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Abstract— Gas-insulated switchgears (GIS) have become essential
parts of electrical power substations due to the associated merits of
these capital assets. Although such resilient devices can rarely suf-
fer from failure, partial discharge (PD) is responsible for around 85%
of their recorded collapses. Ultra-high frequency (UHF) techniques
have been widely used in the detection and localization of PD for a
long time because of their immunity to noise and high sensitivity.
Understanding electromagnetic (EM) wave behavior in GIS systems
is significant for improving the utilization of UHF sensors in PD
detection and for the optimal allocation of UHF antennas inside
GIS systems. Thus, this paper is devoted to building a detailed 3D
finite element (FE) model based on UHF detection techniques to
understand the propagation behavior of EM waves inside GIS. A disk-type UHF sensor is used for acquiring EM waves
inside the GIS. The sensitivity of the sensor has been obtained using a gigahertz transverse-electromagnetic (GTEM) test
cell. The proposed model investigates the impact of multiple disconnecting parts including L-structure, relative angle
between PD source and sensors, and disconnecting switches on the propagation of electromagnetic waves based on
step 1 of the CIGRE recommendations. To validate the modeled GIS, a simple L-structured model is initially built, and a
comparative analysis has been conducted between the built model and the experimental and analytical results from the
literature.

Index Terms— electromagnetic propagation, gas-insulated switchgears, partial discharge, time of arrival estimation, UHF
sensors.

I. INTRODUCTION

THE determination of whether gas-insulated switchgears
(GIS) suffer from partial discharge (PD) has been given

great attention since the earliest days to contribute to the
operational safety and reliability of such capital assets. Tra-
ditionally, it has been proven that only apparent PD charge
magnitude can be measured. Thus, no complete information
about PD events can be obtained using conventional PD
measurement techniques [1], [2]. Different techniques have
been deployed to improve the detection and localization of
PD in GIS enclosures. Among these, ultra-high frequency
(UHF) techniques have been in use since the 1980s as they
showed great suppression to noise and high sensitivity [3]–
[5]. UHF detection techniques have been widely used for
PD detection, classification, and localization of different PD
defects in different high voltage equipment [6], [7]. The major
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drawbacks of such technique are the limited information about
the exact magnitude of PD charges since there is no direct
correlation between the received RF signal strength and the PD
intensity, and the difficulties associated with the installation of
UHF sensors in some devices like transformers and built GIS
systems [3], [7].

To overcome the issue of limited information about the mag-
nitude of PD charge, CIGRE sensitivity verification procedure
was developed and used to optimally allocate UHF sensors in
GIS enclosures [3], [8]. The sensitivity verification procedure
has two steps namely laboratory test (step 1), and on-site test
(step 2). In step 1, a transmitting antenna is used to inject an
artificial pulse similar in behavior to the actual PD pulse. The
resultant electromagnetic (EM) waves are then acquired using
a second receiving sensor. Such analysis is used to obtain the
frequency response of UHF sensors and establish PD charge
sensitivity. On the other hand, the 2nd step is done on-site
while GIS systems are operating to ensure that the obtained
sensitivity is sufficient to detect PD during the operation of
the GIS [8].

Sensitivity calibration of UHF sensors for PD applications
utilizes a pulsed gigahertz transverse-electromagnetic (GTEM)
cell [9]. An input pulse with very short rise-time is injected
into the test cell to create a sub-nanosecond electric-field
inside the cell. A UHF sensor, positioned at an aperture on
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the GTEM, is used to receive the propagating signal. The
sensitivity of the UHF sensor is obtained by calculating its
frequency response. This involves calculating the “effective
height” of the sensor (mm) through dividing the obtained
frequency-domain voltage (mV) by the injected electric field
pulse (V/m) [9], [10].

