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Abstract: The research in this paper consists of practical experimentation on a gas insulated section of
high voltage equipment filled with carbon dioxide and technical air as a direct replacement to sulphur
hexafluoride (SFs) and analyses the results of PD measurement by way of internal UHF sensors and
external HFCTs. The results contribute to ongoing efforts to replace the global warming gas SFg
with an alternative such as pure carbon dioxide or technical air and are applicable to mixtures of
electronegative gases that have a high content of buffer gas including carbon dioxide. The experiments
undertaken involved filling a full-scale gas insulated line demonstrator with different pressures
of CO; or technical air and applying voltages up to 242 kV in both clean conditions and particle
contaminated conditions. The results show that carbon dioxide and technical air can insulate a gas
section normally insulated with SF4 at phase-to-earth voltage of 242 kV and that both HFCT and UHF
sensors can be used to detect partial discharge with natural gases. The internal UHF sensors show
the most accurate PD location results but external HFCTs offer a good compromise and very similar
location accuracy.

Keywords: gas insulated transmission lines (GIL); partial discharge (PD); sulphur hexafluoride (SF¢);
carbon dioxide (CO,); technical air; ultra high frequency (UHF) sensors; high frequency current
transformer (HFCT)

1. Introduction

In the high voltage power industry sulphur hexafluoride (SF¢) is currently used to insulate
high voltage equipment worldwide such as gas insulated transmission lines (GIL) and gas insulated
switchgear (GIS). SFg is a man-made gas and has a global warming potential 23,500 times [1] that of
carbon dioxide (CO,) when released into the atmosphere, along with an estimated atmospheric lifetime
of 3200 years [2] making it one of the most potent greenhouse gases known to humankind. The use of
SF is increasing in the UK [3] and hence is highly regulated. The use of SF is restricted to industries
where no alternatives exist, such as the power industry. Considering this, high voltage equipment
manufacturers and research institutions worldwide have been trying to find a suitable alternative to
replace SFg in all current equipment required for use in the energy sector. Present solutions are focused
on the use of natural gases such as carbon dioxide, nitrogen or technical air at higher pressures to
match the insulation and interruption capability of SFs or the use of electronegative gas mixtures with
high mixture ratios of the same natural buffer gases [4-9].

In order to directly replace SF¢ with an alternative natural gas or electronegative gas mixture it is
important to understand how these gases perform electrically in GIS and GIL equipment prior to a
breakdown event where an electrical arc crosses the insulation gas from inner conductor at high voltage
to outer enclosure which is at ground potential. To detect and compare the electrical performance of
the insulation gas or equipment prior to breakdown, partial discharge (PD) sensors can be used to
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detect very small electrical discharges which are formed around areas of insulation degradation or
high electric field stresses at lower voltages. In gas insulated equipment it is important to determine
the level of PD as it can help identify insulation performance weakness or areas of high electrical field
stress where sections, solid insulation components and gas insulation may need to be replaced or the
installation rectified before an electrical breakdown causes equipment downtime and perhaps costly
unplanned network outages.

Two PD sensors can be used to locate the cause of PD within a GIL by calculating the time
difference of arrival of a PD signal and hence simplifying the RF wave propagation to a 1-dimensional
problem. Some common time-of-flight methods of PD detection in SF4 include UHF sensors and
acoustic sensors. In this paper, internal UHF sensors are compared with external HFCTs. An external
capacitively coupled PD measurement through a dividers HV capacitors or power separation filter
is also part of the high voltage test transformer arrangement. These sensors are primarily used in
this paper to detect PD in a gas insulated section filled with CO; or technical air and show whether
traditional sensors, primarily associated with PD detection in SF¢-insulated equipment, can be used
accurately to detect and locate PD in alternative gases. For practical implementation onto the network
PD detection must consider sensor design including size and shape, signal delay through solid barriers
or angles and detection of the signal and recognising patterns. In this paper, a straight section of
gas insulated line is used to study the PD time-of-flight measurements but it is important to note
that previous studies have conducted research regarding the effects of signal delay through solid
dielectric barriers [10], effects of 90° bends and L-shapes in GIS [11] and the specific shape and sizes
of sensor design for PD applications [12]. Novel sensor designs for PD currently in development
include antennas using magnetic field detection [13] and HFCTs [14], which are not currently used on
the network. Additional constraints to be considered for PD detection include optical placement of
sensors [15] and signal processing/pattern recognition of partial discharge signals [16].

2. Practical Test Arrangement and PD Sensors

During the practical experimentation undertaken the following test arrangement was utilised
to obtain the partial discharge measurements shown in the next section. The full-scale gas insulated
sections, shown in Figure 1, were arranged and constructed into a 420 kV, 7 m length of gas insulated
line with a high voltage air/gas insulated bushing termination at either end. The central section was a
separate gas zone from both bushings but was electrically connected to the rest of the demonstrator via
the central conductor at the same high voltage potential as the bushing conductors and terminations.
The outer enclosure of the GIL demonstrator was electrically continuous throughout and was connected
to ground. The enclosure and conductor dimensions are shown in Figure 2. The central gas zone,
which was the primary gas zone tested, consisted of a 4.915 m conductor suspended between two
epoxy resin cone spacers (which seal the gas zone at either end) and an outer enclosure length of
5.275 m.

