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Abstract: This paper discusses in detail the computation
of the transient ground potential rise (TGPR) in a 500 kV
circuit breaker (CB) in a gas-insulated substation (GIS)
during phase-to-ground faults. The faults are caused by a
lightning strike on the phase conductor or a disconnect
switch operation in the GIS.. Models based both on
electromagnetic fields and circuit theory have been used
to predict the transient response. A reasonable
agreement between the circuit model and field theory
approaches is found in the presence of the grounding
grid. The TGPR and transient electromagnetic fields
near the CB exhibit an oscillation similar to that
observed in the absence of the grounding grid [1]. The
amplitude of the oscillation is reduced by about 50% due
to lower surge ground impedances at the fault site. For
the disconnect switching surge scenario, the transient
GPR and electromagnetic fields oscillate initially at a
higher frequency (around 1.8 MHz). The oscillation
shows a very different waveform compared to the one for
the lightning surge scenario. Two mitigation methods
have been applied to the TGPR in the lightning surge
scenario. It is found that the TGPR can be reduced
significantly (as much as 40%) when the length of the
ground strap of the circuit breaker is reduced by about a
factor of two.

Keywords: transient ground potential rise, gas insulated
substation, electromagnetic field theory, circuit theory,
computer modeling.

1. INTRODUCTION

Phase-to-ground faults in GIS usually take place between
phase conductors and grounded tubular enclosures, due to
dielectric breakdown of the SFy gas in the GIS. The
breakdown can be caused by disconnect switch
operations in the GIS [2] or lightning strikes to phase
conductors in the GIS. These transients have been
implicated in failures of protection and control circuits
and in shocks to personnel.

The phase-to-ground faults which develop as a result of
the lightning strike and the disconnect switch operation
have been examined in our study. The results of the
lightning surge scenario with no grid have been presented
in Ref. [1]. The remaining computation results are
presented here. For the completeness of this paper and
convenience of the reader, the sections entitled
“Description of The Problem” and “Computation
Methods’ in Ref. [1] have been included here with small
modifications to suit this paper.

2. DESCRIPTION OF THE PROBLEM

Figure 1(a) shows a 500 kV SF6 circuit breaker and a
substation grounding system. In this study, only the main
conductors of the grounding system to which the breaker
is connected have been modeled, as shown in the figure.
To simplify the study, we have modeled only the faulted
phase, since the transient behaviour is dominated by the
faulted phase. Each phase of the circuit breaker is
represented by a phase conductor, centered within a
cylindrical wire mesh enclosure. A phase-to-ground fault
is introduced by connecting the phase wire to the
enclosure at the center of the enclosure (see Figure 1(a)).
A resistive load (R) of 44 € is assumed to exist in the
circuit prior to the transient fault occurrence.

The grounding system consists of a 20 x 25 m grid buried
at a depth of 0.5 m and several 3.0 m long vertical ground
rods which are driven to a depth of 3.5 m. The conductors
of the grounding system are made of stranded copper
wire, with a radius of 7 mm. The transmission line phase
conductors are 1565 kcmil 36/7 ACSR conductors. For
simplicity, the same type of conductor is also used for the
phase conductors inside the tubular enclosures. A
uniform soil with a 100 Q-m resistivity, a relative
permeability of 1 and relative permittivity of 1 is
assumed.
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In the field theory approach, a wire mesh is used to
represent the tubular enclosure, as shown in Figure 1(a).
Because we are interested in fault conditions at the circuit
breaker, only five parallel (along the enclosure’s axis)
conductors are needed to represent the enclosure
accurately (based on a previous study [3]). They are
equally spaced around the circumference of the pipe and
consist of aluminum conductors, with a diameter of 2
inches (5.08 cm). They represent a 2-inch thick aluminum
pipe wall. The mean radius (average of inner and outer

radius) of the pipe is R = 0.54 m.

Figure 1(b) shows the dimensions of the circuit breaker.
The transmission line is 10 m above the ground. The
enclosure is subdivided into six sections. The letters A to
G are used to label each section.

