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Abstract—Transmission line (TL) models are widely used within
the simulation of the very fast transient over-voltages (VFTO) for
gas-insulated substations (GISs); however, due to quasi-TEM ap-
proximation and model complexity, energy losses related to bushing
radiation and frequency-dependent soil parameters are either not
available or simply neglected, limiting the simulation accuracy of
TL models. In this study, a new frequency-domain TL model is
proposed, enabling the model to consider the influences of both
radiation and soil losses in a VFTO simulation. Derived from the
radiation power of a line antenna model, the radiation resistance
of a “lossy” TL is put forward as an equivalent of the radiation
loss for GIS bushing. For the soil loss, the Sunde approximation
formula and the L-S soil dispersion expression are involved, and
the parameters of the overhead busbar are also analyzed. The
model gets validation by the measured VFTO generated at a
full-scale 1100 kV GIS testing circuit. By considering radiation
loss to suppress high-frequency response and soil loss to improve
low-frequency response accuracy, the calculated and measured
waveforms have the best consistency, which may greatly help assess
the risk of insulation breakdown and the level of very fast transient
disturbance in GISs.

Index Terms—VFTO, radiation loss, soil loss, electromagnetic
transient simulation.

1. INTRODUCTION

ERY fast transient over-voltages (VFTO) are generated

during switching operations of gas-insulated substation
(GIS) disconnectors because of voltage collapse across the
inter-contact gap at striking and traveling waves propagating
along the pipeline [1]. Typically, the rise time of the VFTO front
is several nanoseconds, substantially lower than the transmission
time of the associated traveling waves passing through the GIS
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components. This causes the traveling waves that propagate
back and forth to reflect at any surge impedance discontinuity,
eventually superimposing to constitute the VFTO in the GIS
[21-[4].

The VFTO simulation is significant for supporting the GIS
insulation design, particularly with the voltage classes of extra-
high voltage (EHV) and ultra-high voltage (UHV), as the in-
sulation withstand voltage levels are lower compared to that
defined for lower rated voltages [5]. During the commissioning
of UHV substations in China, there have been some GIS pipeline
breakdown events caused by VFTOs, and the specific reasons
for the risks are still unclear. Moreover, due to the increasing
applications of on-site electronic devices at GIS substations
in recent years, the transient disturbances originating from the
VFTO might cause severe failures on these on-site devices [6],
[7], making the VFTO simulation also important for electromag-
netic compatibility design.

The predominantly used approach is based on solving equa-
tions for lumped circuit models and transmission line (TL)
models that represent GIS components [8], with the use of any
transient simulation software (e.g., ATP - EMTP [9]) in the
time-domain algorithm. However, compared to the measured
VFTO waveform generated on our UHV AC Test Base, it can
be found that the calculated waveform has more high-frequency
“glitches” and is prone to misestimate the main low-frequency
oscillations of hundreds of kilohertz [10]. The inaccuracy in
the VFTO calculation indicates that the energy losses in the
corresponding frequencies are not accurately considered in GIS
component models.

There exist arc loss, skin loss, radiation loss, and soil loss
in the very fast transient (VFT) due to the switching operation
of the disconnectors [11]. The arc loss is typically represented
using time-varying resistances such as the exponential resistance
[12], segment resistance [13], and nonlinear resistance defined
by the Toepler formula [14]. For the skin loss of a busbar, it
can be easily expressed as the skin impedance with the form of
A + By/s through the Laplace equation, which can be applied
to the time-domain algorithm [15]. However, unlike arc loss and
skin loss, radiation loss and soil loss have not been well consid-
ered in existing models. The existing TL model of GIS bushing
ignores the radiation loss, which is caused by electromagnetic
leakage because the bushing shield is discontinuous. Soil loss
is also ignored or simplified in time-domain algorithms because
of the complex frequency-dependent characteristics of the earth
parameter. In addition, the soil has a dispersion effect, i.e., the
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Fig. 1. Structure of GIS bushing divided by the bottom and middle parts in
the TL mode and the upper part and lead wire in the antenna mode.

conductivity and permittivity are frequency dependent, which
has been valued in lightning transient simulations [16]-[19];
however, its role in VFTO simulations remains unclear.