The gas insulated line demonstrator had a rated voltage of 420 kV with nominal system phase
to earth voltage and normal partial discharge test voltage level, as shown in Table 1 considering the
IEC/BS EN standard 62271-204 [17] and 62771-203 [18]. Partial discharge measurements taken using
commercially available systems for the GIL demonstrator filled with CO; at varying voltage levels
can be found in reference [19] to experimentally show the insulation strength of alternative gases and
the capabilities of traditional sensors with AC cycle analysis. The following article shows novel PD
measurements using non-commercial setups, sensors and analysis to determine fault locations and
analyze an author-developed location script with results which do not form part of reference [19].

The GIL demonstrator had a voltage applied to the inner conductor using the test arrangement
shown in Figure 3 through a high voltage test transformer with a maximum AC output of 300 kV
and a low partial discharge output. The output of this transformer was limited by an inductance and
connected to a coupling capacitive divider which allows for direct partial discharge measurements to
be obtained for the whole system via a commercially available optically isolated PD system shown in
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Figure 4. The output of this capacitively coupled PD signal through a divider’s HV capacitors can be
recorded by directly connecting them to a high bandwidth oscilloscope.

Figure 1. Gas Insulated line demonstrator constructed and installed at Cardiff University.
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Figure 2. Gas insulated line conductor and enclosure dimensions.

Table 1. Gas insulated line demonstrator Rated and Nominal System Voltage Levels.

U Uph—ea Upd-test
Gas Insulated Line Demonstrator Nominal System Phase to Earth Test Voltage for PD Measurement
Rated Voltage Voltage Uph-test (>1 min)
300 kV 173 kV 208 kV
362 kV 209 kV 251 kV
400 kv 231kV 277 kV
420kV 242kV'1 291 kV

! Maximum applied voltage achieved during practical testing was 242 kV due to bushing air corona.
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Figure 3. Gas insulated line high voltage connection and capacitively coupled PD measurement
through a High Voltage divider’s capacitors test arrangement.

Figure 4. Optically isolated PD measurement system coupled to a 300 kV AC HV capacitive divider.

Partial discharge measurements were also undertaken using external high frequency current
transformers (HFCTs) and internal UHF capacitive plate sensors. Two split core HFCTs were installed
on the only two earth straps for the gas insulated line demonstrator at either end of the central
section as shown in Figures 5 and 6b. The whole of the gas insulated line demonstrator was installed
on a metal support structure as would normally be the case in substations, however, the support
structure was insulated from the floor using solid pad-mounted insulation feet, shown in Figure 6a.
This insulated support structure was not bolted to the floor therefore ensuring the only ground of
the outer enclosure was provided via the central star grounding point of the transformer as shown
in Figure 3. This dedicated ground ensured that the HFCTs were installed on the only two points
of grounding for the whole GIL demonstrator, thereby minimising noise and avoiding multiple
grounding loops as are common in substations but could be improved for the future using this method
of insulation. The HFCT sensors have a bandwidth of 100 kHz to 50 MHz and a sensitivity of 3.1 (2 [20]
and were both connected to identical 100 kHz high pass filters [20]. The output of the HFCT filters were
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then connected to identical 20 m lengths of double screened BNC cable to a digital oscilloscope which
has a bandwidth of 1 GHz and additional voltage limiting protection on the input of each channel.
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Figure 5. Gas insulated line partial discharge sensor arrangement, data acquisition and measurement.
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Figure 6. (a) Metal Support Structure with insulated pad mounted feet; (b) One of two split core HFCT
partial discharge sensors installed on a single earth strap connection.

Internal UHF capacitive plate sensors were also installed at either end of the inside of the gas
insulated line demonstrator as shown in Figure 5. The outside of a UHF sensor gas section is shown in
Figure 7a, and an internal plate sensor is shown in Figure 7b. The UHF sensors have a frequency range
of 200 to 1500 MHz [21] and are both connected via identical RG213 cables and N-type connectors of
15.2 m [22] to a digital oscilloscope which has a bandwidth of 1 GHz. Additional UHF attenuators
are also added to the input of each channel, reducing the amplitude of large UHF signals to within
the limits of the oscilloscope input and providing some protection to the oscilloscope channels by
providing a resistive path to ground in the event of a flashover or electrostatic discharge.



Sensors 2020, 20, 4443 6 of 16

@) (b)
Figure 7. (a) UHF plate coupling sensor on gas insulated line enclosure section; (b) One of two GIL
internal UHF plate coupling sensors.

It is also worth noting that the results in the next section were all taken using the described GIL
demonstrator transmission line which does not have a load at one open terminal end. It is also noted
that there will be a difference in time and voltage for HFCT and UHF sensor measurements for each PD
event which is introduced due to sensitivity, input protection components on the oscilloscope, different
lengths of connected cables and additional high pass filters on the outputs of the high frequency
current transformers.