The ground potential rise (GPR) on the tubular enclosure

as well as the scalar potentials and electromagnetic fields
near the circuit breaker has been examined. The scalar
potentials and electromagnetic fields have been computed
at a number of observation points located on a horizontal
plane, 1.5 m above the earth surface. As shown in Figure
1(c), the observation points are defined by 5 parallel
profiles beneath the circuit breaker from ¥ =-1to ¥ = +1
m, in 0.4 m steps. Each profile consists of 36 observation
points starting at X = -1.0 m and spaced 0.2 m apart.

In the lightning surge scenario, the breakdown in the CB
is assumed to occur as a result of a lightning strike on the
transmission line, about 60 m away from the CB (see
Figure 1(a)). The lightning surge is modeled as an ideal
current source whose wave shape is a double exponential
given by

I0=1[e"-e"], (1

where I, = 30 kA, o = 1.4x10* sec™ and B= 6.0x10° sec™
Figure 2 displays the waveform of the lightning surge
current. The waveform of the lightning surge is
characterized by a rise time of 1 us and a half-value time

of 50 us.
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Figure 2. A double exponential lightning surge
current.

In the switching surge scenario, the line-to-ground fault
in the CB is assumed to be caused by a dielectric
breakdown in a disconnect switching operation in the GIS
which generates a surge voltage (60 m away from the
CB) on the transmission line with a magnitude equal to
the line-to-ground potential at the breakdown site. The
1.0 pu surge on the transmission line is represented by an
ideal voltage source whose wave shape is again defined
by a double exponential type

V() =V,[e= -], )

where V,, = 1.0, a = 2.31049x10° sec' and B =
8.173503712x10° sec’’. Figure 3 displays the waveform
of the switching surge voltage. The waveform of the



switching surge is characterized by a rise time of 10 ns
and a half-value time of 3 ps.
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Figure 3. A double exponential switching surge
voltage.

The frequency spectrums of the surge signals are
obtained by taking the Fourier Transform of the time
domain signals. The significant frequency components of
the lightning surge are all below 7 MHz, while those
related to the switching surge reach frequencies as high
as 60 MHz.

3. COMPUTATION METHODS

To obtain the transient GPR and electromagnetic fields, a
number of representative frequencies are selected from
the frequency spectrum of the surge signal and then used
to compute the frequency domain responses of the GPR
and electromagnetic fields. The inverse Fourier transform
is applied to the frequency domain responses to obtain
the transient GPR and electromagnetic fields. The
computation of the frequency domain responses is carried
out using the circuit mode! and the field theory approach.
The following describes in detail the computation
methods.

3.1 Computation Methodology

By means of the Fourier Transform, the scalar potential
and electromagnetic field in the time domain can be
found by

1 oo o 1 +ao i
V(1) = — [V(@)e"do =— [V (0)F(@)e"do  (3)
2z, 277,
1 . 17 o
E(r) = — [ E(o)e“do = — [E () F(@edo @)
2r 27,

H(t) = L f H(w)e"dw = L f H(o)F(w)e"do  (5)
27 ", 2z,

where

F(o)= [ F(e “do (6)
is the frequency spectrum of the surge signal (lightning
current or surge voltage), as shown in Figures 2 and 3.
Vo(w), Ef(w) and Hyw®) are, respectively, the frequency
spectrum of the scalar potential, electric field and
magnetic field in the frequency domain.

Vo(®), Efw) and Hy(w) are called the unmodulated
system responses which are generated by applying a unit
force energization to the conductor network. These
responses define the characteristics of the conductor
network in the frequency domain. They are independent
of the input surge signal and, therefore provide valuable
information about the frequency responses of the system
being studied. The unmodulated system responses are
modulated by the frequency spectrum of the surge signal
F(w) to obtain the so-called the modulated. system
response, which is used to obtain the time domain
response via the inverse Fourier transform (Eqs. (3)-(5)).
The computation of the unmodulated system response
can be done using the circuit model and/or the field
theory approach. The Multilines software subpackage of
the CDEGS software [4] is used to compute the
unmodulated system response using the circuit model
approach. The unmodulated system response using the
field theory approach is obtained using the Multifields
software subpackage of the CDEGS software [4]. Both
the forward and inverse Fourier transform are carried out
by the FFTSES engineering module of Multifields.

