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ABSTRACT The most frequent and dangerous hazard to the electrical insulation of high voltage (HV) and
high field (HF) equipment is partial discharges (PD). The development of PD activity is both a cause and an
indicator of insulation degradation, which could ultimately lead to insulation breakdown. For electrical power
equipment to operate safely and dependably, continuous and efficient PD monitoring must be conveniently
performed to prevent associated damages and any harm to electrical power equipment. This work presents the
design of a new UHF antenna for detecting PD in medium-voltage gas-insulated applications. The working
frequency band of the proposed UHF antenna is 370 MHz—1300 MHz, which translates into a total bandwidth
of 930 MHz UHF frequency band. Over the whole operating frequency of the antenna, the return loss is less
than -10dB. Recently, an eco-friendly insulating gas, HFO1336mzz(E), is considered to be a good substitute
for sulfur hexafluoride (SF¢) in medium-voltage gas-insulated equipment (MV-GIE). The HFO(E) gas in
a mixture with CO; can reach the dielectric strength of SF¢ gas. Hence, the HFO(E)/CO, gas mixture’s
partial discharge properties are systematically investigated in this research work. In particular, a detailed
examination focuses on the partial discharge extinction voltage (PDEV) and partial discharge inception
voltage (PDIV) under varying electric field conditions at different gas pressure levels and mixing ratios. The
PDIV of the HFO(E)/CO, gas mixture exhibited a linear-saturation rising pattern with both mixing ratio and
gas pressure, mirroring the trend observed in SFg when the HFO(E) gas concentration ranged between 25%
and 30%.

INDEX TERMS Partial discharges, gas insulated switchgear, SFg, gas dielectrics, ultra high-frequency
antenna.

I. INTRODUCTION

The modern digital world is highly dependent on safe and
reliable electrical power supply transmission and distribu-
tion, for which gas-insulated switchgear (GIS) appears to
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be one of the vital components in the power system. Gen-
erally, gas insulation is preferred due to its good properties
and self-recoverability after a breakdown occurs. SF¢, the
most strong greenhouse gas (GHG), is often used in GIS
as a dielectric medium. However, because of the unusual
climatic changes brought on by global warming, lower-
ing GHG has become a major issue. Recent progress in
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sustainable alternatives has propelled the investigation of
HFO(E), a new dielectric gas, as a viable replacement for
SFein GIS. As early as (2018), [1] investigated numerous
gases as potential SF¢ alternatives through computational
screening and identified HFO(E) as a promising candidate
with an estimated dielectric strength of 1.8 times greater
than SF¢. [2] performed some initial experiments on many
new alternative gases and concluded that HFO(E) gas in a
mixture with Ny or CO, could effectively reach the dielectric
properties of CsF19O/CO, and C4F;N/CO, gas mixtures.
Xiao et al. [3] investigated HFO(E)/CO, using sphere-sphere,
rod-plane, and needle-plane electrode configurations under
AC voltages. The researcher found that the ratio between 20-
30 % of HFO1336Mzz(E) can reach a dielectric strength of
1.02 -1.05 SF¢ under AC needle-plane electrode configura-
tion [4]. The HFO(E) dissipation factor, dielectric strength,
and direct current (DC) conductivity were examined in both
the liquid and vapor phases. They noted that the gaseous
HFO(E), LI, and DC breakdown voltage are comparable to
pure SFg. HFO(E) can be used as a cooling fluid for high
voltage (HV) applications because of its high thermal con-
ductivity, which is especially useful for gas circuit breakers
(GCBs) that have substantial power losses.

The GWP of HFO(E) gas is reported to be only 18, which
is significantly lower than SFg and many other insulating
gases [1], [2], [3], [4], [S]. HFO(E) is also stated to have
an atmospheric lifetime of about a few days to one week.
HFO(E) is widely used in refrigeration industries, where it is
exposed to all types of materials and shows good compatibil-
ity with copper, aluminum, and steel [6]. It is also compatible
with plastics and elastomers and has less corrosion potential
when in contact with metals and alloys. The compatibility
of HFO(E) was tested with common metal materials in a
high-temperature glass sealing tank. The research revealed
that under continuous heating at 175 OC for 14 days, HFO(E)
shows no sign of corrosion and is compatible with aluminum,
copper, and steel [7].

