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Electromagnetic Field Emission From Gas-to-Air
Bushing in a GIS During Switching Operations

M. Mohana Rao, M. Joy Thomas, and B. P. Singh

Abstract—Very fast transient overvoltages (VFTOs) and the as-
sociated very fast transient currents (VFTCs) generated during
switching operations in a gas-insulated substation (GIS) radiate
electromagnetic (EM) fields, which in turn can leak into the ex-
ternal environment through apertures like SF6 gas-to-air bushing.
Therefore, it becomes necessary to characterize and quantify the
EM fields when sensitive control devices are used for the operation
of such substations. Keeping this in view, a numerical model using
a finite-difference time-domain (FDTD) technique was developed
to compute the transient field emission from a 245-kV-rated gas-
to-air bushing. Shielding effectiveness (SE) of the bushing for these
transient fields was evaluated using a derivative Gaussian current
excitation of the high-tension (HT) conductor. The variation in EM
field levels along the axis of bushing at various radial distances for
different frequencies of the transient current were analyzed. The
enhancement of the field levels due to the presence of a metallic
structure on the ground plane, which simulates the control cubicle
or the grounded enclosures of the GIS, were studied. Finally, the
emission levels from different bushing models were calculated for
the VFTC generated during a switching event, and the dominant
frequencies were identified.

Index Terms—Electromagnetic interference (EMI), finite-
difference time-domain (FDTD), gas-insulated substation (GIS),
switching, very fast transient currents (VFTCs), very fast tran-
sient overvoltages (VFTOs).

I. INTRODUCTION

IN A GAS-INSULATED substation (GIS), very fast transient
overvoltages (VFTOs) are generated due to switching oper-

ations. These transient overvoltages and the associated very fast
transient currents (VFTCs) could have a rise time of the order of
4 ns and above [1]. The peak magnitude of the transient current
may be about a few kiloamperes depending on the location of
the switch operated, the substation layout, and the observation
point. These transient voltages/currents radiate electromagnetic
(EM) fields during their propagation along the coaxial high-
voltage (HV) bus of the GIS, as the associated frequencies are
in the range of a few megahertz to about a few hundreds of
megahertz. The transient EM fields, in turn, leak into the exter-
nal environment through apertures like SF6 gas-to-air bushing,
gas-to-cable termination, nonmetallic viewing ports, insulated
flanges, etc., and couple to the control equipment/data cables
present within the GIS. This coupling produces transient cur-
rent/voltage on the shield of the control cable. Depending on the
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transfer impedance between the shield and the central conduc-
tor of the cable, transient voltage appears at the terminals of the
control cable. Pigtail coupling can also take place between the
shield pigtail and the central conductor of the cable [2]. Each
switching operation produces multiple transient EM fields, and
the number of transients may vary with the rated voltage of the
substation, type/speed of the switch, and the electrical charac-
teristics of the HV bus being operated [3], [4].

The numerical/experimental quantification of the emission
levels from the bushing during switching events has been found
to be important for the electromagnetic compatibility (EMC)
design of the control/protection equipment operating in such
a harsh electromagnetic interference (EMI) environment, and
thereby, for a reliable operation of the systems [5]. For char-
acterizing the transient EMI in a GIS, it is essential to predict
the EM fields emitting from the gas-to-air bushing due to the
VFTC generated during switching events. The transient EMI
has to be fully characterized in terms of the time-domain wave-
forms and their frequency spectra for the highest expected levels
both at/near the GIS primary equipment (i.e., HV equipment)
and within the secondary equipments (control cubicle, control
cables, embedded sensors, etc.). These EMI levels may then
be compared with the susceptibility levels of the control equip-
ment for temporary upset or permanent damage. Several au-
thors [1]–[4] have carried out measurements to ascertain the
levels of emission during switching operations. These measure-
ments have been proven to be expensive, and the computational
techniques-based quantification of the transient EMI is gaining
practical importance in recent years [2], [4].