3.2 Description of the Circuit Model Approach

A circuit model corresponding to the conductor network
in Figure 1 is shown in Figure 4. The circuit is a two-
terminal two-phase network corresponding to the phase
conductor and the SF6 enclosure of the circuit breaker.
The phase wire is energized by an electric source at the
terminal site which simulates the lightning strike (using a
current source) or the disconnect switch surge (using a
voltage source). The phase-to-ground fault at the
dielectric breakdown site is simulated by a short between
the phase conductor and SF6 enclosure.
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Figure 4. Circuit model representing the
transmission line phase conductor and
SF6 enclosure during a phase-to-ground
fault.



The transmission line and SF6 enclosure in the circuit are
divided into short sections. Note that Points A to G in
Figure 4 correspond to Points A to G in Figure 1(b). In
other words, the scalar potential at Point E in the circuit
model corresponds to the GPR of Conductor Segment 1
in the field theory approach (see Figure 1(a)). For each
section, the self impedance of each conductor, the
inductive and capacitive mutual impedances between
every pair of conductors and the shunt impedance of each
conductor to ground are computed. These impedances are
computed using the TRALIN module of the Multilines
package. Interested readers may refer to [5,6] for
information on line parameter computations. The
impedance Z, in the circuit represents the surge
impedance of the ground straps (see Figure 1(a)) which
includes the effects of the grounding grid. The
impedances Z; and Z. of the phase conductor represent
the equivalent neutral point ground impedances of the
phase conductor at distances of 60 and 65 m respectively
from the CB on each side of the breakdown site. These
impedances were determined using the HIFREQ field
theory module of the Multifields package.

The multiple-terminal multiple-phase network can be
analyzed using the SPLITS module of Multilines, which
is based on the double-elimination method described in
{71 and on the generalization of this method to networks
having arbitrary connections between conductors,
including mutual capacitances [8]. Due to uncertainties
related to circuit theory at frequencies above 10 MHz, the
circuit model approach was used only for the lightning
surge scenario. The TGPR in the switching surge
scenario was computed using the field theory approach
only.

3.2 Description of the Field Theory Approach

In the field theory approach, the metal enclosure is
modeled as a collection of intersecting wires (meshed
wires) and methods similar to those used in antenna
theory are employed to compute the current distribution
in the phase wire structure and the enclosure. The
methods used to compute the current distribution and the
electromagnetic fields generated by the energized
conductor network are described in [9] and its references.
The HIFREQ engineering module of the Multifields
software package was used to perform the computations.

4. TGPR IN PRESENCE OF GROUNDING
GRID DURING A LIGHTNING SURGE

4.1 Field Theory Approach

In this section, we will focus on examining the TGPR of
Segments 1, 2 and 3 on the SF6 enclosure to compare the
field theory approach with the circuit model approach. As
shown in Figure 1, Segments 1, 2 and 3 correspond to
Point E, F and G, respectively, in the circuit model (see

Figure 4). The TGPR of Segments 7 and § on the ground
strap will also be examined to see the influence of the
grounding grid.

Figures 5 to 7 show the unmodulated scalar potentials,
the modulated scalar potentials and the time domain
transient ground potential rises for Segment 1,
respectively. The spectrum again indicates that the
lightning surge signal is dominated by its low frequency
components. The TGPR initially oscillates at a resonance
frequency of 1.05 MHz, then decays monotonically to
zero. Note that the resonance frequency in the presence
of the grounding grid is lower than it is without the
grounding grid.
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Figure 5. Real and imaginary parts of unmodulated
scalar potential on Segment 1.
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Figure 6. Real and imaginary parts of modulated
scalar potential on Segment 1.
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Figure 7. Transient ground potential rise on
Segment 1.

Similar to the case without the grounding grid [1], the
time domain TGPRs on Segments 2 and 3 are almost
identical to the TGPR on Segment 1. However, the time




domain TGPR on Segments 6 and 7 is smaller than it is
on Segment 1, due to the presence of the grounding grid
(see Figure 8).
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Figure 8. Comparison of TGPR on Segments 1,7
and 8.