In this paper, we present models of radiation and soil losses in
a VFTO simulation to improve the simulation accuracy covering
a wider spectrum. First, we analyze the current distribution at
the GIS bushing, deduce the radiated electromagnetic field and
its power loss, and then propose a new TL model with radia-
tion resistance for the bushing considering the radiation loss.
Second, we analyze the influence of soil dispersion on the earth
impedance of the TL model of the overhead busbar, and analyze
the contribution of each parameter of the TL model and propose a
simplification in simulation. Subsequently, we propose a VFTO
frequency domain algorithm and the excitation source settings
to facilitate the processing of frequency-dependent parameters
related to the radiation and soil losses. Finally, by comparing the
measured and calculated waveforms of the VFTO in a full-scale
1100 kV GIS test circuit, the significance of considering the
radiation and soil losses for the VFTO simulation is analyzed.

II. GIS BUSHING MODELING WITH RADIATION LOSS
A. Analysis of the Current Distribution

The GIS bushing consists of a center conductor, a shield and
a silicone rubber shell for connecting the GIS pipeline to the
overhead busbar (Fig. 1). When the VFT travels to the bushing,
the conductor and metal enclosure at the bottom part form a
transmission line, the conductor and metal shield in the middle
part also form a transmission line, while the upper part and the
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calculation.

lead wire form an antenna, radiating the electromagnetic field
and causing the radiation loss, which is non-TEM [20].

Since the excitation of the antenna mode part of the bushing
is unknown in advance, the method of moments cannot be
used to accurately calculate the current distribution, and the
characteristic impedance analysis method is more suitable.

The characteristic impedance of each part of the vertical
bushing conductor can be expressed by [21]:

V/ P P
7, = YHo/eoy 2h ooy 2R (1)
27 m m

where h, m are the height and radius of the conductor respec-
tively, and i, €¢ are the vacuum permeability and permittivity,
respectively.

The characteristic impedance along the line of the bushing
antenna mode is found to change very slowly. For UHV bush-
ings, the characteristic impedance slowly rises from 310.8 €2 at
the shield opening to 376.7 Q) at the top of the lead wire, and
the traveling wave reflectivity along the line gradually decreases
from 1.20% to 0.33%, and the total reflectivity is less than 10%.
The reflectivity is so small that the attenuation of the TL current
along the bushing can be ignored, which is different from the
current distribution along the lightning channel. Thus the current
distribution can be expressed as:

I(z) = Iye k= 2

where [ is the current amplitude, k = w/v is the phase shift
constant in which w is the angular frequency and v is the wave
speed, and z is the position.

B. Calculation of Radiation Resistor

Now the loss from antenna mode is derived. Considering the
equivalent line antenna composed by the upper part, the lead
wire, and their images under the ground (Fig. 2), the far field
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components can be expressed by:

Ey = J"u‘Zo

ha I(z)%ne(z e~ dkr(2)
iz 1 ae +

H, = FEy/Z

hi1 I(z)sinb(z)e” J’”"(z)d
ha r(z)

z) (3)

where Zj is the spatial wave impedance, 7(z) is the distance of
the observation point from the current element, and dz is the
length of the current element.

Both the anglef and the distance r vary with the position z. In
the far field, the following approximations can be made:

r(2) = 7o 4)
sinf(z) ~ sinby (5)
efjk:r(z) ~ efjkroejkzcoseg (6)

where rg and 6 are the distance and angle of the observation
point from the origin, respectively.

To facilitate the calculation of radiation power, the electric
and magnetic fields can ignore the same phase factor e 770,
and their expressions are simplified to:

j]fZ()IU sin 90
By =202
47rg
—hy
( 7jkz jk?ZCO&god + / ejk:zejkzcoseodz> (7)
J—ho
H, ]klo sin 6
47T’l"0

—hy
( 7]kzejk260590dz+/
—hy

where /7 and hy are the heights of the two ends of the conductor
from the ground.

The radiation power is the integral of the average power flow
density in the half sphere above the ground.