The gas insulated sections utilised in this study were actual GIS sections donated by the National
Grid of the same design and construction as those normally filled with SF¢ gas and are currently in
operation on the UK power network. In this paper, the practical gas insulated line demonstrator was
filled with either pure nitrogen, pure carbon dioxide or technical air as a direct replacement for SFg.
The technical specification of the CO, used was 99.8% purity [23], the nitrogen purity used was 99.998%
(including argon) [24] and the purity of the technical air used was 21% =+ 0.5% oxygen and the remainder
nitrogen [25] to a pressure of 3, 4 and 5 bar. The normal operating pressure of this gas insulated
equipment has a minimum filling pressure of 2.9 bar when filled with SF¢ at 20 °C. The gas sections
are evacuated using a vacuum pump to 0.1 mbar prior to each gas filling and the central section and
each of the two bushing sections are filled using the same identical gas to the same pressure. The gas
insulated demonstrator was tested as both a clean system and as a particle-contaminated system with
10 x 1 mm diameter stainless steel spheres placed within the central gas insulated enclosure [26].

3. Results

3.1. Partial Discharge Measurements

The first stage of practical testing involved raising the voltage potential of the central conductor in
the uncontaminated gas insulated demonstrator, to re-create normal operating conditions, when filled
with different natural gases at different pressures. In later stages of the work, the central section of the
gas insulated line was contaminated with 10 X 1 mm diameter stainless steel spheres placed as free
particles randomly within the central gas insulated enclosure, which changes at the start of each test
according to their random dispersion due to the applied voltage [26]. As the voltage was raised, the
measurements taken on the oscilloscope were triggered as partial discharge occurred. In some gases at
higher gas pressures, there are very few PD events, so it is not possible to record results but for these
eventualities the pressure of the gas was lowered to a point where a statistically significant volume of
PD data might be recorded. The practical experimentation undertaken showed the withstand voltages
for the gas insulated line for various gases at different pressures shown in Table 2. It was found that
the weakest insulation gas out of the three was pure nitrogen, which was the only gas to break down
between the conductor and enclosure at 211 kV. Pure carbon dioxide and technical air were tested at 5,
4 and 3 bar, and were found to withstand 242 kV, which is the normal phase to earth system voltage
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level of this gas insulated equipment when insulated with SF¢ at 2.9 bar. This means that there was a
considerable safety margin built into this equipment to ensure it does not fail during the operation
on the network, as it is known that SFg has an insulation strength approximately three times that of
normal air (not technical air) [8]. The insulation strength and therefore the different PD results of each
alternative natural gas are due to the individual critical reduced electric field strength of each gas [8]
and the method in which streamers and leader channels form and how ‘brittle” the gas is to allow

streamer development [27].

Table 2. Gas insulated line demonstrator withstand voltages in clean conditions.

3 bar 4 bar 5 bar
Pure Carbon Dioxide (CO5) >242 kV >242 kV >242 KV
Pure Nit (N) >192 kV Breakdown (BD) at S242 KV
ure Nitrogen TNz 211 kV and 241 kV
Technical Air >242 kV >242 kV >242 kV

In Figure 8, measured signals from one single PD event are shown for the GIL demonstrator when
it was filled with 3 bar CO, with contaminated particles. The recorded results show that all of the
sensors including the internal UHF sensors similar to those in [28,29], the external HFCTs and the
capacitively coupled PD measurement through a divider’s HV capacitors all confirm the same event
and their own respective outputs are shown depending on their frequency range and sensor output in
voltage. Many similar events were recorded for both carbon dioxide and technical air; however, it was
not possible to obtain PD measurements for pure nitrogen due to the proximity of PD inception to the
breakdown voltage which occurred across the clean gas gap, making it very difficult to obtain multiple
stable PD event measurements.

s
[S
=0
@
g
©-2
> -200 -100 0 100 200 300 400 500 600 700 800
Time (ns)
= HFCT 1 Channel
E 40F T T, T p T T T T T =
= 20t O A N Y A N N .
S 8F \/ ’ ;
S - T 1 1 1 1 1 1 1
= -200 -100 0 100 200 300 400 500 600 700 800
Time (ns)
< Coupled Capacitive Divider Channel
E 20F T \ T T N T T T T T T 3
% 0o _‘___'__h-.\'lﬂl'l | n \ "III \\"J. Ilﬂ . ‘\\'.‘/'I:n“\\__-‘llrv{nk".‘J.-"\ ‘ﬁ_’..\-_\/{_/\_\/‘\d— i P L
% -20 ! 1 1 1 1 | 1 1 1
> -200 -100 0 100 200 300 400 500 600 700 800
Time (ns)

Figure 8. Simultaneously measured UHF, HFCT and HV coupled capacitive divider PD signals for a
CO;, filled system at 3 bar with particle contamination and an applied voltage of 85 kV.