The simplest model of a GIS is made of an outer enclosure,
a hollow inner conductor, and other disconnecting parts like
circuit breakers, earthing switches, transformers, L and T
structures, and dielectric spacers connecting GIS compart-
ments [11]. The impact of different disconnecting parts on EM
waves inside GIS devices has been extensively investigated
and analyzed to improve the utilization of UHF detection
techniques [12]–[20]. However, the work done hitherto cov-
ers disconnecting parts separately. In fact, a GIS cannot be
simply modeled as a coaxial waveguide since it has many
different components including many bends, radius changes,
etc. [3]. Nonetheless, GIS devices support both low-frequency
(transverse-electromagnetic (TEM) mode) as well as high-
frequency (transverse-electric (TE) and transverse-magnetic
(TM) modes) components. For EM waves, a GIS is regarded
as different waveguide structures connected with one another.
Under normal operation, a straight section of a GIS is regarded
as a coaxial waveguide. However, if a disconnecting switch is
open, the GIS can no longer be regarded as coaxial structure.
This imposes some conditions on the propagating EM waves
determined by the waveguide type. TEM mode of propagation
supports any frequency, and thus, has no cut-off frequency. On
the other hand, TE and TM modes have cut-off frequencies
below which they cannot propagate inside GIS enclosures [21].

Recently, GIS manufacturers considered building such de-
vices with a metallic belt covering the dielectric spacers. The
use of metallic belts improves the grounding characteristics of
GIS systems and prevents spacers from chemical corrosion
due to the exposition to air [4]. Nevertheless, the use of
external UHF sensors is no longer practical since metallic
components shield EM waves from propagating outside the
GIS. Consequently, internally connected UHF sensors have
been integrated with the newly manufactured GIS systems.
Such sensors have better immunity to noise as compared
with the external counterparts [4], [22]. This paper covers
EM wave behavior inside an L-structured GIS under different
simulation models built using the full-Maxwell finite element
(FE) solver of COMSOL Multiphysics. The main contribution
in this paper resides in studying the impact of having more
than a single discontinuity inside the GIS and analyzing UHF
signal propagation using step 1 of CIGRE recommendations.
Disconnecting switches with different lengths are modeled
before the L-section to study the impact of having more
than a single disconnecting part, simultaneously. Moreover,
the relative angle between the PD source and sensor impact is
analyzed by rotating the receiving sensors by 90°. The results
are presented using time and frequency domains to gain better
insight on how EM waves behave inside GIS cavities. The
obtained results are acquired using a disk-type UHF sensor
which has been modeled and tested using a simplified GTEM
test cell [9].

The paper is organized as follows: Section II presents

and explains the modeling approach of the proposed system.
The used disk-type UHF sensor is modeled in section III.
Different simulation scenarios are presented and discussed in
section IV. The scenarios include an L-structured GIS without
disconnecting switches, an L-structured GIS with a 150 mm
long disconnecting switch, and an L-structured GIS with a
300 mm long disconnecting switch. In the aforementioned
scenarios, sensor 1, in Fig. 1, is used as a transmitting sensor.
Nonetheless, sensor 3 (θ = 0°) is also used to inject a pulse
in the fourth simulation scenario to investigate the impact
of distance between PD sources and sensors on EM wave
intensity. Finally, concluding remarks are given in section V
of the paper.

II. MODEL OVERVIEW

An L-structured GIS model is built using the Multiphysics
platform of COMSOL to study the behavior of EM waves
propagating inside the GIS. The inner and outer diameters of
the model are 160 mm and 400 mm. A Gaussian pulse with a
peak centered at 1 ns is injected using the transmitting sensor
whereas receiving sensors are used to acquire EM waves.
Sensors 2 and 3 are also rotated by 90° to study the impact of
changing the angle between PD source and receiving sensors
on EM wave propagation. Thus, a total of 5 sensors are placed
inside the GIS enclosure. The used pulse is represented by the
following equation [4]:

GP (t) = V0 e
− t2

2σ2 (1)

the Fourier representation of this pulse is given by:

GP (ω) = V0 σ
√

2π e−0.5ω
2σ2

(2)
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Fig. 1. 2-Dimensional view of the proposed GIS model. SF6, Epoxy
Resin, and steel covers are modeled to account for transmission and
attenuation of EM waves.
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where V0 is the amplitude of the pulse, and σ determines the
pulse width. Fig. 2 shows the used Gaussian pulse with its
frequency representation. The time-shift impact is not shown
in the frequency-domain representation since the magnitude of
the voltage is shown.