:/sm,g-ds
S

/2 27
— / / 5Re(E x H*) ~fr(2) sinfpdbode  (9)
0

ejkzejkzcos90d2> (8)

Therefore, the formula for the radiation resistance of the
bushing is derived as follows:

71'/2
d /
0

sin®o {sin kha(cosfy — 1) — sinkhy(cosfy — 1

2
. 1 460 (10)
27t (cosby — 1)°/ Zy

C. Lossy TL Modeling of GIS Bushing

Since the attenuation of TL current is negligible due to the
small reflectivity, the radiation loss becomes the main factor
decreasing the current up-forward, which makes the attenuated
current distribution along the vertical conductor above ground
non-TEM. In order to build a TEM model as well, a “lossy” TL
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Fig. 4. Per-unit-length circuit of the TL model of the overhead busbar.

with resistor in series is proposed, by which the radiation loss
can be represented as the resistance along the line (see Fig. 3).

The radiation resistance per unit length can be approximately
calculated as an average of the total radiation resistance along
the whole line. Thus, the radiation loss can be easily solved by
classic TL model, without adding new type of circuit model or
introduce a full-wave simulation.

III. OVERHEAD BUSBAR MODELING WITH SOIL LOSS
A. Lossy TL Modeling of GIS Bushing

The overhead busbar is commonly modeled as a transmis-
sion line in the VFTO simulation (Fig. 4), although some
high-frequency components don’t strictly follow the quasi-TEM
mode for the TL assumption [22]-[24].

The longitudinal impedance and transversal admittance of the
overhead busbar are shown as follows [25]:

7'(w) = jwl' + 2. + 7, (11)
Y'(w) = (1/jwC’ +1/Y))"" (12)
where L/, Z; and Z/ are the external inductance, earth

impedance and internal impedance, respectively; C’ is the ca-
pacitance and Yg’ is the earth admittance.
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B. Influence of Soil Dispersion

The earth impedance and earth admittance can be calculated
by Sunde expression [26], [27]:

j 14 4h
7! = 1900 g 13
g o vgh (13)
Y, ~ 2/ 2, (14)

where i ,e9 are the vacuum permeability and permittivity,
respectively; v, = \/jwpo(og + jwegeo) is the propagation
constant in the soil, with w= 2r f the angular frequency, o,
and ¢, the conductivity and relative permittivity of the soil,
respectively.

As the frequency of the external electric field increases,
the increase in soil polarization loss leads to an increase in
the effective conductivity and a decrease in the permittivity,
which is called the dispersion effect of soil. Compared with
the soil dispersion models such as Portela, Visacro-Alipio, the
Longmire-Smith model is employed in the earth impedance and
admittance calculations because of its suitable bandwidth of 100
Hz-200 MHz [28].

13 f 2
) =ent Yailt+ (£
i=1 ¢

s5)

13 £\2 £\2 -1
Ug(f):ao—|—27r€02aiFi<F_) 1+<F_) (16)

i=1

where e/ = 5is the asymptotic value of the relative permittivity;
oy is the low-frequency soil conductivity; f'is frequency; a; and
F; are the coefficients given in [29].

Fig. 5 takes the UHV overhead busbar as an example to
analyze the influence of soil dispersion on earth impedance.
Whether the dispersion is considered or not, the real part de-
creases as the soil conductivity increases, and increases as the
frequency increases. The dispersion works in the frequencies
above megahertz where the real part will decrease, a phe-
nomenon that is more pronounced with smaller soil conductivity.
The variation of the imaginary part with frequency is quite
different due to it no longer increases monotonously but has
an extreme point for the soil conductivity of 0.01 S/m and 0.001
S/m. In most cases, dispersion will also reduce the imaginary
part.

C. Analysis of TL Parameters

TL parameter analysis can explain the main source of loss
and verify the rationality of ignoring earth admittance, so as to
explore the possibility of model simplification.

The internal impedance of the overhead busbar can be cal-
culated by the Nahman and Holt equation [30]. For multi-split
conductors, the result needs to be divided by the number of splits.

1 1 Hw
7 oy — Hw )
v <7ra20w * 27a Jw)

Ow

a7

where o, is the conductivity of conductor; 1, is the permeabil-
ity of conductor; a is the radius of conductor.
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Fig.5. Comparisons of earth impedance with and without considering disper-
sion for UHV overhead busbar in Wuhan Test Base. The center height of the
busbar is 24 m. The low-frequency conductivity is taken as 0.1, 0.01, and 0.001
S/m to cover the common range. (a) Real part; (b) Imaginary part.

