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Abstract—Modeling of electromagnetic wave propagation
inside a gas-insulated switchgear structure can be helpful for
understanding and improving the utilization of partial discharge
detection by providing information to help determine more
optimal positioning of ultra-high frequency sensors. This paper
studies the effect of insulating spacers, L- and T-type structures on
electromagnetic wave propagation by simulating the time
dependent wave propagation behavior for these arrangements
within a gas-insulated switchgear busbar geometry. The
attenuation characteristics and time delays produced by spacers,
L- and T-type structures for partial discharge electromagnetic
wave propagation behavior are presented. Emphasis is placed on
comparison of attenuation characteristics and time delay between
different observation points along the busbar both before and
after the 90° bends formed by L- and T-type structures. Moreover,
a comparative analysis of the radial electric field at the gasinsulated switchgear tank and its rate of change with time is also
conducted. The paper demonstrates that if the location of the
ultra-high frequency sensor is chosen appropriately based on
knowledge of the physical structures, the attenuation effects
introduced by L- and T-type structures could be reduced.
Index Terms—electromagnetic wave, propagation behavior,
reflection effect, time delay, sensor location
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I. INTRODUCTION

ARTIAL discharge (PD) detection has become the most
important method for assessing the insulation integrity and
safety of gas-insulated switchgear (GIS) systems. The ultrahigh frequency (UHF) technique has been widely used for many
years to detect PD in GIS systems, by which both PD detection
and localization can be realized [1-3]. This technique is also
much more practical for on-site application, being less sensitive
to noise and more effective for PD localization compared with
the conventional PD method according to IEC 60270. However,
many factors act to prevent reaching high accuracy for PD
detection and localization. First, a calibration to “apparent
charge in pC” is not possible due to the complex PD pulse
propagation characteristics, and second the PD detection
sensitivity depends on various parameters such as barrier
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spacers, the geometry of the GIS system and the distance
between any PD defect and the UHF sensor.
To solve the issues above, a technical brochure [4] published
by CIGRE in 2016, collected available experience on PD
sensitivity verification and described its practical applications
for GIS. A detailed description of a two-step procedure is given
in [4], and as a guideline, assists manufacturers and users in the
effective application of the UHF PD method in GIS.
From a general point of view, GIS systems can be considered
as having a coaxial waveguide geometry with a central internal
high voltage (HV) conductor (or busbar) and grounded
enclosure. In a practical installation, there are not only linear
structures, but also many L-type and T-type structures.
Propagation characteristics of radiated PD electromagnetic
(EM) waves in GIS systems are complicated. When an EM
wave spreads in a GIS system, several phenomena may occur
(such as reflection, refraction, resonance, wave mode
conversion and attenuation), which combine to cause complex
EM wave behavior [4-6].
Research and investigations have previously been conducted
to explore the behavior of EM waves generated by PD inside
GIS systems. Okabe et al. [7-9] investigated the reflection and
mode conversion of EM waves in L-type and T-type GIS
structures. Based on simulations in their High Frequency
Structure Simulator, the propagation characteristics of multiple
modes of an EM wave in GIS structures were illustrated. Hikita
et al. [10-13] analyzed the EM attenuation trend through a
spacer, an L-shaped branch, and a T-shaped branch by means
of both simulation and experiments. They concluded that the
attenuation trend was mainly attributed to superimposition of
the transverse electric (TE) and transverse electric and magnetic
(TEM) modes. Behrmann et al. [14-16] explored EM wave
behavior inside GIS by performing radio frequency (RF)
network analyzer measurements and 3D finite-element
modeling. Their results showed that refinements to finite
element modelling (FEM) techniques result in a closer match to
actual measurements. Plentiful relevant research on EM wave
behavior in various GIS structures has obtained some
meaningful results and available experiences. However, due to
the complexity of the EM wave behavior in GIS systems, there
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remain issues that require further study, including determining
the most suitable positions to place UHF PD sensors for
optimum signal sensitivity [17]. A further important topic
relates to the precise nature of propagation delay through
various internal constructions, which is important for
implementing accurate PD localization based on time
differences between PD signals measured at different UHF
sensors.
This paper applies 3D finite element modeling for time
dependent simulation investigations to gain an improved
understanding of the propagation behavior of EM waves in GIS
systems. The study focuses on the influence of barrier spacers,
L-type and T-type structures on signal attenuation and time
delay. By using point probes to monitor the UHF electric field
at various positions on the GIS tank, optimal positions for
sensor installation can be deduced. The main contribution of
this paper is to demonstrate that the attenuation effects
introduced by L-type and T-type structures can be reduced if
the placement of UHF sensors is defined appropriately based on
knowledge of the physical structures. In addition, an improved
understanding of UHF propagation time delay for these
structures can assist with determining any time adjustments
necessary to improve the accuracy of PD source localization.

