is more
reliable, occupies much less space, is not affected
by weather and can be aesthetically integrated into
the ambient surroundings[2]. However, VFTO is
generated during circuit breaker or disconnector
switch operations in GIS, which makes great
threats to the insulation of power equipments.

Amplitude of VFTO almost increases linearly with
the increase of voltage level. For 1000kV GIS, the
rated voltage increases almost one time than
500kV GIS. However, the insulation level of it
increases only 55% than 500kV GIS. Insulation
failures will be more serious in ultra high voltage
GIS. So, it is of practical and economical [3]
interests to research insulation characteristics of
1000kV GIS equipments under VFTO in laboratory.
Although many simulation systems of VFTO in
laboratory have been reported [4-7] and many
works [6-14] have been done in the field of VFTO,
most of the present studies of VFTO amplitude is
of several hundred kilovolts, of which the results
can’t guide the design of GIS directly. In addition,
the effects of electrode shapes, voltage polarities
and electrode space on the breakdown voltage
under ultra high VFTO are lack of systemic
research. These requirements call for the
development of a new simulation system which

researching insulation characteristics of GIS.

In this paper, based on simulation results of high-
voltage circuit using Electro Magnetic Transients
Program (EMTP), each part of generation and
measurement system of VFTO was analyzed and
selected. Simulation results demonstrated that the
intermediate storage capacitor (ISC), the damping
resistor and inductor had a big effect on VFTO
parameters. Test results revealed that the newly
developed simulation system could generate
2.5MV VFTO with a risetime of 49ns and oscillation
frequency of 8.1MHz.

2 EXPERIMENTAL ARRANGEMENT

2.1 Generation system of VFTO

Figure 1 shows schematic diagram of VFTO
generation system. Impulse voltage generated by
the impulse generator(IG) 1 propagates to the first
bus 6 through overhead line 2 and HV bushing 3.
The bushing and first bus is used to energy
storage, which can store the wave front energy of
lighting impulse(LI) before breakdown of sharpener
gap temporarily. The energy stored is released
when sharpener gap breaks down, and then VFTO
is generated in test terminal 12. Hemisphere of
sharpener gap connected with the first damping
resistor 7 is an obturator and is installed with
adjustable electrode and gas pipeline. The length
of adjustable electrode is controlled by regulating
gas pressure through the pipeline outside GIS
vessel 4. Therefore the gap clearance and
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breakdown voltage are regulated. The method
restrains jitter of VFTO when gas switch breaks
down and reduces breakdown time dispersion of
sharpener gap, which makes the VFTO output
more stable. It is worthy to note that the generation
system can also generate LI by bridging sharpener
gap only, which is convenient to make a
comparative research of breakdown characteristics
of SFg gap under VFTO and LI.

Impulse

generator
1

1-impulse generator  2-overhead line  3-HV
bushing 4-GIS vessel 5-supporting insulator 6-
the first bus 7-the first damping resistor 8-
sharpener gap 9-conical voltage sensor 10-the
second damping resistor 11-the second bus 12-
test terminal 13-plate electrode

Figure 1: Diagram of VFTO generation system.

The parameters of above-mentioned generation
system are so huge that makes physical image
and concept vague. It's hard to confirm major
influence factor on VFTO and guide the design of
GIS configuration properly. So, the model of
generation system is simplified based on validity
and precision. Equivalent inductance of IG is so
big that restrains the charge to HV bushing and the
first bus at the instant of sharpener gap breaks
down. So wave-front of VFTO is mainly determined
by ISC Cy(equivalent capacitor of bushing and the
first bus) and test capacitor C;. The equivalent
circuit is shown in figure 2.

The Laplace equation of Fig.2 is:

sC
where, Vj is the initial voltage of C,.
If the current is oscillation waveform, then
R<2L/C

So, the current i(t) is derived:

i(t) ~ Yo g sin gt (2)
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The maximum of u(t) can be expressed as:
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The equations mentioned above indicate that
frequency, risetime and amplitude of VFTO are
determined by circuit parameter R,L and C. It is
also worthy to note that the amplitude of VFTO is
mainly determined by C, and C; because & << @
(YY Y\
NN—=
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C,-I1SC S-switch gap R-circuit equivalent
resistance L- circuit equivalent inductance C-

entrance capacitance of test object
Figure 2: Wave-front equivalent circuit.

2.2 Design of Conical Voltage Sensor

Amplitude of VFTO to be measured is several
megavolts, which calls for large voltage attenuation
ratio of voltage sensor. The low voltage
capacitance of conical voltage sensor is larger than
traditional plane voltage sensor, so the voltage
attenuation ratio is larger, when sensor electrode is
the same. Besides, conical structure of voltage
sensor realizes smooth transition of wave
impedance from high voltage arm to coaxial cable,
which drastically reduces refraction and reflection
of voltage wave when it propagates in
measurement system. So, the conical voltage
sensor is chosen as the measurement equipment
based on two merits mentioned above.