The inductance and capacitance of a multi-split conductor
can be calculated by using the equivalent radius and center
height.

1 2h
i i
Teq

2h
L=k In—,C' =
2T Teq

1
2meg (18)

where £ is the center height of the multi-split conductor; 7, =
r HZ:Q d1 1s equivalent radius, with dy; the distance be-
tween the first and the k sub conductors, and [] the symbol of
multiplication.

Fig. 6 shows the results of the TL parameter analysis of the
UHYV overhead busbar considering the soil dispersion effect and
the soil conductivity range. Among the longitudinal impedance
parameters, the external inductance contributes most of the
inductance component, and the earth impedance far exceeds the
internal impedance, indicating that the soil loss far exceeds the
conductor skin loss. The admittance of an overhead busbar is
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Fig. 6. Comparisons of TL parameters with frequency for UHV overhead

busbar in Wuhan Test Base. The busbar is 4-split conductor, with the radius
of 2.764 cm and the adjacent distance of 45 cm. (a) Longitudinal impedance
parameters; (b) Transversal admittance parameters.

composed of two parts: the capacitance of the overhead conduc-
tor relative to the ground, and the capacitance and conductance in
the earth admittance. The earth admittance varies with frequency
and soil parameters. However, for the case of the overhead
busbar, the earth admittance can be ignored as its influence on
the total shunt admittance is negligible, according to (12).

From the propagation constant, it is more convenient to see
that the loss of the overhead busbar mainly comes from the earth
impedance, more specifically corresponding to the actual part,
as

7 =VZ' (WY (W)

jwL + 2,
1/jwC’ +1/Y7,

Q

» \/(ij' + 72',)jwC" (19)

This also means that the capacitance of the overhead conduc-
tor relative to the ground is so small that the loss caused by the
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time-varying current source by Norton equivalent. (c¢) Excitation circuit with
the time-varying voltage source by Thevenin equivalent. (d) Waveform of time-
varying arc resistance. (¢) Waveform of time-varying voltage source.

displacement current can be ignored. This inference is consistent
with the conclusion pointed out in [31] that the earth admittance
needs to be considered only when the wire is at or under the
ground. In short, the internal impedance of conductor and the
earth admittance in the overhead busbar model can be ignored
in VFTO simulations.

IV. VFTO FREQUENCY-DOMAIN ALGORITHM

To deal with the complex frequency-dependent parameters
such as the radiation resistance and the earth impedance, an
algorithm in the frequency domain is proposed for VFTO sim-
ulation. Some strategy is adopted on the arc excitation source
so that the requirements of linear superposition for the Fourier
transform can be facilitated.

Fig. 7 shows the three-step adjustment process how the time-
varying resistance r(¢) is handled. Firstly, the Norton equivalent
is used to get the time-varying current source ipq(f) = Vpa/r(1);
however, it can be simplified as a static resistance R, given
that the arc loss occurs during the stable arcing stage. Secondly,
the Thevenin equivalent is used to get the time-varying voltage
source v,q(f) = Vpqa*Ro/r(¢) with the series resistance Rg. Since
the r(¢) is within the excitation now, there is no time-varying item
in the transfer function of the system itself. Finally, the Fourier
transform can be performed on the time-varying voltage source
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to obtain the excitation in the frequency domain. Moreover,
since the pre-breakdown is only a few nanoseconds, and the
arc extinguishing occurs after the VFTO, the two have little
effect on the transient analysis and can be ignored. Therefore,
the equivalent excitation source can be further transformed into
an ideal step pulse.