Studies have verified that HFO(E) has superior dielec-
tric strength, stability, and environmental friendliness for
MV-GIE applications. However, the partial discharge (PD)
characteristics of HFO(E)/CO; have not yet been reported.
When the insulation system suffers from engineering defects
such as protrusions on the enclosure or conductor, they
can cause excessive electric field enhancements that lead
to partial discharges (PD). The insulating material partially
short-circuits as a result of these low-intensity electrical dis-
charges. These discharges can eventually lead to dielectric
failure and destruction of the insulating system. As a result,
ongoing PD monitoring can stop insulation failure by giv-
ing early alerts about dielectric issues [8]. The conventional
method for PD is defined by IEC 60270, which includes the
parallel connection of the coupling capacitor with the PD
source. However, the limitation of the conventional method
is the requirement of a direct connection of the PD source to
the capacitor. Due to this, online monitoring of PD activities is
impossible, and the PD source needs to be isolated for testing.
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To identify PD, non-conventional approaches rely on physical
phenomena, including chemical compounds, electromagnetic
(EM) waves, and acoustic pressure waves that develop during
PD occurrences [9].

In recent years, researchers have focused more on using
the UHF technique for testing on-site, mainly because the
conventional IEC 60270 method has a shortcoming of being
susceptible to external noise and interference. Given their
high signal-to-noise ratio (SNR) and resistance to outside
electromagnetic interference, UHF techniques are superior to
traditional methods for on-site partial discharge testing [10].

In a laboratory environment, the PDIV and PDEV values
pertain to the PD behavior of gas insulation. As per BS
EN/IEC 60270:2016 standards, PDIV represents the voltage
level at which repeated PD occurrences are observed in a
test object. Conversely, PDEV signifies the voltage thresh-
old beyond which the test item ceases to exhibit recurrent
PDs. Comparing the PD characteristics of various dielectric
materials often involves assessing their PDIV and PDEV
values [12].

The UHF approach has been widely employed for PD
detection in power equipment, including power transform-
ers, switchgear, rotating machinery, cables, and gas-insulated
equipment. Moreover, PD signals that are frequently present
below the UHF spectrum are viewed by UHF antennas as
out-of-band interference. For example, corona discharges
and the frequent switching of power electronics equipment
often generate PD signals containing high-energy compo-
nents reaching 200-300 MHz frequencies. However, these
frequency ranges are outside of the UHF spectrum. Conse-
quently, the broad operating frequency range of the UHF
method yields these signal components [13].

Nonetheless, the UHF technique may identify corona dis-
charge above 300 MHz; as a result, the UHF approach is
now acknowledged as a practical, non-invasive solution for
HV equipment in real-time monitoring. To provide a high
signal-to-noise ratio and clear outbound low-frequency sig-
nals, the antenna’s operating frequency needs to be greater
than 300 MHz. In an electrical gas insulation system, the
PD mainly occurs within 0.5-1.5 GHz frequencies; thus, the
antenna should be designed to cover this bandwidth for PD
diagnostics [14]. Nevertheless, the PD signals originating
from the partial breakdown of gas dielectric have a unique
structural difference from noise signals [13], [14], [15].
Research studies revealed the potential of HFO(E) gas as a
substitute for SF¢ in medium-voltage applications. However,
the partial discharge characterization of the gas has yet to be
discovered. Hence, this research study proposes a noninva-
sive technique utilizing a newly designed UHF antenna to
characterize the PD strength of HFO(E) gas.

Il. RESEARCH METHODOLOGY

Figure 1 displays the schematic diagram of the PD exper-
imental platform. A protection resistor, capacitive voltage
divider, UHF antenna, HFCT, and test transformer com-
prise the test circuit for PD experimental analysis. The
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Gas
Chamber

Electrodes

FIGURE 2. Electrodes configuration and Emax calculation.