In this paper, the EM field emission levels from the gas-to-air
bushing during a switching operation have been computed. The
validity of the computational model is confirmed by calculating
the EM fields for a sinusoidal current excitation of the HT con-
ductor and compared with the field levels, estimated by using
the magnetic vector potential approach. The shielding effective-
ness (SE) of the bushing for the EM fields is evaluated using
a derivative Gaussian current and a sinusoidal current source.
The effect of conductivity of the ground and presence of the
metallic/insulated structures on the field pattern is analyzed in
the study. Finally, the variation in emission levels and their fre-
quency content from various models of the bushing due to the
VFTC has been reported.

II. VFTC

The peak magnitude and the frequency content of VFTCs
generated during switching operations are highly dependent on
the GIS configuration as well as the observation point. The
transient current magnitude at the GIS-bushing junction in the
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Fig. 1. VFTC waveform and its frequency spectrum at GIS-bushing junction.

245-kV GIS is about 1 kA, and the frequency components of
the transient currents are generally well below 74.5 MHz [6].
However, in special situations like switching of a smaller length
of the bus section, with the switch located at a distance of few
meters from the bushing, peak current magnitude of about 2 kA
and frequency content up to 150 MHz are also possible (see
Fig. 1). The VFTC waveform has been calculated for the closing
operation of the disconnector switch (DS) in a 245-kV GIS by
considering the earlier conditions. The highest magnitude of the
transient current occurs near the DS, and it decreases with the
increasing distance from the switch [6]. The frequency spectrum
of the VFTC waveform has been calculated using the fast Fourier
transform (FFT) technique.

III. FDTD TECHNIQUE

In FDTD technique, Maxwell’s curl equations are discretized
both in time and space using central difference approximation
[7]. The computational region, i.e., the solution region, is divided
into cells with the corresponding electric and magnetic fields
located on the edges and the faces, respectively. It is assumed
that all the fields in the entire solution region are zero at the
beginning of the computation. Suitable boundary conditions
on the artificial boundary have been imposed to simulate the
extension of the solution region to infinity [8]. For modeling
the slots and thin metallic walls of bushing, the contour integral
approach has been adopted [9].

Fig. 2. Computation of EM fields for analytical and FDTD models.

IV. VALIDATION OF THE MODEL

The EM field levels due to the transient current excitation
of the HT conductor have been calculated by using the mag-
netic vector potential approach (analytical model) as well as the
FDTD model developed in this paper. Here, the HT conductor
of the bushing is only considered for the computation. A vari-
able frequency sinusoidal current source of amplitude 1 kA for
total time duration of 2 µs is used as an excitation. The above
computation is required to validate the model developed in the
study. The azimuthal magnetic field (Hφ), radial E-field (Er),
and axial E-field (Ez) have been calculated at different radial
distances (R) from the current source and axially at the mid-
dle of the HT conductor using the analytical approach and the
FDTD model. Fig. 2(a) shows the EM field levels calculated
using the above two techniques for the entire frequency range
of the VFTC. The field levels calculated using the FDTD model
deviate marginally from the values obtained using the analyti-
cal model. The percentage deviation is shown in Fig. 2(b). It is
further noticed that the highest EM field level need not occur at
middle of the HT conductor for all the frequencies of the tran-
sient current [10]. The field levels calculated using the FDTD
model deviate considerably from the analytical model when
the observation point approaches the boundary of the computa-
tional domain as its size is less than λ/6 of the corresponding
frequency of the transient fields [7], [8]. In view of these, the
computational domain dimensions have been chosen in such a
way that the EM fields can be calculated even for low-frequency
currents with reasonable accuracy.

V. GAS-TO-AIR BUSHING MODEL

Fig. 3 shows the schematic diagram of a 245-kV-rated gas-
to-air bushing along with a portion of the gas-insulated bus
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Fig. 3. Schematic diagram of the 245-kV gas-to-air bushing under study (all
dimensions shown are in millimeters).