An advantage of using a Gaussian pulse in computational
electromagnetic simulations is that its time-derivatives do not
contain discontinuities that can lead to instability in the iterative
numerical calculations. To represent a PD pulse, the Gaussian
pulse [18-19] shown in Fig. 1 with half amplitude width of 0.3
ns is used. This was applied to the coaxial structure of the GIS
at the input plane of the GIS busbar. Because of the stochastic
nature of PD, pulse amplitude is usually quite variable in
practice. Hence, for the purpose of simulation, the model uses
a normalized PD pulse amplitude and the electric field results
are similarly presented on a normalized amplitude scale.

II. SIMULATION MODEL

A. Linear Structure
The model setup, schematically shown in Fig. 2, is a section
of a gas-filled coaxial chamber. The symmetry of the structure
allows for a 2D axisymmetric model geometry. There are 3
barrier spacers in the linear structure placed at equal intervals
of 1 meter and the thickness of spacers is 30 mm. Point probes
that record the evolution of electric field values during the
simulation are set with positions shown as red points in Fig. 2.
The coordinates of these point probes are separated at equally
spaced intervals along the principal forward propagation zdirection of the geometry chamber. Time dependent plots of the
electric field in the radial r-direction during a time range
covering [0, 0.1 … 20 ns] are produced once the simulation is
completed.

The simulation model of the linear, L-type and T-type GIS
structures used in this study are constructed using COMSOL
Multiphysics software. Diameters of the inner and enclosure
conductors typical of 400 kV GIS were defined as 125 mm and
420 mm, respectively. Both are modeled as perfect electric
conductors (PEC). Sulfur hexafluoride (SF6) is the insulation
gas considered (relative permittivity εr = 1, relative
permeability μr = 1, and electrical conductivity σ = 0). Dielectric
spacers are considered as epoxy resin (εr = 4, μr = 1 and σ = 0).
The field formulation used for the time-domain simulations is
described by the following equations [16]:
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where A is the magnetic vector potential, μ0 represents the
magnetic permeability of vacuum, μr is the relative magnetic
permeability, ε0 is the electric permittivity of vacuum, εr refers
to the relative permittivity of the propagation medium, n is a
unit vector normal to the surface and Zport is the wave
impedance of the lumped (input) port. The lumped port node is
used to apply a voltage or current excitation of a model in
COMSOL Multiphysics. The output port is set to a scatter
boundary for modeling an open boundary and this boundary is
transparent for incoming plane waves with any angle of
incidence. Therefore, there is no reflection back into the
structure at the output port during the simulation.
A common approach in the numerical simulation of
electromagnetic waves generated by PD is to approximate the
pulse as having a Gaussian shape in the time domain [3, 11, 13].

Fig. 1. The Gaussian pulse at the source port.

III. SIMULATION RESULTS

Source
lumped
port

z
r

Point probe coordinates (r, z) (mm)
L1 (210, 500)

L2 (210, 1500) L3 (210, 2500) L4 (210, 3500)

Fig. 2. Linear structure and coordinates of the point probes.

Fig. 3 shows the time-varying electric field at the point
probes in the linear structure. There exist four larger positive
electric field peaks which reveal the main forward-travelling
EM wave passing the four point probe positions. In addition,
there are many peaks with lower values, which are generated by
reflection from the spacers.
In the modeling, after passing through one spacer, the
amplitude of the electric field declines by about 6%. According
to the Fresnel Equation, the attenuation level during EM wave
reflection and refraction is related to the angle of incidence and
the dielectric constant of the materials on both sides of the
interface. As the dielectric constant of the spacer materials
increases, so does the level of energy reflected.
The time delay effect of the EM wave propagation is also
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evident. The distance between L1 and L4 is 3000 mm. The
time-of-arrival (TOA) result obtained from the time interval
between the largest value peaks of L1 and L4 in Fig. 3 is
approximately 10.3 ns with three barrier spacers installed in the
model. Without the barrier spacers installed, the TOA is about
10 ns. This indicates that one barrier spacer in the model
produces a time delay of around 0.1 ns that would give rise to a
localization error of approximately 3 cm provided that the
velocity of EM wave propagation approximates to 30 cm/ns.
The result of the time delay produced by the spacer in this
model is consistent with that of reference [16] in which the
result is 0.16 ns from practical TOA measurement with the
spacer material having a relative electric permittivity of 4.2.