The insulating medium, SF6, is used to fill the space inside
the structure whereas Epoxy Resin (εr = 4.8) characterizes the
dielectric spacers. The inner and outer conductors are modeled
as perfect electric conductors (PEC) to reduce the computation
time. Electromagnetic waves inside the GIS are obtained by
solving the following boundary value-problem (BVP) [23],
[24]:

∇×(
1

µr
∇×A)+µ0σ

∂A
∂t

+µ0ε0(εr
∂2A
∂t2

) = 0 in Ω ⊆ R3 (3)

∇×(
1

µr
∇×A)+jωµ0σA−ω2µ0ε0εrA = 0 in Ω ⊆ R3 (4)

n× A = 0 over ∂PEC Ω ⊆ R2 (5)

−n× (
1

µr
∇× A)− µ0

Zport
∂

∂t
n× (n× A) =

2µ0

Zport
n× (n× E0) over ∂port Ω ⊆ R2

(6)

A = 0 for t ≤ 0 in Ω ⊆ R3 (7)

Equations (3) and (4) are used to solve EM wave prop-
agation in the volume (R3) of the GIS model. Equation
(5) shows that no EM waves are propagating after the PEC
boundaries (R2), but rather, they get reflected. Equation (6)
is used to calculate the intensity of EM waves received by
each port along the boundary (R2). In the above BVP, A
represents the magnetic vector potential, n is a unit vector
normal to the surface, Zport represents the impedance seen
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Fig. 2. a) The used Gaussian pulse at the source (transmitting Sensor).
b) Frequency representation of the Gaussian pulse. It can be seen that
the magnitude of the frequency-domain signal is very low since the total
energy of the pulse is low.

at each port, E0 is the source electric field (for the sensor
used to inject the pulse, or transmitting sensor), and µ, ε,
and σ represent the electric permeability, permittivity, and
conductivity of the different materials, respectively. Equation
(3) is used to obtain time-domain results whereas (4) gives
frequency-domain results. Equation (6) is used to obtain time-
domain results. Similar equation is also used to obtain the
frequency-domain results at the port.

III. UHF SENSOR MODELING

The following section presents the modeling approach of the
used disk-type UHF sensor inside the GIS [9]. The diameter
of the UHF sensor is 150 mm and its height is 50 mm. Tufnol
(εr = 3.4) characterizes the sensor’s dielectric material. PEC
is used to model all metallic components of the sensor. A
simplified GTEM cell model has been built to reduce the
complexity and computational time of the FE solver. The
simplifications made are [25]:
• Half of the GTEM has been modeled due to the symmetry

of the cell.
• Side walls of the GTEM test cell are represented by

“Scattering Boundary Conditions” to absorb any incident
signals and obtain a vertically polarized electric field.

• The cell length has been reduced to 2 m instead of using
the full 3 m length. This assumption is made to avoid
having very fine mesh size at the input of the test cell.

A Gaussian pulse with rise-time of 300 ps is used at the
input. Then, the sensitivity of the UHF sensor was obtained
by calculating the antenna factor (AF) using [26]:

AF (f) =
E(f)

U(f)
(8)

Sensitivity(f) =
1

AF (f)
(9)

where E(f) is the input electric field strength, and U(f) is the
detected voltage at the antenna terminal. Initially, time-domain
signals were obtained and FFT was then used.