Thus, the VFTO time-domain waveform can be obtained by
the inverse Fourier transform of the spectral response:

1

+o0

F(w)G(w)e?*  dw

no

1 1
21 5 JnAw

G(nAw)e’™ >t Aw

1 & 1 :
. —jnAwt 2
+ o EO conJ[]T wG(nAw)}e Aw (20)

where F(w)=1/(jw)+md(w) is the spectrum of step excitation
voltage, in which 7é(w) can be ignored due to zero system
response for the DC component; G(w) is the system response of
the TL network;Aw is the sampling interval, ng is the number
of samples, and ngAw= 50MHz. The error mainly comes from
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Full-scale 1100 kV GIS test setup in the UHV Test Base. (a) Panoramic images of the test circuit. (b) Schematic and image of VFTO measurement.

eInAwt thus the smaller the Aw, the higher the calculation
accuracy.

V. MODEL EXPERIMENTAL VALIDATION
A. Full-Scale 1100 kV GIS Test Setup

The full-scale 1100 kV GIS circuit in the UHV AC Test
Base is used to verify the proposed models. Fig. 8 shows the
test circuit setup and VFTO measurement arrangement. The
GIS part consists of GIS busbars, two GIS bushings, two GIS
disconnectors (DS1 and DS2) and two earthing switches (ES1
and ES2). The GIS bushing at the left side is connected to a
power transformer through an overhead busbar, along which
an arrester, a capacitive voltage transformer (CVT), an AIS
disconnector (DS0) and an earthing switch (ESO) are installed.
During the test, the power transformer energizes the GIS circuit
through the overhead busbar, and DS1 remains in the open
state, and DS2 is initially open and then is closed to gener-
ate the VFTO. The signal is measured by a hand-hole sensor
with a bandwidth of 0.3 Hz-300 MHz [32], and then trans-
mitted to the computer in the control room through the optical
fiber.
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For such a test setup of the 1100 kV GIS circuit, the high-
frequency component of the VFTO should come from the res-
onance of the GIS busbar and the low-frequency component of
the VFTO from the resonance of the overhead busbar connecting
the GIS and the power transformer [33].

B. Models of the Components in GIS Circuit

The proposed GIS bushing model is used to consider the
radiation loss. The radiation resistance of the UHV GIS bushing
is calculated by Equation (10), in which 2; =8 m, and iy =24 m.
The higher the frequency is, the greater the radiation resistance
is, which means the higher radiation efficiency (Fig. 9). It is
expected that the newly added radiation resistance will surely
affect the high-frequency components of the VFTO.

The overhead busbar model has also been improved by taking
into account the soil loss accurately. Located in the Yangtze
River Basin, the low-frequency soil conductivity is relatively
high, and the measured value is 0.03 S/m at 100 Hz. Due to the
high conductivity of the soil, the dispersion effect mainly affects
the real part of the earth impedance in the high frequency band.

For the other components of the test circuit, such as the basin
insulator, CVT, power transformer, etc., the widely used models
are adopted [34], [35], as shown in Table L.

C. Simulation Results

The VFTO calculation is performed by the proposed fre-
quency domain algorithm. As the excitation source, the act-
ing disconnector DS2 is modeled as the ideal step breakdown
voltage source, with the internal resistance (i.e., the fixed arc
resistance) of 4 €. The respective effects of radiation loss and
soil loss are calculated and analyzed as follows.

Fig. 10 shows the effect of radiation loss of the GIS bushing,
where the abscissas of the markers are the main frequencies
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TABLE I
EQUIVALENT CIRCUITS OF OTHER COMPONENTS IN THE TEST CIRCUIT

Components Equivalent circuits Description
—Q — TL model with a characteristic
GIS busbar impedance of 95 Q
Overhead —e?— TL model with a characteristic
busbar impedance of 303 Q ~372 Q
. TL model with a characteristic
S}%‘fﬁh?g _e——r>_ impedance of 47 Q for middle
ode part and 107 Q for bottom part
i €
512?111[;1 tor T C Lumped capacitance of 10 pF
GIS Cp .
. Lumped capacitance of 20 pF
glssfﬁglf;;gr ¢ _r"__l_ c between the fractures and 10
: F for the electrodes to ground
state I I P
AIS TL with a characteristic
Disconnector _[e:T:)l impedance of 304 Q, and
DSO in closed T C __l__C __l__C lumped capacitance of 150 pF
state for the electrodes to ground
L Lumped capaci £5000
c ped capacitance o
€ .
Arrester T C Lumped capacitance of 20 pF
iy ‘j Lumped capacitance of 3000
f’ro:lvefr mer L C pF, and lumped inductance of
ansforme '_l_' 10 mH
0.10 T
1 @ Considering radiation loss 4
0.08 4_[~®-Ignoring radiation loss i
~ B e
S T
o 0.06 - 4‘ .
~ |
3 ] kY |
2 A
= 0.04 1 Y -
o \
g | ]
<
0.02 + _
0.00 .Q. -
10! 10° 10! 10
Frequency (MHz)
Fig. 10. Comparison between the amplitude—frequency responses of VFTO