Sketch map of conical voltage sensor is shown in
figure 3. The high voltage capacitor consists of HV
bus of GIS, sensor electrode and SF¢ gas between
them. The capacitance of high voltage arm is about
0.2pF obtained by calculation. The low dielectric
loss of high voltage arm has the merit of short
response time, which makes measurement of
VFTO with fast risetime more accurate [15].

!

1-HV bus of GIS 2-sensor electrode 3-inner cone
4-PI film 5-outer cone 6-BNC connector 7-ground
electrode

Figure 3: Sketch map of conical voltage sensor



XVII International Symposium on High Voltage Engineering, Hannover, Germany, August 22-26, 2011

A thin polyimide(PI) film of a few microns thickness
between inner cone and outer cone made of
aluminum is used for dielectric of low voltage arm.
The dielectric constant of Pl is found to be constant
for a wide range of frequencies and is suitable for
this application. A thin layer of SF¢ gas in series
with Pl film makes the capacitance of low voltage
arm less than the designed static capacitance[15].

25uH 1502 600 240ul%

The defect is overcome by coating both sides of Pl
film with silver paint, which makes a close contact
of Pl film with inner and outer cone. The
capacitance of low voltage arm measured by
electric bridge is 9.8nF. The output signal is taken
from low voltage capacitor through a conical
terminal and transmitted to oscillograph.

T

1-impulse generator 2-HV bushing 3-gas vessel Il

4-gas vessel lll  5-gas vessel IV 6-gas vessel V

Figure 4: Simulation model of VFTO generation system

3  SIMULATION OF GENERATION SYSTEM

Based on current technology and simulation
demand, parameters of generation system is
primarily selected as: risetime of VFTO<50ns; time
to half value:50us; oscillating frequency: 8~30MHz;
amplitude >2.5MV.

The influence of ISC (C,), circuit inductance and
resistance on VFTO parameters are investigated.
Simulation model of VFTO generation system is
shown in figure 4. Selection of model parameters
can refer to literatures[8]. In special, HV bushing is
characterized by lumped capacitor and inductor,
while HV bus is characterized by distributed
parameters. The voltage probe V; and V, are
placed at terminal of HV bushing and
measurement point of conical voltage sensor
respectively. The time step for simulation is 0.3ns
and the total calculation time is 6us.

Figure 5 shows the VFTO generated by simulation
model. It can be seen sharpener gap breaks down
near the peek of LI. While voltage measured by V,
indicated by solid line has a risetime of 49.5ns and
oscillating frequency of 8.5 MHz, which reproduces
characteristics of fast risetime and high oscillating
frequency of VFTO more veritably.
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Figure 5: VFTO generated by simulation model

3.1 Effect of ISC on VFTO

Figure 6 shows the effect of ISC on output

efficiency and predominant frequency of VFTO.
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Figure 6: Effect of ISC on VFTO parameters

The output efficiency n is defined by the ratio of
amplitude of VFTO to value of LI at breakdown
time. The equivalent test capacitance (C’;) includes
test capacitance (C;), capacitance of supporting
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insulator and HV bus after V,, which is about 90pF
by calculation. The curves of different C'; are
calculated by formula (4). While S; and S, are the
simulation results of figure 4. It can be deemed
from figure 6(a) that the simulation results are
highly consistent with calculation results when C’,
is 90pF. It also can be seen from figure 6(b) that
frequency of VFTO decreases inversely and trend
to constant with increase of C,,.

The change law of figure 6 can be explained by
formula (3) and (5).The output efficiency n
increases with the increase of C, and decrease of
C:. Meanwhile, it is interesting to note that n will
trends to 2 in condition that C, trends to infinity
and C; trends to infinitesimal. Further researches
reveal that the peak value of VFTO only appears
in the first peak as shown in figure 5 when C, >
150 pF. However, attention also must be paid to
the fact that frequency of VFTO decrease sharply
with increase of C, when C,<400pF. Consequently,
C, is selected as 200pF for a proper high
efficiency and frequency.

3.2 Effect of inductance on VFTO

Figure 7 shows the effect of the first damping
inductance on risetime and frequency of VFTO. It
can be seen that the risetime of VFTO increases
with the increase of inductance. By contrast, the
predominant frequency of VFTO decreases with
the increase of inductance.

It can be deduced from formula (3) that:

f =

11 R (1) ©)
cL 4L

t ~ /4.1 (7)
It's obvious the change tendency in figure 7 can be
seen clearly when R and C are substituted by 45Q
and 200pF in formula (6) respectively. Further

researches reveal inductance of generation system

should be as low as possible, whenR<V2L/C, in
order to generate VFTO with higher frequency and
shorter risetime.
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Figure 7: Effect of the first damping inductance (L)
on VFTO parameters

3.3 Effect of resistance on VFTO

Figure 8 shows the effect of damping resistance on
amplitude of VFTO. It can be seen that the output
efficiency of VFTO increases with the decrease of
the first or the second damping resistance.
However, the oscillation of VFTO becomes so
acute that can’t reproduce main characteristics of
VFTO properly. Considering this, the first and the
second damping resistance are selected as 13Q
and 40Q) respectively.
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Ri-the first damping resistance R,-the second
damping resistance

Figure 8: Effect of damping resistance on VFTO
amplitude

From results mentioned above, three principles in
designing VFTO generation systems can be
conclude: Firstly, ISC should be selected properly
for a higher output efficiency and frequency of
VFTO synchronously. Secondly, inductance of
generation system must be as low as possible

when R<V2L/C  Thirdly, a higher efficiency and
proper oscillation should be considered in selecting
resistance of generation system.