adjacent waves caused by reflections within the L-bend.
Furthermore, the electric field distribution in Fig. 5 and Fig. 6
indicates that the electric field properties differ quite significantly
for different positions. Thus, for electric field detection, the outputs
of UHF PD sensors can be quite different for different sensor
installation locations. In a cross section of a GIS cylinder or pipe
there are generally two orientations, horizontal (0 degree) and
vertical (90 degree) used in the mounting of UHF sensors. That is
to say, they are usually located either on the sides of the GIS tank,
or the top/bottom of the tank. In order to compare the sensitivity in
the horizontal and vertical planes, it is necessary to obtain the
evolution of electric field at these most common sensor mounting
positions. To investigate this further, point probes are positioned at
locations P1 - P5 around the L-bend (see Fig. 7a and Table I for the
specific coordinates). P1 and P2 are positioned before the L-bend,
while P3, P4, and P5 are positioned in the same horizontal plane
after the L-bend. P4 is positioned where the path length around the
bend is smallest whilst P5 is positioned where the bend path length
is largest. P3 is the intermediary bend position. Note that these
locations are commonly used for PD UHF sensor installations [8,
15].

Fig. 3. Normalized electric field in radial direction versus time (the maximum
on point L1 is the normalized field benchmark).

B. L-type Structure
The geometry of the L-type GIS structure used in this study
is schematically shown in Fig. 4. The parameters of the
dielectric materials and the diameters of the inner and enclosure
conductor are the same as those of the linear structure. Four
point probe positions (A, B, C, and D) and their coordinates are
shown as red points in Fig. 4.

(a)

Point probe coordinates (x, y, z) (mm)
A(-210, 1500, 0)
B(-210, 500, 0)
C(-210, 0, 500)
D(-210, 0, 1500)

Fig. 4. Geometry of L-type structure and coordinates of point probes.

Fig. 5 reveals the time-varying electric field at the point probe
positions on the horizontal branch and vertical branch of the L-type
structure. The propagation and reflection of EM waves are also
illustrated in Fig. 5. When the EM wave passes each point probe,
there is a peak in the field curve. Subsequently, the curves start to
fluctuate over time and there are many peaks with lower
amplitudes generated by the reflections from the spacers and Lbend. Fig. 5a shows that before passing through the L-bend, the
propagation and reflection of EM waves are similar to those in the
linear structure. However, Fig. 5b shows significantly different
characteristics when the EM wave propagates into the vertical
branch. The attenuation rate of the amplitude is nearly 50% which
is much larger than that of the spacer.
Fig. 6 displays a snapshot at t = 11.2 ns and shows the electric
field distribution as the EM wave passes through the L-bend. When
the wave propagates into the vertical branch, its waveform and
amplitude change significantly, which indicates overlap of

(b)
Fig. 5. Electric field in radial direction versus time (the maximum on point A
is as the normalized field benchmark). (a) Point probes A and B on horizontal
branch. (b) Point probes C and D on vertical branch.q

(a)
(b)
Fig. 6. Electric field distribution in L-type structure at t =11.2 ns. (a) Electric
field distribution. (b) Profile of inner conductor and spacers of L-type structure.
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Fig. 7b and 7c and Table I compare the difference of the electric
field for these positions. As expected, P1 and P2 produce very
similar results as the signal propagates. The smaller reflected
signals due to the L-type bend produce small variations in the P1
and P2 signals based on slightly different L-bend reflection
interferences for the signals at these measurement positions.
P3 (vertical direction)
P5

P4 (horizontal direction)

P1 (vertical direction)
P2 (horizontal direction)

(a)

(b)

propagation. Overall, the changes to wave propagation caused by
the L-type structure are much more severe than those caused by the
spacer. This distortion may also decrease the signal-to-noise ratio
(SNR) of the measured signals, which could in turn influence the
TOA measurement accuracy. Considering a more practical
thresholding approach to determining TOA, if 5% of the P2
signal peak value is used for arrival time estimation, the results
obtained are also shown in Table I. The largest difference
between TOA occurs between P4 and P5 and is about 0.7 ns,
corresponding to a distance of about 21 cm for wave
propagation.
TOA values will change slowly if another threshold is
selected because the amplitude of the waveforms varies over
time from place to place and the peak values are also different
for different test positions. Comparison of different thresholds
of 5%, 8% and 10% at point probes P3, P4 and P5 are also
presented in Table I.