In Figure 9a, an example is shown of the measurements recorded using the oscilloscope when
a single PD event is recorded from both of the UHF sensors and both of the HFCTs at either end of
the gas insulated line demonstrator. From the measurements undertaken it is possible to quantify the
arrival time of each signal from each one of these four sensors. In order to find the start time of the
signal it is first required to take a sample of the beginning of the measured trace in order to give the
maximum and minimum noise of each channel which means that the error for each signal and solution
found is different depending on the level of noise. Using these voltage noise values it is possible to
determine the first voltage instance of any value above or below this maximum and minimum noise
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threshold which can then be used to determine the time at which the start of the sensor picks up a
PD event as shown in Figure 9b. Using both UHF sensors and both HECTs, the start time of each
channel can be used to calculate the time difference at which the signal is detected by each PD detection
method, therefore, allowing for a location between the two sensors to be determined. If equation 1 is
used to determine the time-of-flight then a time difference between the arrival of the signal for each
detection method can be estimated for each PD event.

Time Difference between Signals = X; — X; 1)

X1 is the time at which the signal arrives at the UHF or HFCT sensor on the left of the GIL, Xj is
the time at which the signal arrives at the UHF or HFCT on the right of the GIL. If the outcome of
equation 1 is negative then the PD event occurred on the left side of the GIL, if the equation gives a
positive number then the PD event is determined to have originated on the right side of the GIL, if the
outcome is equal to zero then the PD event originated in the midpoint of the GIL. It is assumed that the
signals are recorded simultaneously and that all signals are from the same source/event.
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Figure 9. Recorded UHF and HFCT PD signals for a CO, contaminated system at a pressure of 3 bar,
applied voltage 85 kV (a) Full waveform; (b) Voltage rise point of each sensor.

3.2. Results of Time of Flight Calculations

The next section of this paper uses the above method to calculate the time difference of the
arrival of each PD event at either the UHF sensors or the HFCTs. For each gas and pressure described
below, many PD events were recorded and their location and grouping of PD signals has been plotted,
the scatter plot on the left shows the highest peak voltage level obtained from the HFCT or UHF
sensors and the time difference (proportional to location) of the PD event along the central section
of the GIL. The colour of the points shown on the scatter plots (Figures 10-14) show the amount or
density of PD along the center of the GIL with red points indicating areas with the highest amount of
PD activity. The histogram plot shown on the right side of Figures 10-13 shows the amount of PD
activity along the central section of the GIL, with the areas of highest PD activity shown with the
highest number of PD counts recorded.

In Figure 10, the PD events that were recorded using the two UHF sensors at either end of the
GIL demonstrator are shown when it is filled with technical air in a clean system (no particles have
been introduced into the enclosures). Figure 10a,b show the PD activity of the system when a voltage
of 210 kV is applied to the central conductor at 3 bar pressure. Figure 10c,d shows the PD events
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recorded when the gas insulated enclosures are filled with 5 bar technical air and a voltage of 200 kV is
applied. Figure 10e,f shows the PD events recorded when a voltage of 231 kV is applied to the GIL
demonstrator when filled with 5 bar technical air. In Figure 10, for technical air, there are very few
PD events recorded even at the normal phase to earth voltage of the system of 231 kV. Examining
Figure 10a,c for both 3 bar and 5 bar technical air at 210 kV and 200 kV, respectively, the results are
shown for two different pressures; however, there was very little difference observed because very little
PD was recorded for technical air overall for all tests carried out in the clean system. For all results
recorded in Figure 10b,df, there seems to be a similarity with most PD events recorded around the —20
to —10 ns range which relates to the central left of the GIL demonstrator, so this appears to be an area
of high electric field stress but there are very few PD events from which to draw this conclusion.
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Figure 10. PD UHF sensors in technical air for a clean system: (a,b) applied voltage 210 kV at 3 bar;
(c,d) applied voltage 200 kV at 5 bar; (e,f) applied voltage 231 kV at 5 bar.
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Figure 11 shows the PD activity recorded by the two internal UHF sensors placed at either end
of the GIL demonstrator as shown in Figure 5, the GIL was filled with 3 bar pure CO;. The applied
voltage was 150 kV on the clean system and the response of the UHF sensors is shown in Figure 11a,b.
The GIL demonstrator was then tested using the same conditions, except the central enclosure was
contaminated with particles and the voltage raised to 85 kV; the results of which, for the UHF sensors,
are shown in Figure 11c,d. In Figure 11b,d, there is a strong clustering of PD events in the central left
of the GIL demonstrator. In Figure 11a, it is interesting to note that for a clean system the grouping
of PD events from the internal capacitive UHF plate sensors has a max voltage relating to the PD
events which are very closely grouped, whereas in Figure 11c, for a particle contaminated system, there
is a much more varied voltage response. This means that the particles are creating a very different
response from the UHF sensor as they build charge moving across the CO; insulation between the
conductor and enclosure at different lengths along the GIL, which does not occur for the clean system.
The moving particles also appear to have the impact that they further exacerbate the electric field stress
on the left side of the GIL demonstrator shown in the clean system response; hence, the area of highest
PD response is the same for both a clean and a particle contaminated system.
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Figure 11. PD UHF sensors in CO, at 3 bar, (a,b) 150 kV applied voltage in a clean system; (c,d) 85 kV
applied voltage in a contaminated system.