4.2 Comparison of Field Theory and Circuit
Model Approaches

Figures 9 and 10 compare the unmodulated scalar
potential and the TGPR produced by the two approaches.
As shown in Figure 10, the TGPR on Segment 1
computed using the two approaches agrees reasonably
well. The small difference is caused mainly by the
modeling of the grounding grid. In the field theory
approach, the grid is modeled exactly, whereas in the
circuit model approach, the -influence of the grid is
approximated by the two surge impedances Z, in the
circuit shown in Figure 4 (note that Z, was obtained using
the field theory approach). The surge impedance Z, is
assumed to be twice that of the grounding grid
impedance. Note that this approximation becomes invalid
as the frequency  increases to very high values.
Reasonably good agreement is also observed for
Segments 2 and 3 between the circuit model and the field
theory approaches.
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Figure 9. Comparison of unmodulated scalar
potential computed using field theory and
circuit model approaches for Segment 1 in
presence of grounding grid.
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Figure 10. Comparison of TGPR computed using
field theory and circuit model approaches
for Segment 1 in presence of grounding
grid.

5. TGPR IN PRESENCE OF GROUNDING
GRID DURING A DISCONNECT
SWITCHING SURGE

The transient ground potential rise due to a switching
surge is computed using only the field theory approach.
The circuit mode! approach can no longer be used since
the switching surge signal contains the very high
frequency components which exceed the range for which
the software used for computing the transmission line
parameters is valid. Using the field theory approach, the
GPR and current distribution of conductor segments can
be obtained. The electromagnetic fields near the circuit
breaker are also obtained. Again, we will focus our
attention on examining the TGPR near the fault site
(Segments 1 to 8).



Figures 11 to 13 show the unmodulated scalar potential,
the modulated scalar potential and the time domain
transient ground potential rise, respectively, for Segment
1. The modulated scalar potential is obtained using the
disconnect switch surge shown in Figure 3, with a peak
magnitude of 1 MV. As shown in Figure 12, the dominant
resonance frequency is around 1.8 MHz which is higher
than the resonance frequency in the lightning surge
scenario. The TGPR due to the switching surge also
displays a very different waveform from the one in the
lightning surge. In addition to the dominant resonance
frequency of 1.8 MHz, Figure 13 shows that there exist
some high frequency components in the TGPR for the
first 2 ps.
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Figure 11. Real and imaginary parts of unmodulated
scalar potential on Segment 1.
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scalar potential on Segment 1.
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Figure 13. TGPR on segment 1. (a) full time window.
(b) magnified time window.

Figure 14 compares the real and imaginary parts of the
unmodulated scalar potential on Segments 1 to 3. The
unmodulated system response in Figure 14 exhibits
differences at higher frequencies (above 10 MHz). Such
differences, again, do not lead to any significant changes
in the time domain TGPR on Segments 2 and 3 (see
Figure 15) due to the fact that the significant frequency
components of the switching surge are also dominated by
“low” frequency components.
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Figure 14. Comparison of unmodulated scalar
potential on Segments 1, 2 and 3 during a
switching surge

Figure 15 compares the TGPR on Segments 1 to 3 in the
time domain. The magnitude of the TGPR on these
segments is about the same. A time shift with respect to
the TGPR on Segment 1 is observed for the TGPR on
Segments 2 and 3. The time shift corresponds to the
traveling time between the segments. Figure 16 compares
the TGPR on segments on both sides of the fault. Figure
16 indicates that the TGPR on Segments 4 to 6 has higher
values than that on Segment 1. Due to the symmetry of
the problem, similar oscillations are observed for the
TGPR on these segments.
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Figure 17 compares the time domain TGPR on the
ground strap (Segments 7 and 8) with the TGPR on
Segment 1. As shown in Figure 17, the magnitude of the
TGPR on the ground strap is smaller than that on the
circuit breaker during the switching surge scenario.