TABLE I
ATTENUATION AND TIME DELAY EFFECT OF L-BEND.
TOA based TOA based TOA based TOA based
Point probe Normalized
on signal
on 5%
on 8%
on 10%
positions electric field
departure
threshold
threshold
threshold
(x,y,z)
in radial
from zero
of peak
of peak
of peak
(mm)
direction
(ns)
(ns)
(ns)
(ns)
P1 (-210,
98%
6.6
7.2
7.2
7.3
500, 0)
P2 (0, 500,
100%
6.6
7.2
7.2
7.3
210)
P3 (-210, 0,
51%
9.0
9.8
9.9
9.9
500)
P4 (0, 210,
98%
8.7
9.5
9.7
9.8
500)
P5 (0, -210,
69%
9.6
10.2
10.3
10.3
500)

C. T-type Structure
The geometry of the T-type GIS structure is illustrated in Fig.
8. There are two cases of the T-type structure based on the
location of the source port, i.e. Case I and Case II. Point probes
A, B, C, D, and E are set with positions shown as red points in
Fig. 8.

(c)
Fig. 7. Electric field in radial direction at point probes (The maximum at P2 is
as the normalized field benchmark). (a) Test point positions. (b) Point probes
P1 and P2 on horizontal branch. (c) Point probes P3, P4, and P5 on vertical
branch.

In Table I, the maximum difference of the peak values at the test
point locations P3, P4, and P5 ranges up to 47%. It is noted that the
attenuation at test point P3 is the most significant; the detection
sensitivity is higher at the other two test points P4 and P5, with P4
being the highest and just lower than the peak values from P1 and
P2. Thus, if the location of the sensor is chosen appropriately as
P4, the measurement sensitivity will almost be unaffected by the
L-type structure [17].
The time delay introduced by the L-type structure is also
presented in Fig. 7c and Table I for the UHF signal arrival time at
points P3, P4 and P5. Based on the point of signal departure from
zero in the simulated signals, the largest difference between the
TOA occurs as expected between P4 and P5. The signal arrives at
P5 0.9 ns later, which corresponds to a distance of 27 cm for wave

Point probe coordinates (x, y, z) (mm)
A(-210, 1500, 0)
B(-210, 500, 0)
C(-210, 0, 500)
D(-210, 0, 1500)
E(-210, 0, -500)

Fig. 8. Geometry of T-type structure and coordinates of point probes.

1) Case I
For Case I, the signal port is into the horizontal branch of the
geometry (see Fig. 8). For the x-y plane at z = 0, the propagation
path of the EM wave in Case I is symmetrical. Fig. 9 presents
the time-varying electric field at the point probes on both the
horizontal and vertical branches. Similar to the results of the Ltype structure, different signal characteristics at each position
are evident when the EM wave propagates into the vertical
branch of the T-type structure. The electric field in Fig. 9b
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indicates overlap of adjacent wave peaks.

P3 (vertical direction)
P5

P4 (horizontal direction)

P1 (vertical direction)
P2 (horizontal direction)

(a)
(a)

(b)
(b)
Fig. 9. Electric field in radial direction versus time at point probes (the
maximum on point A is the normalized field benchmark). (a) Point probes A
and B on horizontal branch. (b) Point probes C and D on vertical branch.