transformer can generate an AC voltage of 100 kV in a single
stage and 200 kV in a double stage. The voltage regula-
tor controls the transformer’s output (0-380 V). To reduce
the breakdown-induced short-circuit, protective resistance
(10k€2) is provided. UHF sensors and HFCT detect electro-
magnetic partial discharges, which are then captured using a
digital storage oscilloscope (DSO). The function of the DSO
is to collect and store PD data, which are further processed
and plotted on a personal computer. The needle-plane elec-
trode configuration generates the common protrusion defect
in gas-insulated equipment. The electrodes are plunged into
a gas chamber made of plexiglass and stainless steel, having
a total gas volume of 5 liters. The gas chamber is equipped
with pressure, vacuumed gauges, and a linear actuator to
control the gap separation remotely and precisely between the
electrodes. The needle-plate electrode simulates the typical
metal protrusion defect in GIS. The electrode model electric
field distribution (shown in Figure 2) was simulated using
COMSOL Multiphysics, and the electric field non-uniformity
coefficient f reached 27.1 obtained using the expression
Emax/Eav. Special care was taken to eliminate impurities in
the gas chamber using anhydrous alcohol pads before inject-
ing the proposed gas mixture. The gas chamber was filled
with CO; and vacuumed, and this process was repeated three
times to remove the dust and humidity from the test chamber.
Afterward, the HFO(E) and CO» gas are filled in the chamber
using Dalton’s law of partial pressure, which states that the
cumulative pressure of the mixture is the sum of the partial
pressure of individual gases.

A. DESIGN OF UHF ANTENNA
The novel ultra-wideband UHF antenna for partial discharge
is designed through computer simulation technology (CST)

81198

TABLE 1. Specification of HFCT sensor.

Parameter Value
Output V/A in 1 MQ termination 5.0
Output V/A in 50 Q termination 2.5
Max RMS current 2 Ampere
Max peak current 200 Ampere
Min T-rise 0.875 ns
Upper cut-off frequency (- 3 dB) 4800 MHz
lower cut-off frequency (- 3 dB) 400 MHz
TABLE 2. Dimensions of designed UHF antenna.

Parameter Value (mm) Parameter Value (mm)
Ls 240 Wt 3
Ws 210 Lf 52

Wpl 200 Lp2 43
Lpl 90 Wp2 335
Hs 1.6 Wp3 16
Lg 40 Wg 210
s WP =g
4 >
Lpl
v
s’ — =
H 4 <>
Lp2 : Wp3
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FIGURE 3. UHF antenna design simulation parameters (a) 3D front view
(b) 3D back view.

software. The fabrication of an antenna is performed on an
FR4 substrate board. The UHF antenna covers a wide band-
width of 370-1300 MHz, closely aligned with the desired
PD bandwidth (300-1500 MHz) for GIS applications in the
UHF range. HFCT is a commercially available sensor for PD.
Table 1 shows the specifications of the HFCT sensor, and
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Table 2 lists the model configuration for the ultra-wideband
antenna and the design parameters.

Figure 3 shows the front and back views of the designed
planar antenna. The UHF antenna has omnidirectional radi-
ation, enabling it to capture electromagnetic waves from all
directions. This property of the designed antenna is the most
favorable as in GIS, the actual location of the PD is unknown.

The frequency bandwidth of the proposed antenna ranges
from 370 to 1300 MHz below —10 dB and hence covers
most of the desired UHF range for PD. The fabrication of
the antenna was performed on an FR-4 substrate board, with
a dielectric loss tan § = 0.02 and relative permittivity of
4.4 [16] In the UHF antenna design, return loss and voltage
standing wave ratio are the important properties that must be
characterized before utilizing the antenna as a UHF sensor for
PD tests.

1) UHF ANTENNA RETURN LOSS

Return loss (RL) is the logarithmic ratio of the antenna’s
reflected power (Prer) to incident power (Ppyc), also known
as S (1,1), as stated in decibels (dB). Equation 1 provides the
relationship between return loss and reflected power.

RL = 10log (h—ef) (1)
Inc

A low return loss value (close to 0 dB) indicates poor
matching and high reflection, while a high value indicates
good impedance matching and efficient power transfer. For
UHF antennas, maintaining a favorable S11 parameter across
the desired frequency range is crucial to ensure accurate and
reliable signal detection, as it directly impacts the sensitivity
and effectiveness of the antenna in capturing partial discharge
signals. The antenna’s return loss value must be less than
—10dB to ensure optimal performance and good design.
When an antenna receives power at —10 dB, just 10% is lost
to the source. The designed antenna shows resonance fre-
quencies of 0.370, 0.419, 0.615, and 1.080 GHz are displayed
by the return loss (S1,1) parameter. As shown in Figure 4, the
vector network analyzers (VNAs) employed for measurement
are ROHDE & SHWARTZ (100MHz-20GHz).