Fig. 3 shows the received voltage and sensitivity of the
UHF sensor. It can be seen that the sensitivity is higher than
6 mV/Vm−1 over 500 MHz to 1500 MHz, the minimum
sensitivity placed by a UK technical guidance note [25],
[27]. The average sensitivity in Fig. (3b) is obtained over the
frequency range set by the UK technical guide. By comparing
the obtained frequency response with that in [9], the overall
behavior is similar, with slight differences attributed to the
differences in the sensor’s implementation details.

IV. SIMULATION RESULTS

In this section, four different cases are modeled and dis-
cussed. The first model represents a simple L-structured GIS
without any disconnecting parts. The model is used to com-
pare the obtained results with analytical and experimental
data from the literature to validate the obtained results. The
second and third models are used to investigate the impact of
disconnecting switches lengths along with the L-structure on
the EM wave propagation. Finally, the fourth model is used
to investigate the attenuation of EM waves as a function of
distance.
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Fig. 3. a) Voltage waveform obtained by the UHF sensor due to a
Gaussian pulse input signal. The input has a rise-time of 300 ps and an
amplitude of 31 V/m. b) The frequency response of the UHF sensor.

A. Case I: Closed Switch
Normalized electric field distribution at three different fre-

quencies namely 10 MHz, 400 MHz, and 1400 MHz are
simulated and shown in Fig. 4. Since the input time-domain
signal is a Gaussian pulse with very high rise-time, the
frequency-domain representation of such signal has very low
magnitude since it is covering a wide frequency range (refer
to Fig. 2). The input voltage magnitude is 1.38e− 8 V at 10
MHz, 1.085e − 8 V at 400 MHz, and 7.4e − 10 V at 1400
MHz. Thus, the electric field distribution is normalized with
respect to 1.25e − 9 Vm−1 at 10 MHz, 9.8e − 10 Vm−1 at
400 MHz, and 6.7e − 11 Vm−1 at 1400 MHz to maintain a
constant multiple of magnitude for all cases. Coaxial waveg-
uide structures support TEM mode, which is independent of
frequency. Nonetheless, for TE and TM modes to propagate,
frequency of operation should exceed the associated cut-off
frequencies given by the following equations [4], [28]:

fTEm1
c =

v m

π(a+ b)
(10)

fTM1n
c =

v n

2(b− a)
(11)

where a and b are the inner and outer radii of the coaxial
waveguide, v represents EM waves velocity, and m and n are
integers that determine the mode of operation of the TE and
TM modes, respectively. Based on (10) and (11), the cutoff
frequencies are around 340 MHz and 1235 MHz for TE11 and
TM11 modes, respectively. The subscripts associated with the
TE and TM modes indicates the number of full-wave patterns
along the circumference and the diameter of the GIS model.
Moreover, Fig. (4a) shows that TEM mode components appear
before and after the L-structure and are uniformly distributed
along the GIS. This agrees with the results obtained in [23],
[29], [30]. When the frequency is increased to 400 MHz, some
resonances are created as shown in Fig. (4b). For EM waves,
GIS devices act as cavity resonators due to the existence of
dielectric spacers and metallic covers [23]. On the other hand,

(a)

(b)

(c)

Fig. 4. Electric field distribution inside the GIS enclosure at a) 10 MHz,
b) 400 MHz, and c) 1400 MHz.

the electric field experienced large attenuation due to the L-
structure which agrees with the experimental data obtained in
[29] since most of TE11 mode of propagation gets reflected due
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to L-structures. Finally, Fig. (4c) shows the electric field dis-
tribution at 1400 MHz where TM mode can propagate. Many
resonances are created inside the GIS cavity. This behavior is
attributed to the fact that TM mode of propagation requires
higher frequencies to propagate inside a coaxial waveguide.
On the contrary, the electric field intensity after the L-structure
remained strong as TM mode has longitudinal electric field
components. These components act as sources for EM waves
to propagate after the L-structure [12], [23].