Differences in the electric fields for positions P1-P5 are
compared in Fig. 10 and Table II. The positions are similar to
the L-bend positions analyzed in Fig. 7a. In Table II, the peak
values at locations P3, P4, and P5 are 37%, 63%, and 73%
respectively. Therefore, for electric field detection, if the EM
wave signal passes through the T-type structure and is detected
by a sensor, the installation position of the sensor significantly
influences the strength of the received signal. By comparison, a
result similar to the L-type situation is also obtained. The most
significant attenuation takes place at test point P3. Detection
sensitivity is higher at the other two test points P4 and P5 in the
horizontal plane of the T-bend (defining the tank to be the
horizontal direction). Thus, if the location of the sensor is
chosen appropriately, i.e. P5, the effect of the attenuation by the
T-type structure can be minimized [17].
Time delay caused by the T-type structure is shown in Fig. 10c
and Table II. The largest difference between TOA of the three
point probes P3, P4, and P5 is 0.9 ns based on the point of signal
departure from zero and 0.7 ns based on the 5% threshold, which
is similar to that of the L-type structure.
TABLE II
ATTENUATION AND TIME DELAY EFFECT OF T-BEND (CASE I).
Point probe
Normalized
TOA based on
TOA based on
positions (x,y,z)
electric field in
signal departure 5% threshold
(mm)
radial direction
from zero (ns)
of peak (ns)
P1 (-210, 500, 0)
99%
6.5
7.1
P2 (0, 500, 210)
100%
6.5
7.1
P3 (-210, 0, 500)
37%
8.9
9.8
P4 (0, 210, 500)
63%
8.5
9.5
P5 (0, -210, 500)
73%
9.4
10.2

(c)
Fig. 10. Comparison of electric field at point probes (the maximum on point
P2 is normalized field benchmark). (a) Coordinates of the point probes. (b)
Point probes P1 and P2 on horizontal branch. (c) Point probes P3, P4, and P5
on vertical branch.

2) Case II
Fig. 11 shows the electric field in the radial direction at the point
probe positions. It can be seen that the attenuation characteristics
in the tangential and forward directions are different. The peak
value of the wave reaching the forward direction test point E is
about twice as large as the signal measured at test point B. The
TOA at test point B is 0.9 ns earlier than that at test point E based
on the point of signal departure from zero and 0.7 ns earlier based
on a 5% threshold.
It is evident that the attenuation characteristics and the TOA
vary with different positions. To clarify the attenuation
characteristics and the time delay produced by the T-bend, a
detailed comparison is conducted at more point probe positions
i.e. P1, P2, … P6. The locations of the point probes are shown
in Fig. 12 and the comparisons are presented in Fig. 13 and
Table III.
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Fig. 11. Electric field in radial direction versus time (the maximum on point C
is as the normalized benchmark).

sensor is chosen appropriately, as described above, the
measurement sensitivity obtained can reduce the attenuation
caused by the T-type structure.
A comparison of TOA for all point probes is also shown in
Table III. TOA at the points in the tangential direction vary
greatly, while the values at the points in forward direction are
essentially the same. Furthermore, the TOA of the points in the
forward direction is later than that in the tangential branch and
the median value of time delay is about 0.9 ns based on signal
zero-crossing and 0.7 ns based on 5% peak value. Thus for TOA
estimation, sensors installed in the forward branch will provide
more consistent results, but there will be a certain time delay
compared to sensors installed in the tangential direction.

P3 (vertical direction)
P2

P1 (horizontal direction)

P6 (vertical direction)
P5

P4 (horizontal direction)

P9 (vertical direction)
P8

P7 (horizontal direction)

Fig. 12. Locations of the point probes.

Fig. 13a shows the electric field at three test points P1, P2,
and P3 before the T-bend, which are located in the same
transverse plane of the wave propagation direction. It illustrates
that amplitudes and arrival times of the EM wave remain the
same at the three test points. Fig. 13b shows the electric field at
three test points P4, P5, and P6 in the T-bend tangential
direction, and which are located in the same transverse plane.
As can be seen from Fig. 13b, significant changes have taken
place both in amplitude and TOA between these three points
(see Table III for their specific positions). Fig. 13c displays the
electric field at three test points P7, P8, and P9 in the forward
direction of the tube geometry, which are located in the same
transverse plane of the wave propagation direction. It shows
that TOA of the EM wave stays almost the same for the three
points. However, there exist small differences between signal
amplitudes as can be seen in Table III.
Table III compares the difference of the electric field
attenuation for all point probes. The attenuation at the points in
the tangential direction is much higher than that in the forward
direction. Furthermore, the amplitudes of electric field among
the points in the tangential direction also differ greatly and the
attenuation is more severe than in the Case I T-type structure.
Thus, for PD detection sensitivity in the T-type structure in
GIS, the optimal position for sensor installation is in the
forward branch where the sensor can have the highest
sensitivity, the second-best position is at the T branch of Case
I, and the worst position is at the T branch of Case II.
Additionally, the detection sensitivity is higher at the test points
in the horizontal plane compared to those positions in the
vertical plane of the cross section of the tank (defining the tank
to be the horizontal direction). Therefore, if the location of the