4  MEASUREMENT OF VFTO

4.1 Calibration of Voltage Sensor

High frequency and low frequency response of
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conical voltage sensor were calibrated by fast
risetime impulse and LI respectively. The impulse
was injected from the test terminal. The fast
risetime impulse was measured by conical voltage
sensor and standard voltage divider
simultaneously. While the LI was measured by
Tektronix probe P6015 directly. The oscillograph
used in experiment is Tektronix DPO4104
(bandwidth : 1GHz, sample rate: 5Gs/s).

The fast risetime impulse was generated by a
standard square wave generator, of which the
risetime was 3ns and amplitude was adjusted
between 0~120kV. Figure 9 shows the response of
conical voltage sensor. From figure 9, it can be
seen that the risetime of the impulse measured by
standard voltage divider and conical voltage
sensor are 7.5ns and 8.8ns respectively. The
voltage attenuation ratio of the sensor varies
between 51835 and 54593 at different voltage
levels and the mean value is 53176. The variation
range is smaller than 2.6%. It indicates that the
newly developed conical voltage sensor can
accurately reproduce the fast risetime impulse and
has a stable voltage attenuation ratio .

The LI(+1.2/50us) was generated by a standard
LI waveform generator, of which the amplitude was
adjusted between 0~5kV. Figure 10 shows the
response of conical voltage sensor. It can be seen
from figure 10 that the risetime/time to half value of
LI measured by Tektronix probe P6015 and conical
voltage sensor are 1.53/54.8us and 1.52/52.7us
respectively. The voltage ratio of the sensor varies
between 53414 and 53831 at different voltage
levels and the mean value is 53589. The variation
range of voltage ratio is smaller than 0.5%. It
indicates that the newly developed conical voltage
sensor can accurately reproduce the LI. Calibration
of voltage sensor under fast risetime impulse and
LI shows that the high frequency and low
frequency voltage ratio of the sensor is almost the
same. The variation range of voltage ratio is
smaller than 0.4%. The response time of the
sensor is smaller than 10ns and can reproduce
nanosecond impulse and LI accurately.
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Figure 9: Response of conical voltage sensor
excited by fast risetime impulse
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Figure 10: Response of conical voltage sensor
excited by LI

4.2 Measurement of VFTO in GIS

VFTO measured by conical voltage sensor in the
designed generation system is shown in figure 11.
LI measured by standard capacitive divider is
shown in figure 12.
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A-full wave B-chopped wave
Figure 11: Output waveform of VFTO measured
by conical voltage sensor
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Figure 12: Output waveform of LI measured by
standard capacitive divider

From figure 11-A, it can be seen that the amplitude
and risetime of VFTO are 2495kV and 49ns
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respectively.The predominant oscillation frequency
is 8.1MHz.While the output voltage of IG measured
by standard capacitive divider is 2045kV indicated
by figure 12-A when the sharpener gap breaks
down. So, the output efficiency of VFTO is 1.22.

From the simulation results in figure 4, it can be
seen that the amplitude and risetime of VFTO are
2497kV and 49.5ns respectively. The predominant
oscillating frequency is 8.5MHz. While the output
voltage of IG measured by voltage probe V, in
figure 4 is 2030kV when the sharpener gap breaks
down. So, the simulation results show the output
efficiency of VFTO is 1.23. The measurement
results are consistent with simulation results.

The above-mentioned results reveal VFTO
generated by simulation system can reproduce the
main characteristics of VFTO, such as risetime,
oscillation frequency and amplitude in actual GIS.
So, the generation system can be used to research
the insulation characteristics of 1000kV GIS.

5 CONCLUSIONS

To guide the design of 1000kV GIS directly, a new
generation system of VFTO was developed to
research insulation characteristics of it. The
following conclusions can be drawn:

(1) The measurement results are highly in
agreement with simulation results. The newly
developed generation system can generate 2.5MV
VFTO, which has a risetime of 49ns and oscillation
frequency of 8.1MHz. It is suitable for researching
the insulation characteristics of 1000kV GIS.

(2) The newly developed conical voltage sensor
has a wide band and big attenuation ratio, which
can accurately reproduce both the low frequency LI
and the high frequency VFTO signal with a risetime
of several nanoseconds.

(3) R, L, and C of the circuit have an obvious
effect on VFTO parameters. Inductance of circuit

should be as small as possible, when R <v2L/C
for generating VFTO with higher frequency and
shorter risetime. A suitable value of damping
resistance must be chosen for higher efficiency
and proper oscillation of VFTO. It is worthy to note
that selection of ISC is related to the value of test
capacitance. On precondition of proper frequency,
the ISC should be as big as possible for higher
output efficiency of VFTO.
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