Fig. 4. Equivalent model of the gas-to-air bushing installation.

section of the GIS. The transient fields generated internally to
the bushing due to the transient currents, leak into the external
environment through the composite insulator housing (εr = 3).
The thickness of the composite insulator housing is considered
to be 50 mm. The outer diameter of the HT conductor and the
inner diameter of the grounded enclosure are 100 and 400 mm,
respectively. Fig. 4 shows the equivalent model of the bushing
installation considered for the study. The transient current I(t),
is assumed to propagate from bottom to top of the HT conductor.
Even though the HT connection from the bushing continues, the
contribution of EM fields due to the current propagating along
the HT conductor is only computed. This is for the purpose of
calculating the SE of the bushing for the EM fields.

Fig. 5. FDTD model of the gas-to-air bushing installation.

TABLE I
TRANSIENT EM FIELDS FOR VARIOUS FREQUENCIES OF TRANSIENT CURRENT

Fig. 5 shows the numerical model of the bushing installation
above the ground plane in a GIS. To optimize the computational
domain dimensions with the appropriate cell size, EM fields
have been computed using sinusoidal current source of frequen-
cies 5 and 200 MHz, for different cell sizes/domain dimensions
(see Table I). The EM field emission levels from the bushing
are calculated by optimizing the cell size to 50 mm × 50 mm
with the number of cells limited to 400 × 200 in axial and
radial directions, respectively. The peak magnitude of the EM
fields is observed to be a function of the length of the current
source, frequency of the current, and location of the observation
point [11].

VI. SE OF THE GAS-TO-AIR BUSHING

In order to understand the effect of various parameters on the
EM field emission levels, it is necessary to calculate the SE of
the bushing installation for these EM fields. For this purpose,
the derivative Gaussian current as well as the sinusoidal current
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Fig. 6. Derivative Gaussian current excitation of the bushing. (a) Current
source. (b) Radial E-field emission.

excitation of the HT conductor has been considered, in this
paper.

A. Derivative Gaussian Current Excitation of the Bushing

The frequency spectrum of the Gaussian pulse contains a
spectrum of energy, which is fairly flat up to a given frequency
and then drops off rapidly. Since the spectrum has a dc compo-
nent, it may result in a divergent or inaccurate solution to the
computational model defined for a particular frequency range,
and hence, is not suitable for the present application. When a
Gaussian pulse is differentiated, the dc component of the pulse
is removed, and it can be applied to the model proposed in this
paper. The parameters of this derivative Gaussian source are se-
lected in such a way that it associates with the entire frequency
range of the VFTC. Fig. 6 shows the radial E-field at a dis-
tance of 2 m (located at middle of the HT conductor) due to the
derivative Gaussian current excitation. The SE of the bushing
for EM fields is observed to be dependent on the location of the
observation point. Thus, the SE of the bushing for the EM fields
could be defined as follows:

SEE (dB) = −20 log 10 (E1m/E0m) (1)

SEH (dB) = −20 log 10 (H1m/H0m) (2)

where E1m and E0m are the highest E-fields at a particular ra-
dial distance (by considering the entire axial distance) with and
without the gas-to-air bushing, respectively. H1m and H0m have
a similar H-field connotation. Fig. 7 shows the SE of the bush-
ing for the transient EM fields. From this figure, the following
observations have been made.

1) SE for H-fields decreases with the increase of frequency,
and the bushing does not offer any attenuation for these
fields beyond 55 MHz. The SE pattern for H-fields and
axial E-fields is almost similar beyond the transition fre-
quency, i.e., 28 MHz. The SE for radial E-fields also de-
creases with the increase of frequency, and the bushing
does not offer any attenuation to the radial E-fields be-
yond 80 MHz.

2) The SE of the bushing for E-fields and H-fields is very low
(for H-fields at 20 MHz, SE is of the order of 0.7 dB).