(a)

(b)

(c)
Fig. 13. Comparison of electric field at point probes (the maximum on point
P3 is as the normalized benchmark). (a) Point probes in front of the T-bend. (b)
Point probes in tangential turning direction. (c) Point probes in forward
direction.
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TABLE III
ATTENUATION AND TIME DELAY EFFECT OF T-BEND (CASE II)
Point probe
Normalized
TOA based on
TOA based on
positions (x, y, z)
electric field in signal departure 5% threshold of
(mm)
radial direction
from zero (ns)
peak (ns)
P1 (0, 210, 500)
99%
4.9
5.5
P2 (0, -210, 500)
100%
4.9
5.5
P3 (-210, 0, 500)
100%
4.9
5.5
P4 (0, 500, 210)
35%
6.8
7.8
P5 (0, 500, -210)
67%
7.6
8.5
P6 (-210, 500, 0)
30%
7.2
8.1
P7 (0, 210, -500)
78%
8.2
8.9
P8 (0, -210, -500)
80%
8.1
8.8
P9 (-210, 0, -500)
63%
8.1
8.8

IV. THE NATURE OF dEr/dt
The probe coupler is one kind of sensor used in PD UHF
detection technology in GIS. Such couplers do not measure the
UHF electric field strength directly and the output voltage response
is proportional to dEr/dt, where Er is the electric field in the radial
direction of the measured position [6]. Fig. 14 displays the
measured dEr/dt in the radial direction at all point probe positions
in the L-type structure, and similarly the dEr/dt values for the Ttype structure Case I and Case II.

calculated by dEr/dt and Er respectively are the same. The
specific comparison results are listed in Table IV.
Table IV indicates that the detection sensitivity of dEr/dt is
higher at the test points in the horizontal plane compared to
those positions in the vertical plane of the scheme plan of the
chamber. This is consistent with the previous results based on
Er detection. It is noteworthy that there seems to be a
magnifying effect for dEr/dt detection at certain test points and
the normalized dEr/dt can be larger than 100%. In other words,
if dEr/dt is normalized to the closest probe, but it is possible for
probes that are further away to exceed that value.
In addition, it must be emphasized that the simulation is free
from external interference that often takes place on GIS sites.
Therefore, besides the distortion of the waveform produced by
reflections in the GIS, external noise may have a significant
impact on the identification of any field measured TOA.
Structures
L-type

T-type
Case I

T-type
Case II

TABLE IV
ATTENUATION AND TIME DELAY EFFECT ON dEr/dt
Point probe positions
Normalized
TOA based on 5%
(x, y, z) (mm)
dEr/dt
threshold (ns)
P1 (-210, 500, 0)
93%
7.1
P2 (0, 500, 210)
100%
7.1
P3 (-210, 0, 500)
67%
9.7
P4 (0, 210, 500)
157%
9.4
P5 (0, -210, 500)
92%
10.1
P1 (-210, 500, 0)
99%
7.0
P2 (0, 500, 210)
100%
7.0
P3 (-210, 0, 500)
64%
9.6
P4 (0, 210, 500)
123%
9.4
P5 (0, -210, 500)
90%
10.1
P1 (0, 210, 500)
94%
5.4
P2 (0, -210, 500)
100%
5.4
P3 (-210, 0, 500)
100%
5.4
P4 (0, 500, 210)
59%
7.7
P5 (0, 500, -210)
58%
8.3
P6 (-210, 500, 0)
28%
7.9
P7 (0, 210, -500)
74%
8.8
P8 (0, -210, -500)
118%
8.7
P9 (-210, 0, -500)
58%
8.7

(a)

V. DISCUSSION

(b)
Fig. 14. Normalized dEr/dt at point probes in L-type structure shown in Fig. 7a
(the maximum on point P2 is as the normalized benchmark). (a) Point probes
on horizontal branch. (b) Point probes on vertical branch.