FIGURE 4. S11 parameter measurement results.

In Figure 5, the return loss through simulation results is
indicated by a red dotted line for better visualization, while
the blue line represents the measurement results from the
(VNA). The minor discrepancies between simulation and
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measurement findings could be the consequence of attaching
the SMA connector to the antenna feedline, or they could
be the result of fabrication defects. It has been demonstrated
in previous studies that fabrication and measurement errors
are the root cause of differences between simulation and
experimental results [17], [18].

Measured § 1.1
— — -Simulated § 1,1

Return Loss (dB)
7

0.2 04 0.6 0.8 1.0 12 1.4 1.6
Frequancy (GHz)

FIGURE 5. S11 parameter simulation result.

2) VOLTAGE STANDING WAVE RATIO (VSWR) OF UHF
ANTENNA

The VSWR is another critical parameter defining the ampli-
tude of maximum to minimum voltage of a standing
wave [17]. It depicts electromagnetic wave propagation that
is radiated and either reflected to the source or remains sta-
tionary through the transmission medium. Standing waves
are developed when the transmission line impedance and
the antenna impedance are not in balance. To detect high-
sensitivity UHF electromagnetic PD waves, the VSWR value
of the antenna needs to be smaller than 2 [100]. When the
VSWR approaches 1, the antenna’s impedance matching is at
the highest level and receives total power. VSWR 1 indicates
that there is no power reflected off the antenna. However,
in reality, VSWR is greater than 1, caused by transmission
line or antenna losses. The antenna exhibits resonant frequen-
cies at 0.370, 0.419, 0.615, and 1.080 GHz, corresponding
to VSWR values of 1.03, 1.16, 1.26, and 1.05, respectively.
In an ideal scenario, the antenna’s input impedance matches
the transmission line’s impedance. The VSWR calculation is
presented in Equation 2 [18]. The proposed UHF antenna’s
VSWR is displayed in Figure 6.

1Vitax|

VSWR = 2)

|V in|

Gain measures how well an antenna converts input power
into radio waves in a given direction and vice versa for receiv-
ing. The gain takes into account both the antenna directivity
and its electrical efficiency. A higher gain implies that the
antenna can more efficiently pick up weak signals from a
partial discharge source. In antenna design, return loss and
voltage standing wave ratio are important properties that must
be characterized before utilizing the antenna as a UHF sensor
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FIGURE 6. VSWR of the antenna.

(b)

FIGURE 7. UHF antenna 3D radiation pattern at (a) 0.6 GHz and
(b) 1.1 GHz.

for PD tests. Figure 3.18 presents the radiation patterns in
2D and 3D for an antenna at 1GHz frequency. Figure 6
presents an antenna’s 2D and 3D gain at 0.6 GHz and 1.1 GHz
frequencies.

Table 3 presents the gain values obtained for a range of
operating frequencies. The average gain value is 3.10 dBi,
which indicates that the UHF antenna is more sensitive to
PD events. A typical PD antenna requires an average gain of
greater than two dBi.

The antenna sensitivity index (S, ) is utilized for PD detec-
tion applications by taking the physical aperture area (Ap) and
average realized gain (Ggy) into consideration, as suggested
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TABLE 3. Gain of an antenna over different frequency ranges.

Frequency (GHz) Absolute gain vales (dBi)
0.5 2.10
0.6 2.95
0.8 3.45
1.1 3.96
1.3 3.06

in the literature [12]. The antenna sensitivity is calculated by

using Equation 3.
Gra
Sa=|—— 3
A (AP) 3)

The surface area of a planar antenna, calculated by multiply-
ing its length and width, is referred to as the aperture area
Ap, while Ggy4 is the average realized gain of an antenna.
It should be noted that S4 just requires a standard antenna
measurement configuration, requiring no extra measurement
or setup like a GTEM cell. Technically, S4 is analogous to
effective height measurement through GTEM cells since they
consider incident signals over the physical area of an antenna.
The UHF antenna utilized in this project has an average gain
of 3.10 and a surface area of 0.0504 m> hence, it will give an
S4 Parameter of 61.5 (dBi/m?). The Sy value obtained shows
better value compared to different antennas in the research
article [12], [18].