The next set of experimental data shown in Figure 12 shows the PD activity measurements using
the HFCTs placed at either end of the GIL demonstrator. In Figure 12, the GIL demonstrator is filled
with pure CO; at 3 bar and the GIL demonstrator is contaminated with metal particles. The results
show the difference in PD events as the voltage is increased. Figure 12a,b show the recorded PD events
for 75 kV, Figure 12¢,d show the recorded PD events for 85 kV, and Figure 12e,f show the recorded
PD events for 100 kV. Figure 12a,c,e show that as the voltage on the central conductor is increased so
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does the PD amplitude from the HFCTs in quite distinct steps. For 75 kV on the central conductor,
the majority of PD is around a 45 mV peak response from the HFCT; for 85 kV, the PD has a peak
response of 70 mV from the HFCT; and for 100 kV, the PD peak amplitude is around 240 to 340 mV,
which is directly proportional to the current the HFCT is measuring around the earth straps from the
GIL outer enclosure for each PD event.
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Figure 12. PD HFCT sensors in CO; at 3 bar with a particle contaminated system, (a,b) 75 kV applied
voltage; (c,d) 85 kV applied voltage; (e,f) 100 kV applied voltage.

Figure 12b,d show that at 75 kV, the majority of PD events are located on the central left hand
side of the GIL demonstrator, and for 85 kV, the majority of PD is located in a similar area on the left
of the GIL with an added area on the right hand side which is not as active. When the voltage of
conductor in the GIL demonstrator is raised to 100 kV, it appears that the contaminating metal particles
are causing widespread PD along the entire central length of the conductor as shown in Figure 12f.
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It is possible that this indicates that the particles are much more mobile and either were bouncing on
the outer enclosure along the entire length of the GIL or appear to have an aspect of freer movement in
the gas along the length of the GIL. In Figure 12b,d, it is possible that the particles were only bouncing
on the outer enclosure as described in [30], where a free particle may cause a discharge as charge is
exchanged between the particle and the enclosure; following this, the particle falls and bounces on the
enclosure and the sequence may repeat [30].

In Figure 13, the PD events of the UHF sensors are directly compared with the HFCT sensors
by recording the same PD events simultaneously and then calculating time-of-flight from both sets
of sensors. In Figure 13a,b, the recorded PD events for the UHF sensors are shown for the GIL
demonstrator filled with pure CO, at 3 bar when contaminated with metal particles at 85 kV applied
voltage. In Figure 13c,d, the same conditions of pressure, gas and contamination are used whilst the
same PD events for Figure 13a,b are measured and shown but using the HFCTs as PD sensors rather
than the UHF sensors. Figure 13b,d show a comparison between the PD locations that are derived
from the UHF sensors and the HFCT sensors—the results indicate that the main area of PD on the left
of the GIL is fairly similar but that the HFCT sensors indicate a slight area of additional PD on the
right of the GIL demonstrator which is not as apparent on the measurements taken using the UHF
sensors. Figure 13a,c show that for 85 kV applied voltage in a particle contaminated system, both the
UHF and HFCT sensors indicate two main data clusters in both cases. The first cluster, which has an
approximately constant amplitude and occurs across the whole GIL length, can be assumed to be free
particles bouncing along the bottom of the GIL. The second cluster, in the middle of the first half of the
GIL, is the same area seen on an uncontaminated system which indicates a source of higher electric
field stress than the rest of the system. This seems to indicate that this location analysis can separate
different types of defect and give a better understanding of underlying sources of PD when multiple
PD sources are present, as is often the case for a real system.
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Figure 13. (a,b) PD UHF sensors in CO; at 3 bar, 85 kV applied voltage with a particle contaminated
system; (¢,d) PD HFCT sensors in CO; at 3 bar, 85kV applied voltage with a particle contaminated system.
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contaminated system; (¢) PD HFCT sensors used with CO; at 3 bar with an applied voltage of 85 kV in
a particle contaminated system; (d) PD HFCT sensors used with CO, at 3 bar with an applied voltage
of 100 kV in a particle contaminated system.

4. Discussion

The results shown in the previous section give an interesting overview of the diagnostic information
that can be obtained from a high voltage gas insulated system in both clean and particle contaminated
configurations with partial discharge in natural gases such as carbon dioxide and technical air. Figure 14
gives a summary of the previous important results for the purpose of discussion superimposed on top
of the gas insulated demonstrator sections used for experimentation in carbon dioxide at 3 bar pressure.