The attenuation characteristics and time delay for EM wave
propagation can be obtained for dEr/dt and similar conclusions
on attenuation characteristics and time delay also drawn.
Notably, the attenuation rate calculated from dEr/dt is different
from that calculated from Er, and in terms of TOA, the results

The EM wave propagation is influenced by small structural
details, such as the spacer shape, conductor shield and so on.
Meanwhile, the differences in source input between simulation
and real life also influence the test results, like the rise time and
waveform of the source pulse. The apparent ‘attenuation’
effects are due to interference caused by signal energy
reflections. These interactions have the potential to impact
wave amplitude thresholding processes often used to determine
sensor TOA values. Clearly, any impact on TOA evaluations
will influence determination of EM wave propagation velocity.
The simulations of L-type structure with shields at the inner
conductor are conducted. The profile of the inner conductor is
shown in Fig. 15. The electric field at test point A, B, C, and D
is illustrated in Fig. 16 and the attenuation and TOA at point
probes P1, P2, P3, P4 and P5 near L-bend are shown in Fig. 17
and Table V.
It can be concluded from the results that when compared to
the model with no shields, the model with shields produces
some signal attenuation. While the detection sensitivity is
higher at the test points P4 and P5 than that at P3, which is the
same as that in the model without shields. The effect on TOA is
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also the same as that in the model without shields.

Fig. 15. Geometry of L-type structure and inner conductor with shields 2
times the diameter of the conductor.

(b)
Fig. 17. Electric field in radial direction at point probes P1, P2, P3, P4 and P5
(the maximum on point P2 is as the normalized field benchmark and the
coordinates of point probes are shown in Fig. 7a). (a) Point probes P1 and P2
on horizontal branch. (b) Point probes P3, P4, and P5 on vertical branch.
TABLE V
ATTENUATION AND TOA AT POINT PROBES P1, P2, P3, P4 AND P5.
Point probe positions
Normalized electric
TOA based on 5%
(x,y,z) (mm)
field in radial direction threshold of peak (ns)
P1 (-210, 500, 0)
99%
7.1
P2 (0, 500, 210)
100%
7.2
P3 (-210, 0, 500)
46%
9.7
P4 (0, 210, 500)
74%
9.5
P5 (0, -210, 500)
69%
10.2

VI. CONCLUSIONS
(a)

(b)
Fig. 16. Electric field in radial direction at point probes A, B, C, and D (the
maximum on point A is as the normalized field benchmark and the
coordinates of point probes are shown in Fig. 4). (a) Point probes A and B on
horizontal branch. (b) Point probes C and D on vertical branch.

(a)

In this study, the attenuation characteristics and time delay
produced by barrier spacers, L-type and T-type structures of
GIS in EM wave propagation behavior have been investigated.
The simulations indicate an overlap of adjacent waves caused
by wave reflection so that the time-varying electric field differs
quite significantly for different positions at which UHF PD
sensors might be mounted. Therefore, appropriate selection of
sensor installation positions relative to the L-type and T-type
arrangements of GIS bus bars might ensure a more consistent
PD detection sensitivity.
It is indicated by comparison that the detection sensitivity is
higher at the test points in the horizontal plane compared to
those positions in the vertical plane of the cross section of the
GIS tank. This result is established both in the calculation by Er
and dEr/dt respectively and is the same as that in the model with
inner conductor shields. The effect on TOA is also the same as
that in the model without shields. Therefore, if the location of
the electric field detected by the sensor is chosen appropriately,
the measurement sensitivity obtained can minimize the effects
of attenuation introduced by the L-type and T-type structure.
The effects of time delay produced by barrier spacers, L-type
and T-type structures are different from each other. One spacer
in this model produces a time delay of approximately 0.1 ns
which accounts for a localization error of approximately 3 cm.
Time delay effects caused by the L-type and T-type Case I
structures are very similar. The largest difference between TOA
of the test point probes after the bend is about 0.9 ns based on
signal zero-crossing and 0.7 ns based on 5% peak value,
corresponding to a distance of about 27 cm and 21 cm
respectively for the wave propagation. TOA values will change
slowly if another threshold is selected because the amplitude of
the waveforms varies over time from place to place and the peak
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values are also different for different test positions.
The time delay effect produced by the T-type Case II structure
is different in tangential and forward directions. The arrival
time at the points in the tangential direction vary greatly, while
the values at the points in the forward direction are essentially
the same. Furthermore, the TOA of the points in the forward
direction is delayed compared to the tangential branch and the
median value of time delay is about 0.9 ns based on signal zerocrossing and 0.7 ns based on 5% peak value.
The attenuation rate calculated from dEr/dt is also different
from that calculated using Er while, in terms of TOA, the results
calculated by Er and dEr/dt are the same.
Further validation and application of the conclusions in this
paper will be carried out as part of future work.
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