Fig. (5a) shows the transmission coefficient, or S-
parameters, between sensors 1 and 2. The figure illustrates
multiple dips and peaks created as a function of frequency
which is verified by the experimental work in [23]. Such
behavior is attributed to the creation of cavity resonators as
stated earlier. The power received by sensor 2 when θ = 0° and
θ = 90° are identical at low-frequency. TEM mode of prop-
agation is independent of the angular position which justifies
such results. On the other hand, as the frequency approaches
340 MHz, the received power by sensor 2 (θ = 0°) becomes
higher than that when (θ = 90°). At such frequencies, TE11

mode can propagate inside the switchgear. TE11 mode is
highly dependent on the angular position causing the observed
behavior in the S-parameters. Nonetheless, this behavior is
not observed over the whole frequency range where TE11

mode is dominant. Moreover, when the frequency approaches
700 MHz, it becomes difficult to differentiate which sensor
receives more power due to the large number of resonances
created in the GIS. Such results are analytically verified in
[31] using the following:

ETEMr =
Z0

4πb ln
(
b
a

) ln

(
r2
r1

)
I(ω) e−

jωz
v (12)

ETEmnr =Amn

∫ r2

r1

Zm(umnr
′)

r′
dr′cos(mφ)I(ω)FmnTE (ω) (13)

ETMmn
r =Bmn

∫ r2

r1

X ′m(vmnr
′)dr′cos(mφ)I(ω)FmnTM (ω) (14)

where Z0 is the characteristic impedance of the coaxial
waveguide, r1 and r2 are variables to determine the radial
path of PD current, I(ω) is the frequency representation of
the current pulse, Amn and Bmn are constants calculated as in
[31], FTE and FTM are complex exponential functions of ω,
umn and vmn are the mode eigenvalues of TE and TM modes,
respectively, and Zn and X ′n involve some combinations of
Bessel functions. The aforementioned equations verify that
higher-order modes are dependent on the angular position
between PD source and receiving sensors whereas TEM mode
is not. Equation (13) explains the reduction on the received EM
waves by sensor 2 (θ = 90°) as compared with (θ = 0°) for
TE11 mode frequencies. However, when the frequency gets
higher, new modes are created and the total received power is
the superposition of these modes.

Fig. (5b), on the other hand, shows the transmission coef-
ficient between sensors 1 and 3. A large similarity between
received power by sensor 3 when θ = 0° and θ = 90° can be
observed. There is a smaller difference in the received power at
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Fig. 5. Transmission coefficient between a) sensor 1 to sensor 2 (S21),
and b) sensor 1 to sensor 3 (S31) (Case I).

TE11 frequencies as compared with Fig. (5a). This is attributed
to the high reflections of TE11 weakening the signal after the
L-structure. At frequencies above 1300 MHz, S31 behavior
becomes very similar to S21 since TM mode is propagating.

Fig. 6 shows that the arrival time of EM waves from
sensor 1 is around 3.1 ns and 8 ns to sensor 2 and sensor 3,
respectively. EM waves propagate at velocity of 2.964e8 m/s
in SF6 and 1.369e8 m/s inside dielectric spacers. Based on
time calculations, EM waves arrive at sensors 2 and 3 at 3.18
ns and 8.08 ns considering that waves follow the shortest path
between PD source and sensors. Such results verify that waves
travel in all directions away from the source. This can also be
observed from Fig. 7 which shows EM waves propagation in
the GIS as a function of time. When EM waves reach the L-
structure, they start propagating in all directions towards the
second section of the GIS. In order to accurately calculate the
arrival time of waves at sensor 3, the shortest distance is to
be considered. Albeit the inner conductor has an impact on
the arrival time of EM waves at sensor 3, θ = 0° for this
simulation case, such impact is very small and can be ignored



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2020.2988840, IEEE Sensors
Journal

6 IEEE SENSORS JOURNAL, VOL. XX, NO. XX, XXXX 2017

0 2 4 6 8 10 12 14 16 18 20

Time (ns)