considering the radiation loss and ignoring the radiation loss. The breakdown
voltage used for calculation is 1 p.u.

extracted from the calculated VFTO spectrum, and the ordinates
of the markers are the corresponding amplitudes. The frequency
points of the first two maximum responses are 6.7 MHz and 200
kHz, which correspond to the main resonances of the GIS busbar
and the overhead busbar, respectively. The radiation loss of the
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0.10 41~?<~Dispersive soil loss &~ Non-dispersive soil loss||

||-®-Ignoring soil loss A Overestimating soil loss||

0.08 4= v , .

Amplitude (p.u.)

107! 10° 10 10
Frequency (MHz)

Fig. 11. Comparison between the amplitude—frequency responses of VFTO
considering soil loss with dispersion, considering soil loss without dispersion,
ignoring soil loss, and overestimating soil loss. The breakdown voltage used for
calculation is 1 p.u.

GIS bushing has little effect on these two frequency points, but
it presents a significant suppression effect on the high-frequency
points such as 5.2, 14.0, 29.8, 33.4, and 47.4 MHz.

Fig. 11 shows the effect of soil loss along the overhead
busbar. First, soil loss is considered in the simulation, which is
divided into two cases: dispersive and non-dispersive, but there
is almost no difference in the calculation results, indicating that
the influence of soil dispersion on the VFTO calculation can be
ignored. Second, the soil loss is not considered in the simulation,
which will inevitably lead to an increase in the response. For
example, the main frequency response of 200 kHz will increase
by 17% if the soil loss is ignored. Third, the real part of the earth
impedance is set to a fixed value for comparison. In our case, if
the soil loss is approximated with the calculation at 30 MHz, it
will result in lower low-frequency responses, such as a reduction
at 200 kHz by 72%, which can be clearly seen in the figure. In
short, soil loss with frequency-dependent characteristics should
be considered, as it will affect the low-frequency response of
VFTO.

D. Comparison of Simulation and Measurement

The calculated time-domain waveform is obtained by inverse
Fourier transform of the VFTO spectrum, which has a sampling
interval of 1 kHz and a total of 50 kS samples for the frequency
band up to 50 MHz.

Fig. 12 compares the calculated and measured VFTO time-
domain waveforms. The calculated waveform is offset based on
the measured waveform, where the breakdown voltage is 1.2
p-u. and the source voltage is 0.4 p.u. at the arc breakdown. The
comparison results are as follows.

Case 1: When both the radiation loss and dispersive soil loss
are considered, the calculated VFTO waveform has the best
agreement with the measured waveform, with the high- and
low-frequency oscillations clearly reflected. Evidently, the
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Fig. 12.  Comparison of the calculated and measured VFTO waveforms at
the end of the GIS branch busbar.(Case 1-4: Simulation results with different
considerations of radiation loss and/or soil loss; Measurement: Waveform di-
rectly measured from the full-scale GIS test circuit.).

high- and low-frequency oscillations correspond to 6.7 MHz
and 200 kHz, respectively.

Case 2: When only the soil loss is considered and the radiation
loss is ignored, the calculated VFTO waveform has more
evident higher-frequency “glitches”.

Case 3: When only the radiation loss is considered and the soil
loss is ignored, the calculated VFTO waveform has higher
oscillation amplitudes at 200 kHz.

Case 4: When the radiation loss is considered and the soil loss
is overestimated, the low-frequency oscillation at 200 kHz
almost disappears from the calculated VFTO waveform.