Figure 14a,b show the difference in PD location using UHF sensors in CO, when the gas insulated
line is a clean system or contaminated with particles. It can be surmised from these results that the
clean system in Figure 14a appears to have a high electric field stress region on the left side where the
largest area of PD is indicated as a red region; however, the amount of PD events recorded for this case
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was much lower than for a contaminated system. In Figure 14b, the UHF sensors are used to record PD
at a much lower voltage, 85 kV compared to 150 kV in Figure 14a, but the amount of PD recorded was
much higher. Figure 14b seems to show that particle contamination appears to exacerbate the electric
field concentration in the region identified in the clean system in Figure 14a and also shows that there
were PD events further along the whole length of the central gas insulated line. The observed PD is
consistent with the expected behaviour of free metallic particles in GIL free motion, where particles
bounce on the outer enclosure of a section [31] when measurements are made using UHF sensors.

Figure 14b,c can be used to analyse the differences between the UHF and HFCT sensors; for the
example shown, 85 kV is applied on the central conductor insulated by 3 bar CO, and both UHF and
HECT sensors are used to measure the same events. The UHF results shown in Figure 14b show a clear
high-density cluster of PD with an area just to the right of this also indicating a high PD concentration
when contaminated with particles. The HFCT sensors in Figure 14c show a very similar result to the
UHEF sensors; however, the area is slightly shifted to the right and there is also a small amount of PD
indicated on the right side of the GIL. The likely difference between the UHF and HFCT sensors is
that the UHF sensors have a higher bandwidth therefore can detect a broader range of PD events;
however, the HFCTs appear to be a good compromise considering they do not need to be permanently
installed on the inside of the GIL as internal sensors, and they do not require the high level of associated
measurement hardware i.e., high bandwidth oscilloscope. It is also possible that the UHF sensors
are more accurate as they are internal and therefore should pick up less noise/interference from the
surroundings. The UHF sensor also appears to be less sensitive to the free particle cluster than the
other (unknown) defect which is constant in the clean system, and the HFCT is more sensitive to the
free particle cluster than the unknown defect producing the small lower cluster. This observation could
point to the benefits of using a combination of PD sensors that respond differently to PD events in
order to gain more insight into the shape of the underlying PD pulse and hence the type of defect.

The last comparison can be made between Figure 14c,d, where HFCTs are used to measure PD in
CO; at 3 bar. In Figure 14c, the applied conductor voltage was 85 kV, and in Figure 14d, the applied
voltage was 100 kV. In Figure 14c, the contaminating particles appear to enhance the areas of highest
PD around a very similar location to the areas of high field stress as shown in the clean GIL test results
shown in Figure 14a. In Figure 14d, the PD appears to spread uniformly across the whole length of
the central GIL section in which the contaminating particles are placed. This seems to indicate that
PD events from the free-moving particles are dominant in amplitude and that the particles are either
bouncing on the enclosure along the whole section or some free movement occurs at 100 kV, whereas at
85 kV, the particles may not have attained sufficient energy to move from their location in the enclosure
and so cause this effect on the PD sensors. At 85 kV, the pattern detected is not consistent with those of
free conducting particles in gas insulated equipment where a particle becomes charged by induction
under the influence of the power-frequency electric field and may discharge anywhere along the system
length. This indicates that the particles measured are close to free mobility on the inner enclosure of the
gas insulated line demonstrator at 100 kV, but would not present a deleterious threat to the insulation
system at these voltages unless they were to become trapped in the spacer-chamber junction.

5. Conclusions

The results of the practical research conducted in this paper show that CO, and technical air can
be used to insulate a gas section normally insulated with SF¢ at phase-to-earth voltages of 242 kV at
a similar pressure to SFs; however, increased pressure is likely to reduce the amount and impact of
PD and increase the longevity and lifetime of the equipment. The research also concluded that both
HFCT and UHF sensors can be used to detect partial discharge with natural gases with internal UHF
sensors showing the most accurate PD location results, but external HFCTs offer a good compromise
between cost and location accuracy for a PD detection system. This potentially demonstrates their
future application in gas insulated equipment, especially for large substations where accurate PD
location within the GIL would require PD sensors to be installed in each GIL subsection. In this paper,
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it has been shown that the addition of a second UHF and HFCT allows for the added dimension
of spatial location measurements. This added location measurement allows for significantly more
information to be yielded than a single sensor, including the ability to locate multiple, simultaneous
active defects by identifying clusters in the PD number and location plot. Initial indications from these
measurements are that, due to the different ways in which direct and UHF measurements respond to
the same PD event, the simultaneous measurement of both methods along with quantities along the
physical location of the PD with the GIL could yield even further information about the physics of
the discharge event, leading to more accurate diagnostics for future gas insulated systems. The PD
results in this paper could also be used to benchmark the PD characteristics of future gas insulation
mixtures that are currently being trialed to replace SF4, as many of these consist of high ratios of CO5.
Future research will determine the PD system response of other natural atmospheric gases filled in
conventional high voltage gas insulated equipment, including increased pressure ratings.