200 |
—— Segment 1
—— Segment 7
sl Segment 8

wn
=
L

Conductor GPR (kV)
<>

<n
=]

00 020 040 060 080 10
Time (Microseconds)

Figure 17. Comparison of TGPR on ground strap
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6. MITIGATION OF THE TRANSIENT
GROUND POTENTIAL RISE

In this section, the transient ground potential rise will be
mitigated based on the following two techniques which
were first introduced by Fujimoto et al [10]. The first
method, which is described in Section 6.1, is to reduce
the TGPR by changing the soil resistivity at the GIS. The
second method, which is described in Section 6.2, is to
reduce the TGPR by reducing the height of the ground
strap of the circuit breaker. The mitigation effectiveness
has been investigated using the circuit model approach
for the lightning surge scenario only.

6.1. TGPR Influenced by Soil Resistivity

Using the circuit model approach, the TGPR on the
circuit breaker at the fault site can be re-computed
quickly for a soil resistivity of 20 Q-m. The circuit
model computation procedure requires only that the soil
resistivity be changed from 100 Q-m to 20 O2-m. No other
changes are required. The results are compared with the
results corresponding to the 100 Q-m soil which have
been presented in Section 4.2. The computation is carried
out in the presence of the grounding grid.

Figure 18 shows the TGPR on Segment 1 in Figure 1 for
a soil resistivity of 20 (2-m and 100 Q-m. As can be seen
in Figure 18, although the TGPR for a soil resistivity of
20 Q-m resonates with a greater magnitude than that for



the 100 Q-m soil, the TGPR for the 20 (-m soil decays
more quickly than that for the 100 Q-m soil. Similar
behaviour is observed for the TGPR on Segments 2-6.
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Figure 18. Computed TGPR at fault site (Segment 1
in Figure 1) using the circuit model and
soil resistivities 100 Ohm-m and 20 Ohm-
m: (a) full time window; (b) and (c)
magnified time windows.

6.2 TGPR Influenced by Ground Strap

In this section, we present the TGPR computed for a
short ground strap using the circuit model approach. The
circuit breaker is lowered closer to the earth surface by
reducing the ground strap length from 2.1631 mto 1 m.
The TGPR on the circuit breaker at the fault site is
computed and the results are compared with those
corresponding to a 2.1631 m ground strap length as
shown in Section 4.2. Again, the computation is carried
out in the presence of the grounding grid.

Figure 19 shows the reduction of the TGPR on Segment 1
when the ground strap length is reduced by about a factor
of two. As shown in Figure 19, the TGPR on the circuit
breaker is reduced by as much as 40% when the ground
strap length is decreased from 2.1631 m to 1 m. A similar
reduction is also observed for the TGPR on Segments 2-
6.
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7. CONCLUSIONS

It is found that the TGPR computed using the circuit
model and field theory approaches agrees well in the
absence of the grounding grid. The TGPR and transient
electromagnetic fields near the CB exhibit a monotonical
decay preceded by a decaying oscillatory behaviour
dominated by a resonance frequency of about 1.1 MHz.

A reasonable agreement between the circuit model and
field theory approaches is also found in the presence of
the grounding grid. The TGPR and transient
electromagnetic  fields mnear the CB also exhibit a
monotonical decay preceded by a decaying oscillatory
behaviour dominated by a lower resonance frequency of
about 1.05 MHz. The TGPR values show an oscillation
similar to that shown in Figure 8 in Ref. [1]. The
amplitude of the oscillation is reduced by about 50% due
to lower surge ground impedances at the fault site.

For the disconnect switching surge scenario, the transient
GPR and electromagnetic fields oscillate initially at a
higher frequency (around 1.8 MHz). The oscillation
shows a very different waveform compared to the one for
the lightning surge scenario.

In the lightning surge scenario, the TGPR can be reduced
significantly (as much as 40%) when the length of the
ground strap of the circuit breaker is reduced by about a
factor of two. When the soil resistivity decreases from
100 Q-m to 20 Q-m, the TGPR oscillates with an
increased amplitude, but decays towards zero more
quickly. It appears that the TGPR can be mitigated more
effectively by reducing the length of the ground strap.
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