Ill. ANTENNA DETECTION SENSITIVITY

This section compares the designed UHF antenna PD detec-
tion sensitivity with HFCTs. The effect of pressure and
mixing ratio on the partial discharge inception voltages
(PDIV) of HFO(E) and CO, gas mixture is analyzed. The
starting voltages for PD discharges are known as the PDIV.
Examining and analyzing PDIV will contribute to further
exploration and understanding of the behavior of test gas mix-
ture. Consequently, a thorough investigation of the HFO(E)
and CO; gas mixture PDIV should be conducted before it
can be effectively utilized in GIS.

Many studies have been conducted on utilizing UHF
antennae to detect PD activities for applications such as trans-
former oil, air insulation, and transmission cables [19], [20],
[21], [22]. Hence, in this research work, the UHF antenna
has been combined with HFCT to detect the partial dis-
charges in the HFO(E) gas mixture. Initially, the noise level
in the high-voltage laboratory is monitored through UHF and
HFCT. The HVAC partial discharge setup was constructed,
as discussed in detail in the methodology section, and no
voltage was applied to the test circuit. The no-load voltage
noise pulses captured by the HFCT signal have a peak-to-
peak voltage (Vpk-pk) of 9.8 mV, while the UHF antenna
captures a noise level of 10.5 mV (Vpk—pk).

Similarly, when the transformer is energized, the back-
ground noise level on the Vpx pk captured by UHF and
HECT are 11 mV and 10.1 mV, respectively. It was deter-
mined that the noise level in the HV lab never rose beyond
11 mV after conducting this procedure for external noise level
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TABLE 4. Comparative analysis of different UHF antenna.

Reference Antenna name Physical Area Frequency Average gain Applications
(mm?) range (GHz) (dB)
[23] Printed monopole antenna 240 %200 0.35-1.38 3.50 Only simulation results are presented
[24] Elliptical Patch Antenna 100x100 0.9-4.4 3.05 Surface discharge PD detection on the contaminated
insulator
[25] Pyramid-type horn antenna 282x242 0.4-3 32 PD detection on the ceramic insulator
[26] Spiral Diameter=191.8 0.70-1.50 3 PD detection in gas-insulated application
[27] spiral antenna Diameter: 200 0.6-1.7 2.45 PD detection experiment was not conducted only
simulation results
[28] Hilbert Antenna 70x70 0.3-1 2.65 PD detection in transformer oil insulation
[29] Loop-shaped antenna 138x89.5 0.74-1.5 Not Only simulation results presented
given
[30] Fractal 100 x100 0.20-1.00 Not PD detection in transformer
given
[31] Octagonal patch antenna 124x77 0.575-4.5 232 PD detection on 220 kV GIS model
[32] Vivaldi 100 x100 0.81-3.00 2 PD detection in transformer oil
This work Microstrip patch antenna 240 x210 0.37-1.3 3.10 PD detection in gas insulation for medium voltage
switchgear

TABLE 5. Background laboratory noise level detection.

No voltage Voltage On
Vinax Vinin Vokepk Vinax Viin Vipicpk
(mV)  (mV) (mV) (mV) (mV) (mV)
UHF 52 5.3 10.5 5.6 5.4 11
HFCT 2.5 7.3 9.8 2.8 7.3 10.1

measurements thirty times. Therefore, the trigger level for PD
activities is set above 6 mV, knowing the noise value, meaning
that signals above this trigger level, or 12 mVpx_pk, constitute
the requisite PD signals. This technique of noise level detec-
tion has been specified by researchers in the literatures [21]
and [22]. Table 4 shows the comparative analysis of different
types of UHF antennae, and Table 5 summarizes the noise
level values monitored in a laboratory environment.

Additionally, the sensitivity of its PD detection is thor-
oughly examined by positioning the UHF antenna at various
distances from the PD source 50, 75, and 100 cm. The
point-plane electrode configuration represents the protrusion
defect and the PD-originating source. The HFCT clamped
at the ground wire is the sensor to validate the designed
antenna PD detection capability. The 10% HFO(E) mixture
with CO; was investigated by applying a voltage of 13 kV.
Figure 8 shows the PD signals. The UHF sensor was more
sensitive to partial discharges than the HFCT sensor at a
distance of 50 cm. Increasing the distance between the UHF
antenna and the PD source reduces the amplitude of PD
signals, as anticipated. However, at 100 cm, the designed
antenna can still detect the PD pulses at better sensitivity.
The findings obtained with different distances using UHF
and HFCT are summarized in Table 6. It is concluded that
compared to HFCT, the developed antenna can detect the
PD signals with comparable sensitivity. A 50-ohm coaxial
cable links the UHF antenna and HFCT sensors to the digital
storage oscilloscope.