Author Contributions: Conceptualization, PW.; methodology, PW. and A.R,; software, PW. and D.C.; validation,
PW., D.C. and A.R; formal analysis, PW.; investigation, PW., M.H., D.C. and A.R.; data curation, PW. and D.C;
writing—original draft preparation, PW.; writing—review and editing, PW., D.C. and A.R.; visualization, PW.,
D.C. and A.R;; supervision, A.R.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Union and the Welsh European Regional Development Fund,
FLEXIS—Flexible Integrated Energy Systems, http://www.flexis.wales/and the EPSRC Top & Tail Demonstrator
Project Entitled: ‘Design, Construction and Characterisation of a full scale 400 kV, CF3I Gas Insulated Line
Demonstrator” EP/1031707/1—with supporting industrial partner National Grid.

Acknowledgments: The authors would like to thank National Grid for their support and use of the gas insulated
equipment used throughout the practical testing in this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Myhre, G.; Shindell, D.; Bréon, EM.; Collins, W.; Fuglestvedyt, J.; Jianping, H.; Koch, D.; Lamarque, J.E;
David, L.; Mendoza, B.; et al. Anthropogenic and Natural Radiative Forcing; Cambridge University Press:
Cambridge, UK, 2013.

2. Intergovernmental Panel on Climate Change (IPCC). Working Group I Contribution to Fourth Assessment Report
of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2007.

3. Widger, P; Haddad, A. Evaluation of SF4 leakage from gas insulated equipment on electricity networks in
Great Britain. Energies 2018, 11, 2037. [CrossRef]

4. Li, Y;; Zhang, X.; Zhang, J.; Xiao, S.; Xie, B.; Chen, D.; Gao, Y.; Tang, J. Assessment on the toxicity and
application risk of C4F;N: A new SFg alternative gas. |. Hazard. Mater. 2019, 368, 653—-660. [CrossRef] [PubMed]

5. Beroual, A.; Haddad, A. Recent Advances in the Quest for a New Insulation Gas with a Low Impact on the
Environment to Replace Sulphur Hexafluoride (SF¢) Gas in High-Voltage Power Network Applications.
Energies 2017, 10, 1216. [CrossRef]

6. Rabie, M.; Franck, C.M. Assessment of Eco-friendly Gases for Electrical Insulation to Replace the Most Potent
Industrial Greenhouse Gas SFg. Environ. Sci. Technol. 2018, 52, 369-380. [CrossRef] [PubMed]

7. Zhang,X,;Li,Y,; Xiao,S.; Tang, J.; Tian, S.; Deng, Z. Decomposition Mechanism of C5F;7O: An Environmentally
Friendly Insulation Medium. Environ. Sci. Technol. 2017, 51, 10127-10136. [CrossRef] [PubMed]

8.  Widger, P; Haddad, A.; Griffiths, H. Breakdown performance of vacuum circuit breakers using alternative
CF;1-CO; insulation gas mixture. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 14-21. [CrossRef]

9.  Widger, P; Griffiths, H.; Haddad, A. Insulation strength of CF3I-CO, gas mixtures as an alternative to SF¢ in
MV switch disconnectors. IEEE Trans. Dielectr. Electr. Insul. 2018, 25, 330-338. [CrossRef]

10. Behrmann, G.; Wyss, K.; Weiss, J.; Schraudolph, M. Signal Delay Effects of Solid Dielectrics on Time-of-Flight
Measurements in GIS. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 1275-1284. [CrossRef]

11. Behrmann, G.; Franz, S.; Smajic, J.; Tanasic, Z.; Christen, R. UHF PD Signal Transmission in GIS: Effects of
90° Bends and an L-shaped CIGRE Step 1 Test Section. IEEE Trans. Dielectr. Electr. Insul. 2019, 26, 1293-1300.
[CrossRef]


http://www.flexis.wales/and
http://dx.doi.org/10.3390/en11082037
http://dx.doi.org/10.1016/j.jhazmat.2019.01.100
http://www.ncbi.nlm.nih.gov/pubmed/30731365
http://dx.doi.org/10.3390/en10081216
http://dx.doi.org/10.1021/acs.est.7b03465
http://www.ncbi.nlm.nih.gov/pubmed/29236468
http://dx.doi.org/10.1021/acs.est.7b02419
http://www.ncbi.nlm.nih.gov/pubmed/28749654
http://dx.doi.org/10.1109/TDEI.2015.005254
http://dx.doi.org/10.1109/TDEI.2018.006932
http://dx.doi.org/10.1109/TDEI.2015.005535
http://dx.doi.org/10.1109/TDEI.2019.008005

Sensors 2020, 20, 4443 16 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Obrist, R.; Smajic, J.; Behrmann, G. Simulation Based Design of GIS Sensors for Partial Discharge
Measurements. In Proceedings of the 17th Biennial Conference on Electromagnetic Field Computation (IEEE
CEFC), Miami, FL, USA, 13-16 November 2016.