-0.15

-0.1

-0.05

0

0.05

0.1

A
m

p
lit

u
d
e
 (

V
)

Sensor 2(Theta = 0)

Sensor 2(Theta = 90)

(a)

0 2 4 6 8 10 12 14 16 18 20

Time (ns)

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

A
m

p
lit

u
d
e
 (

V
)

Sensor 3(Theta = 0)

Sensor 3(Theta = 90)

(b)

Fig. 6. Voltage received by a) sensor 2, b) sensor 3 (Case I).

[32].
Although the overall behavior between the obtained results

and the experimental and analytical results are similar, mag-
nitudes of obtained results can be different. There is no clear
relation between PD magnitude and the received RF signal
intensity via UHF sensors [3]. This justifies the differences in
the intensity of EM waves between the proposed model herein
and the experimental data.

B. Case II: Open Switch (Length =150mm)

The distribution of the electric field at 10 MHz and 1400
MHz when a disconnecting switch of 150 mm length is opened
is shown in Fig. 8. Based on Fig. (8a), TEM mode is mostly
attenuated because of the switch. When a disconnecting switch
is open, GIS is no longer regarded by EM waves as a coaxial
waveguide, but rather, it is seen as a circular waveguide
which does not support low-frequency (TEM) modes. This
causes a rapid attenuation to TEM waves inside the GIS
after the switch. Having said that, Fig. (8b) shows that higher
order modes can still propagate after the switch since circular
waveguides support the propagation of TE and TM modes.

(a)

(b)

(c)

(d)

Fig. 7. Electric field distribution inside the GIS enclosure at a) 0.5 ns,
b) 5 ns, c) 6 ns, and d) 10 ns. It is clear based on the obtained results at
t = 6 ns that EM waves propagate in all directions once the L-structure
is reached.
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(a)

(b)

Fig. 8. Electric field distribution inside the GIS enclosure at a) 10 MHz,
b) 1400 MHz.

Fig. 9 presents the transmission coefficient between sensor 1
and sensor 3 when the disconnecting switch is open. S21 is not
shown since it is very similar to that of case I (Fig. (5a)). When
the disconnecting switch is open, a rapid attenuation to TEM
mode signals inside the GIS after the open switch is observed.
The main reason for that is, as explained earlier, the sudden
change of the waveguide structure from coaxial to circular
waveguide. This explains the attenuation of TEM waves in
Fig. 9 as compared with Fig. (5b). Higher-order frequency
modes are not largely affected since they can propagate in
circular waveguides.

Fig. 10 shows the arrival time of EM signals received by
sensor 3 when the switch is open. Voltage received by sensor
3 is initially lower as compared with the first case whereas
the arrival time of signals is identical. This shows that open
disconnecting switches do not cause a complete attenuation
of TEM mode of propagation. If TEM mode was completely
attenuated, the arrival time would be different since higher-
order modes are slower than TEM mode. Equation (15) shows
the propagation velocity of TE modes [4]:
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Fig. 9. Transmission coefficient between sensor 1 and sensor 3 (S31)
(Case II).
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Fig. 10. Voltage received by sensor 3 (Case II).

vTE = v ·

√
1−

(
fc
f

)2

(15)

where v is TEM wave propagation velocity, fc is the cutoff
frequency of the different modes, and f represents the fre-
quency of operation. Based on (15), the higher the TE order
mode, the slower the propagation velocity becomes.

C. Case III: Open Switch (Length =300mm)

The voltage received by sensor 3 is shown in Fig. 11 when
the length of the switch is increased to 300 mm. Received volt-
age amplitude is initially slightly reduced compared with Fig.
(6b) and Fig. 10. TEM mode of propagation has undergone
more attenuation compared to Case II. An open switch does
not necessarily cause a complete attenuation to TEM mode
of propagation. Low-frequency waves would experience rapid
attenuation due to open switches; however, if the length of
such switches is not sufficiently large, part of TEM frequencies
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Fig. 11. Voltage received by sensor 3 (Case III).

would be able to reach the coaxial structure and continue
propagation.