The difference between simulation and measurement is easier
to draw from the response at the dominant frequencies, as shown
in Table II. From the spectrum at 200 kHz, which is the main
frequency point in the low-frequency band, the influence of soil
loss is dominant, and the common overestimation of the soil
loss in the time-domain algorithm has the highest impact on
the calculation results. From the spectrum at frequency points
exceeding 10 MHz, i.e., in the high-frequency band, the influ-
ence of radiation loss is dominant, and the calculated spectrum
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TABLE II
SPECTRUM COMPARISON BETWEEN CALCULATED AND MEASURED
‘WAVEFORMS AT REPRESENTATIVE FREQUENCY POINTS

200 6.7 14.0 29.8 33.4 474
Case No.
kHz MHz MHz MHz MHz MHz
0.069 0.067 0.022 00051  0.0043  0.00028
Case | 49.5% 5.6% 2% +133%  +7.5% 9.7%
0.069 0.067 0.034 00125  0.0075  0.00047
Case 2 49.5%  -5.6%  +36%  +170%  +87.5%  +51.6%
0.081 0.067 0.023 0.0051  0.0045  0.00028
Case 3 28.6%  -5.6% 8% +133%  +12.5% 9.7%
0.019 0.064 0.022 00051 00046  0.00027
Case 4 69.8%  -9.8% 2% +133%  +15% 12.9%
Measurement ~ 0.063 0.071 0.025 0.0045  0.0040  0.00031
TABLE III

NOISE EVALUATED ON THE VFTO TIME-DOMAIN WAVEFORMS

RMS Noise”
Case No. Evaluated by Evaluated by
Mean Filter (10) Median Filter (107%)
Case 1 10.1361 7.1117
Case 2 56.0316 45.4088
Case 3 16.2456 9.4521
Case 4 7.0354 6.0155
Measurement 8.2069 5.3223

*To reduce the influence of the high-frequency components of the signal, the noises are
evaluated at a time window from 10 ps to 20 ps.

deviates from the measured spectrum significantly when the
radiation loss is not considered.

If regarding the glitches as a kind of additional white Gaussian
noise (AWGN), they can be evaluated by mean power spectrum
density. Since white noises are among the whole frequency
band, smooth filters such as mean or median filters are adopted
to evaluate the root mean square (RMS) noise and shown in
Table III. It can be found that the Case 1 has the smallest glitches
compared to the measurement if low-frequency oscillations are
also required.

E. Discussion and Analysis

To sum up the results, we can now conclude that in the VFTO
simulation considering the radiation loss of the GIS bushing
helps to suppress the response of the high-frequency compo-
nents, while considering the soil loss of the overhead busbar
helps to improve the accuracy of the low-frequency amplitude.

From the perspective of insulation coordination, low-
frequency oscillations influence the breakdown voltage of the
GIS according to the v-t characteristic [36]. If the low-frequency
oscillation of the VFTO is ignored, the risk of insulation break-
down will be underestimated in some cases. Therefore, a reason-
able evaluation of the low-frequency oscillation intensity of the
VFTO by considering the frequency-dependent characteristics
of the earth impedance will help in the design of insulation
coordination.
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From the perspective of electromagnetic compatibility, at
different frequencies, VFTO can conduct electromagnetic dis-
turbances through instrument transformers with different trans-
fer characteristics, or radiate electric fields to the surrounding
environment with different emission efficiencies. Therefore, a
reasonable evaluation of the high-frequency component of the
VFTO by considering the radiation loss of the bushing can help
evaluate the level of electromagnetic disturbance.

VI. CONCLUSION

In this study, GIS circuit models considering both the radiation
and soil losses were developed, and their influences on the VFTO
simulation were analyzed through a new frequency-domain al-
gorithm. The models were then verified on the basis of measure-
ments in a full-scale UHV GIS test circuit. It has been shown that
the radiation loss expressed by the derived radiation resistance
in the TL model of the GIS bushing plays an important role in
suppressing the simulation response of the VFTO at frequen-
cies above 10 MHz, making the high-frequency components
much closer to the measured results. Although the effectiveness
of frequency-dependent earth impedance is also confirmed in
improving the accuracy within the low-frequency band, the
influence of soil dispersion on the VFTO simulation can be
neglected due to its small contribution to the low-frequency
response of VFTO.
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