In order to validate the earlier results, SE was calculated at
a radial distance of 4 m from the bushing, and it was observed

Fig. 7. Shielding effectiveness of the bushing for the transient EM fields.

that the SE for the EM fields does not change significantly with
radial distance (at 20 MHz, SE is of the order of 0.78 dB). Also,
at a radial distance of 4 m, beyond 52 MHz, bushing does not
offer any attenuation to the H-fields and axial E-fields. The SE
pattern for H-fields and axial E-fields is again similar, beyond
the transition frequency, i.e., 16 MHz. This frequency depends
on the radial distance from the bushing and the dimensions of
the bushing/HT conductor.

B. Sinusoidal Current Excitation of the Bushing

In order to quantify the emission levels from the bushing, it
is important to know its behavior for continuous time-varying
fields. As such, EM fields have been calculated for sinusoidal
current excitation of the HT conductor. For the bushing model
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Fig. 8. Variation of the transient EM fields at a radial distance of 2 m.

with a very low conductivity ground (10−6 mho/m), the EM
field levels decrease with the increase of radial distance from
the HT conductor, for the entire frequency range of the VFTC.
However, at a particular radial distance, these field levels change
with the observation point in the axial direction. Fig. 8 shows
the variation of the emission levels (peak-to-peak magnitude of
EM field waveforms) along the axis of bushing with frequency,
at a distance of 2 m. As expected, the location of highest mag-
nitude/amplitude of the EM fields in the axial direction changes
with the frequency of the current source. For the transient cur-
rent of frequency below the cut-off frequency (depending on
the length of the current source, i.e., close to λ/2), the highest
magnitude of the H-field occurs near the middle of the bushing.
Beyond this frequency, there is a possibility of oscillatory vari-
ation for the H-field level, from the top to bottom flange with
considerable attenuation. The highest H-field level at a particu-
lar distance increases with increase of frequency of the current

TABLE II
TRANSIENT EM FIELD EMISSION LEVELS FROM THE BUSHING

irrespective of the field region (i.e., near-field or far-field). Sim-
ilarly, below the cut-off frequency, the highest amplitude of the
radial E-field appears at/near the top/bottom flanges and the
lowest amplitude occurs at middle of the bushing. This may
be due to the almost equal and opposite contribution of radial
E-field from either end of the current source. At higher fre-
quencies, the location of highest magnitude starts to move away
from the top flange (i.e., above the bushing depending on radial
distance). Further, the highest radial E-field level increases with
the increase of frequency beyond the transition frequency. The
variation of radial E-field along the axis of bushing is found
to be highly sensitive to the field region unlike to that for the
H-field. The axial E-field variation at a radial distance of 2 m
is almost similar to the H-field except for the frequencies of 10
and 20 MHz. This may be due to the observation point being in
near-field region for these frequencies of the current.

The highest EM field levels at a radial distance of 2 m from
the bushing, for the transient current of different frequencies,
are listed in Table II. The results again confirmed that the SE
of the bushing for EM fields is very low. SE for H-fields and
radial E-fields decreases with the increase of frequency up to
50 MHz (close to the cut-off frequency). Above this frequency,
there is a slight increase in the highest EM field levels, due to
the presence of the composite insulator housing as well as the
top/bottom flanges. To understand the effect of location of the
observation point on the EM field pattern, E and H field levels
have been computed at a radial distance of 4 m. At this radial
distance also, the highest H-field magnitude increases with in-
creasing frequency of the current. The axial E-field variation
at a radial distance of 4 m is almost similar to the H-field pat-
tern except for a current source of 10-MHz frequency. The same
phenomenon has been observed even for the derivative Gaussian
current excitation of the bushing.

VII. ENHANCEMENT OF THE TRANSIENT EM FIELDS

The enhancement of the EM field levels has been studied for
two configurations that are quite often possible in a GIS. One
is due to a metallic ground and the other is due to a metallic
structure (e.g., a control panel) on the ground. To calculate the
enhancement due to a metallic ground, EM field levels have
been computed along the axis of the bushing at a radial distance
of 2 m, with normal as well as metallic ground. The highest field
levels are calculated at each frequency using derivative Gaussian
current excitation, and it is found that the enhancement is well
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Fig. 9. Enhancement of the EM field emission levels from the bushing with a
metallic sheet on the ground plane. (a) H-field. (b) Er -field.

below 3 dB (Fig. 9). The results indicated that, beyond the
transition frequency, there is a possibility of decrease in the
enhancement of EM fields. More clearly, the field levels for
high-frequency currents (i.e., beyond 100 MHz) decrease due
to the presence of a metallic ground, and thereby, improving
the SE of the bushing for these EM fields. The enhancement
pattern for the axial E-fields is similar to the H-fields beyond
the transition frequency.