D. Case IV: Sensor 3 as a Transmitting Source
In this section, the disconnecting switch is closed whereas

sensor 3 (θ = 90°) is used as the input to inject the pulse. This
section is used to investigate the impact of distance between
PD source and sensors on the propagation of EM wave behav-
ior. Fig. 12 shows the transmission coefficient from sensor 3
to 1 (S13) and sensor 3 to 2 (S23). The figure illustrates that
S23 is slightly higher than S13 over most of the high-frequency
range. However, TEM mode shows that S13 is either identical
to or higher than S23. The reason is that low-frequency com-
ponents experience less attenuation as compared with high-
frequency. On the other hand, the sudden reduction in S23
at around 70 MHz and 210 MHz is attributed to the created
resonances since GIS devices comprise a complex structure
for EM waves. Thus, fully understanding the exact behavior of
such propagating waves is complicated. Having said that, high-
frequency components experience higher attenuation causing
a reduction in S13 compared with S23. This can be observed
over frequencies ranging from 500 MHz to 630 MHz. Finally,
when the frequency is above 630 MHz, the large number
of created resonances makes it difficult to distinguish which
sensor is receiving higher energy.

V. CONCLUSION

Time-domain and frequency-domain results of the propagat-
ing EM waves inside a GIS were obtained using a Maxwell
finite element solver and compared with experimental data
from the literature. Step 1 of the CIGRE recommendations was
used as a mean of analyzing EM waves inside GIS systems
due to multiple disconnecting parts. The radiated EM waves
were then collected using the rest of the UHF sensors, and
results were used to analyze the propagating EM waves. The
proposed model can be used to understand and analyze EM
waves due to PD for better utilization of UHF sensors inside
GIS systems. The following concluding remarks are drawn:
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Fig. 12. Transmission coefficients S13 and S23 (Case IV).

• Finite Elements Methods can accurately model EM wave
behavior inside complex structures like GIS devices.

• CIGRE recommendations are very effective for analyzing
EM wave behavior in GIS even if multiple disconnect-
ing parts exist. Although step 1 of the CIGRE recom-
mendations has been utilized for analyzing EM waves,
step 2 can also be used in a similar manner since the
UHF detection ranges from 300 MHz to 3 GHz. In
this frequency range, the interference with the different
components of the GIS is minimal. Nonetheless, if the
low-frequency components are of interest, step 1 of the
CIGRE recommendations is recommended to avoid the
possible interferences that might take place inside GIS
enclosures.

• PD-based UHF sensors can be modeled and calibrated
using FE solvers. The calibration of sensors involves the
use of GTEM test cell to obtain the sensitivity of the
UHF sensor.

• TEM mode propagates even in the existence of L-
structures, but opening a disconnecting switch can cause
large attenuation to such mode of propagation. However,
disconnecting switches do not necessarily cause a com-
plete attenuation to low-frequency EM waves unless the
switches are sufficiently large.

• Opening a disconnecting switch does not have a large
impact on the propagation of higher-order modes. This is
attributed to the fact that higher-order modes can still be
propagating in circular waveguides.

• Although TEM mode is independent from the angular
position, higher-order modes can be largely affected.
Simply put, angular position of sensors with respect to
the source has a large impact on the detected waves.

• Arrival time of signals can be easily calculated for straight
GIS devices. If L-structures exist, direct calculations
cannot give accurate results for the arrival time. In this
case, the shortest path between the PD source and the
sensor should be considered.

• Unlike high-frequency components, low-frequency
modes experience low attenuation with distance.
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• The higher the frequency of operation, the more the
created resonances inside GIS enclosures, the higher the
complexity of understanding EM wave behavior becomes.
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