The designed antenna detected a PD pulse signal with
an amplitude of 190 mV at 50 cm, as shown in Figure 8.
The designed antenna’s and HFCT linear signal-to-noise ratio
(SNR) can be estimated to equal (190mV/ 11mV = 17.27)
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and (160mV/ 10.1mV = 15.84). In the dB scale, the values
are 24.74 and 24 for UHF and HFCT, respectively. Given that
the background noise level measured by the UHF antenna
and HFCT was known to be 11 mV and 10.1 mV, this esti-
mation was also utilized in the literatures [15] and [22]. This
supports the high SNR and integrity of the proposed antenna
for detecting high-sensitivity PD signals. Table 4 summarizes
the results acquired through UHF and HFCT with varying
distances.

Further, Figure 9 shows the PD results of the HFO(E) and
CO; mixture at 0.1 MPa pressure simultaneously under the
UHF and HFCT sensors. The applied voltage is increased
from 17 to 19 kV, and the resultant PD pulses amplitude
detected are 64 mV, 112 mV, and 139 mV, respectively.
These voltage levels are selected to analyze the PD sensi-
tivity of the UHF antenna with HFCT at voltages between
inception and breakdown voltage. As expected, by increasing
the applied voltage, the magnitude of the PD pulses signifi-
cantly increases from 64 mV to 139 mV. Hence, this analysis
confirms that the designed antenna is sensitive to partial
discharges.

A. EFFECT OF PRESSURE ON THE PDIV

PDIV is an important parameter that provides an early indica-
tion of insulation failure. Figure 10 shows the PD insulation
characteristics of dielectric gases with changing pressure. The
pressure, composition, and applied electric field influence the
gas ionization process. Nevertheless, the ionization process is
slowed down by increasing pressure since it narrows the free
route of the initiating electrons. As a result, the PDIV rises
as the pressure increases [12]. The PDIV of a gas mixture
containing 30% HFO(E) at pressure from 0.1 to 0.3 MPa
reveals PD strength of 88%, 84%, 91%, 90%, and 91%,
respectively, compared to SFg gas. On the other hand, in gas
at pressures from 0.1 to 0.3 MPa, the PDIV of a 30% HFO(E)
gas mixture is 1.6, 1.8, 2.05, 2.12, and 2.08 times greater than
CO». The 30%HFO(E) and 70% CO, gas mixture show better
PD insulation performance than other mixtures tested.

81201



IEEE Access

R. Ahmed et al.: PD Characterization of HFO(E) Gas Using UHF Antenna

100 =
&
E 50
W
R
o=
E 0
5
-
50 b
-100 |- UHF V=190 mV
L L L L L L L
-3 -2 -1 0 1 2 3
Time(ps)
(a)
60
40 |

[
<
T

Magnituade(mV)
1=

20k
40 F
ULE V,, =100 mV

60 1 1 1 1 1

-4 -2 0 2 4

Time(us)
(b)

60
0k

b2
<
T

Magnituade(mV}
)
=) =)
T T

B
(=3
T

&
&

0
Time(ps)
(c)

120

Magnituade(mV)
157
&
L]

-60 | HFCT ¥, ,~ 160 mV
_80 1 1 1 1 1 1 1
-1.5 -1.0 -0.5 0.0 Q0.5 1.0 1.5
Time(us)
(d)
FIGURE 8. Antenna placement at (a) 50 cm, (b) 75 cm, (c) 100cm, and
(d) HFCT detected signal.

B. INFLUENCE OF MIXING RATIO ON THE PDIV

Figure 11 shows the impact of varying the HFO(E) mixture
ratio in a gas mixture for PDIV. Raising the concentration
of the base gas mix in the blend of HFO(E) and CO; gas
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TABLE 6. UHF PD detected pulses at different positions from the PD
source.