The enhancement of EM field levels above the grounded pro-
trusions in an actual substation has been calculated by consid-
ering a metallic structure of 550 mm (h) × 500 mm (w). This
structure is placed on the ground plane at a radial distance of
2 m from the bushing. In the absence of metallic structure, the
equipotential lines are uniform and parallel. Near the metallic
structure, the equipotential lines may distort and become com-
pressed. The compression results in increased amplitude of the
transient fields in the computational cells that are close to the
metallic structure. The increase in transient EM field ampli-
tude is characterized in terms of the enhancement factor (EF).
The transient EM field emission levels from the bushing are cal-
culated, with and without the metallic structure, for a derivative
Gaussian current excitation. From the study, it was understood
that the EM field variation with time is oscillatory due to the
metallic structure on the ground. At the same time, there is a
remarkable change in the amplitude of the EM fields in the pres-
ence of the metallic structure. In order to understand the varia-
tion in enhancement of the field levels with frequency, EM fields
have been calculated at just one cell above the metallic structure
(see Fig. 10). The following observations have been made.

1) The field enhancement may not be linear with frequency
and the same is dominant at limited frequencies only.

2) The enhancement factor for the radial E-fields is more
compared to that of the axial E-fields and the H-fields.
The EF for radial E-fields is dominant at corners of the
structure.

Since the EF is a function of the observation point, the range
of enhancement factors for EM fields at different frequencies is
evaluated, by varying the physical location of the metallic struc-
ture (at different radial distances, e.g., from 0.5 to 4.0 m). The
results are listed in Table III. The probability of occurrence of
the EF above 20 for the radial E-fields and above 6 for the axial

Fig. 10. Frequency spectra of the transient EM fields with a metallic structure
on the ground plane. (a) H-field. (b) Er -field.

E-fields is very low. The H-field enhancement is found to be
highly dependent on the radial distance of the structure installa-
tion and is on the higher side, beyond the cut-off frequency. The
radial E-field enhancement is more below the cut-off frequency.
It is also understood that there is a low-field region at the mid-
dle of the metallic structure for the radial E-fields. This may be
due to the fact that the tangential E-field just above the metallic
structure is close to zero. The enhancement for axial E-fields is
possible both at the middle and at the corners of the metallic
structure. The change in the EF with the decrease in width of
the metallic structure is found to be marginal. It has been further
observed that the EF for EM fields with an insulating structure
is very low compared to the EF with a metallic structure. This
is true for the entire frequency range of the transient fields.
More clearly, the EF for the transient EM fields changes con-
siderably, depending on the existence of the metallic structure,
insulated components, control wiring, and other phases of the
GIS modules in the substation.

VIII. TRANSIENT EM FIELDS DUE TO VFTC

To quantify the emission levels in actual substation, the EM
fields leaking out from the bushing have been evaluated for
the VFTC waveform obtained during a switching event in the
245-kV GIS (shown in Fig. 1). Fig. 11 shows the transient EM
fields at a radial distance of 2 m from the bushing, both in time
and frequency scale. Here, the EM fields have been computed
by assuming that the bushing was installed on a metallic sheet,
with the support of an insulating kiosk/structure (3 m × 3 m,
εr = 3), placed on a ground plane of conductivity 10−2 mho/m
[see Fig 12(b)]. A metallic wall is also located at a radial distance
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TABLE III
ENHANCEMENT FACTOR FOR THE TRANSIENT FIELDS DUE TO THE PRESENCE

OF A METALLIC STRUCTURE ON THE GROUND PLANE

Fig. 11. Transient EM fields at a distance of 2 m from gas-to-air bushing.

of 4 m from the bushing, parallel to the kiosk, to simulate the ac-
tual GIS. The time-varying E-field waveforms attenuate to zero
unlike in conventional substations, where they are proportional
to the integration of the transient current [3], [4]. The dominant
frequencies of the EM fields are almost in the same order as
that for the VFTC waveform. However, the relative amplitudes
of the dominant frequencies change in a considerable manner.
From the analysis, it is evident that the EM fields are associ-
ated with high-frequency components up to 150 MHz as the

Fig. 12. Different bushing models under study. (a) Model I. (b) Model II.
(c) Model III. (d) Model IV.

observation point is close to the ground (i.e., h = 0.1 m). This
may be due to the multiple reflections among the metallic walls,
insulating structure, and nearby ground. In order to understand
the effect of the bushing installation on the emission levels in
GIS, EM fields have been computed for the following models
(see Fig. 12).

1) Model I: Bushing is installed at a height of 3 m from the
ground.

2) Model II: Bushing is installed on a metallic sheet, with the
support of an insulating kiosk. A metallic wall is kept at a
radial distance of 4 m from bushing, parallel to the kiosk.

3) Model III: Bushing is installed on a metallic sheet, with
the support of an insulating kiosk, placed on the ground
plane.

4) Model IV: Bushing is installed on a metallic sheet, with
the support of an insulating kiosk, placed on the ground
plane. A metallic structure is kept on the ground.

As the observation point is close to the metallic wall, the
transient E-field, which is tangential to the metallic wall, is con-
siderably low (see Models I and II in Table IV). It is seen that the
radial E-field levels increase with the increasing height above
the ground. However, the H-field levels may not change to the
considerable extent. This may be due to significant modification
of the E-field pattern above the conductive ground. At the same
time, the field levels decrease with the increasing distance from
the bushing, and radial E-field levels tend to be low near the
conductive ground. Radial and axial E-field levels computed at
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TABLE IV
EM FIELD EMISSION LEVELS FOR VARIOUS BUSHING INSTALLATIONS

a radial distance of 2 m and just above the ground are 7.13 and
19.6 kV/m, respectively (see Fig. 11, Model II in Table IV). The
radial and axial E-field levels computed with a metallic struc-
ture on the ground at a radial distance of 2 m from the bushing
are found to have considerable enhancement. These field levels
are 22 and 53.4 kV/m, respectively. The average E-field en-
hancement factor is about 2 to 4 depending on the observation
point for a particular VFTC. The H-field enhancement is found
to be well below a factor of 2. This may be due to the fact that
the EF for H-field is more beyond the cut-off frequency. How-
ever, the H-field waveform is dominant up to 74.5 MHz only.
From the analysis, it is seen that the field levels reduce consider-
ably due to the presence of conductive ground and the metallic
walls/structures in the substation. More clearly, the complex
substation equipment attenuate the EM fields with the increas-
ing distance from the bushing, even though local enhancement
is possible for these fields near the grounded protrusions.

IX. CONCLUSION

The transient EM field emission levels from the gas-to-air
bushing through the composite insulator housing have been
computed for the VFTCs generated during a switching event,
using a numerical model based on the FDTD technique. The SE
of the bushing for the EM fields is evaluated using a derivative
Gaussian current source and a sinusoidal current source. The
SE for H-fields decreases with the increase of frequency, and
bushing does not offer any attenuation for the transient H-fields
beyond the cut-off frequency. The SE pattern for the H-fields
and the axial E-fields is almost similar beyond the transition fre-
quency. The enhancement in the EM fields due to the presence
of a metallic structure, which simulates the control cubicle or
other phases of the grounded enclosures, was studied. The aver-
age enhancement factor is of the order of 2 to 4 for the E-fields
and is well below 2 for the H-fields. The effect of conductivity
of the ground plane on the EM field levels is found to be signifi-
cant near the ground and is not considerable, as the observation
point is a few meters away from the ground plane.
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