Antenna position Vikpk (mV) Vinax (MV) Vinin (MV)
50 190 100 92
75 100 48 52
100 72 32 40

HFCT 160 100 60
60
——1iC 1“
40
=
g
20
2
i
-20
=40 L 1 1 1 1
-2 -1 0 1 2
Time (us)
(@)
60 k ——mHFCT

Amplituade(mV)

-3 -2 1 0 1 2 3
Time (ps)
(b)
—— HECT

100

550
z
3
=
s
o«
-50
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L L L '] L '] L
-3 -2 -1 0 1 2 3
Time ()
(©)

FIGURE 9. Comparison of PD pulses magnitude simultaneously detected
by UHF and HFCT at voltages (a) 17 kV, (b) 18 kV, and (c) 19 kV.

leads to a rise in PDIV. Specifically, for a base gas mix
ratio of 20%, PDIV increases as pressure decreases below
0.15 MPa. However, at or below 0.15 MPa pressure, a gas mix
containing HFO(E) exceeding 20% exhibits a declining PDIV
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FIGURE 11. PDIV results under varying gas mixing ratio.

trend. At higher pressures with increasing mixture ratios at
0.2-0.3 MPa, the PDIV growth is almost linear. As a result,
it can be said that raising the base gas mixing ratio increases
the PD insulating strength under medium voltage pressure
settings of no more than 0.15 MPa pressure.

The PDIV of a gas mixture containing 30% HFO(E) and
70% CO, demonstrates a comparable insulation strength to
SFe, attributed to the robust breakdown voltage performance
observed in experimental findings. At 0.3 MPa pressure, the
PDIV of gas mixtures with 10%, 20%, and 30% HFO(E)
content exhibits values representing 64%, 80%, and 91%
of that observed for SF¢. This increasing trend in PDIV
with higher mixture ratios contrasts with CO», indicating
the strong electron affinity of HFO(E) gas. Gas streamer
discharge is inhibited by forming more negative ions and
increased electron capture when the gas mixture’s HFO(E)
content increases.

C. PDEV OF HFO(E) AND CO, GAS MIXTURE
An important parameter known as partial discharge extin-
guishing voltage PDEV defines the difficulty of gas mixture
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PD extinction. PDEV is typically less than PDIV; the higher
PDEY value of the gas mixture indicates the challenges asso-
ciated with PD extinguishing. In conjunction with SFg gas,
Figure 12 shows the HFO(E) and CO, PDIV and PDEV prop-
erties for various mixing ratios at different pressure levels.
It has been noted that the SFg PDIV and PDEV difference
between 0.1 and 0.3 MPa is nearly constant at 3 kV. However,
the difference between HFO(E) and CO, obtained for 10 %
HFO(E) is averaged at 2.4 kV; for 20%, it is 2.2 kV, and for
30%, the difference is 2.8 kV. It is important to note that the
difference between the gas mixture’s PDIV and PDEV is not
significantly affected by changing the mixing ratio of HFO(E)
content.

IV. CONCLUSION

The designed UHF antenna covering most of the intended
UHF frequency bandwidth (370-1300 MHz) is utilized simul-
taneously with the PD detection HFCT sensor. The designed
UHF antenna was more sensitive to partial discharges than
HFCT. The PDIV of a gas mixture containing 30% HFO(E)
at pressure from 0.1 to 0.3 MPa reveals PD strength of 88%,
84%,91%,90%, and 91%, respectively, compared to SF¢ gas.
The results revealed that PDIV of 30% HFO(E) and 70% CO,
gas mixture shows comparable PD insulation strength to SFg.
At 0.3 MPa pressure, the PDIV of a gas mixture comprising
10%, 20%, and 30% HFO(E) shows a value of 64%, 80%, and
91%, respectively, to SFe. For a gas mixture of HFO(E) and
CO,, the difference between PDEV and PDIV is 2.8 kV at
0.3 MPA pressure and 2.6 kV at 0.1-0.25 MPa, respectively.
The HFO(E) and CO;, gas mixture have equivalent break-
down and PD insulation strength to SFg at a pressure range of
0.15 MPa. Therefore, the findings of this research conclude
that the HFO(E)-CO,gas mixture, more precisely (30/70)%
ratio, can successfully substitute SFg gas in medium voltage
gas insulated switchgear applications. The partial discharge
characteristics were conducted using the UHF method for
PD inception and extinction voltages. However, future work

81203



IEEE Access

R. Ahmed et al.: PD Characterization of HFO(E) Gas Using UHF Antenna

can further analyze PD under various defect conditions and
phase-resolved partial discharge pattern characteristics of
HFO(E) gas and its mixture.
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