Rodrigo-Mor, A.; Mufoz, FA.; Castro-Heredia, L.C. A Novel Antenna for Partial Discharge Measurements
in GIS Based on Magnetic Field Detection. Sensors 2019, 19, 858. [CrossRef] [PubMed]

Rodrigo-Mor, A.; Muifioz, EA.; Castro-Heredia, L.C. Principles of Charge Estimation Methods Using
High-Frequency Current Transformer Sensors in Partial Discharge Measurements. Sensors 2020, 20, 2520.
[CrossRef] [PubMed]

Liang, R.; Wu, S.; Chi, P.; Peng, N.; Li, Y. Optimal Placement of UHF Sensors for Accurate Locaization of
Partial Discharge Sources in GIS. Energies 2019, 12, 1173. [CrossRef]

Wang, X.; Li, X.; Rong, M.; Xie, D.; Ding, D.; Wang, Z. UHF Signal Processing and Pattern Recognition
of Partial Discharge in Gas-Insulated Switchgear Using Chromatic Methodology. Sensors 2017, 17, 177.
[CrossRef] [PubMed]

High-voltage Switchgear and Controlgear—Part 204: Rigid Gas-Insulated Transmission Lines for Rated
Voltage above 52 kV. IEC/British Standard BS62271-204. 2011. Available online: https://bsol.bsigroup.com/
Bibliographic/BibliographicInfoData/000000000030205411 (accessed on 8 August 2020).

High-voltage Switchgear and Controlgear—Part 203: Gas-Insulated Metal-Enclosed Switchgear for Rated
Voltages above 52 kV. IEC/British Standard BS62271-203. 2012. Available online: https://bsol.bsigroup.com/
Bibliographic/BibliographicInfoData/000000000030179469 (accessed on 8 August 2020).

Widger, P; Carr, D.; Reid, A.; Hills, M.; Stone, C.; Haddad, A.M. Partial Discharge Measurements in a High
Voltage Gas Insulated Transmission Line Insulated with CO,. Energies 2020, 13, 2891. [CrossRef]

HVPD, HECT Sensor Specification. Available online: https://www.hvpd.co.uk/products/permanent-hfct-
sensors/ (accessed on 1 August 2014).

Alstom Grid. Description and Operation: UHF Partial Discharge Coupler; Alstom Grid: Saint-Ouen, France, 2009.
L-COM, N-Type cable specification CA3N030. Available online: https://www.l-com.com/coaxial-n-male-to-
n-male-400-series-assembly-40-ft# (accessed on 1 September 2015).

BOC, Carbon Dioxide Materials Safety Data Sheet. 2017. Available online: https://www.boconline.co.uk/en/
legacy/attachment?files=tcm:4410-39607, tcm:410-39607,tcm:10-39607 (accessed on 5 January 2020).

BOC, Nitrogen (Oxygen Free) Product Data Sheet. Available online: https://www.boconline.co.uk/en/legacy/
attachment?files=tcm:t410-54568, tcm:410-54568, tcm:10-54568 (accessed on 27 April 2020).

BOC, Technical Air Product Data Sheet. Available online: https://www.boconline.co.uk/en/legacy/attachment?
files=tcm:t410-54561, tcm:410-54561,tcm:10-54561 (accessed on 27 April 2020).

Simply Bearings Ltd, 316 Stainless Steel Data Sheet. 2020. Available online: https://simplybearings.co.uk/
shop/files/316.pdf (accessed on 10 January 2020).

Michelarakis, M.; Widger, P; Beroual, A.; Haddad, A.M. Electrical Detection of Creeping Discharges over
Insulator Surfaces in Atmospheric Gases under AC Voltage Application. Energies 2019, 12, 2970. [CrossRef]
Pearson, J.S.; Farish, O.; Hampton, B.E; Judd, M.D.; Templeton, D. Partial Discharge Diagnostics for Gas
Insulated Substations. IEEE Trans. Dielectr. Electr. Insul. 1995, 2, 893-905. [CrossRef]

Judd, M.D,; Farish, O.; Hampton, B.F. The Excitation of UHF Signals by Partial Discharges in GIS. IEEE Trans.
Dielectr. Electr. Insul. 1996, 3, 213-228. [CrossRef]

White, A.; Coventry, P; Jones, G.R. Condition Monitoring of High Voltage Equipment. In High Voltage
Engineering and Testing, 2nd ed.; Ryan, H.M., Ed.; The Institution of Electrical Engineers: London, UK, 2001;
Chapter 22; pp. 642-643.

Irwin, T.; Lopez-Roldan, J.; Charlson, C. Partial Discharge Detection of Free Moving Particles in GIS by the
UHF Method: Recognition Pattern Depending on the Particle Movement and Location. In Proceedings of the
IEEE Power Engineering Society Winter Meeting. Conference Proceedings (Cat. No.00CH37077), Singapore,
23-27 January 2000; pp. 2135-2140. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/s19040858
http://www.ncbi.nlm.nih.gov/pubmed/30791413
http://dx.doi.org/10.3390/s20092520
http://www.ncbi.nlm.nih.gov/pubmed/32365580
http://dx.doi.org/10.3390/en12061173
http://dx.doi.org/10.3390/s17010177
http://www.ncbi.nlm.nih.gov/pubmed/28106806
https://bsol.bsigroup.com/Bibliographic/BibliographicInfoData/000000000030205411
https://bsol.bsigroup.com/Bibliographic/BibliographicInfoData/000000000030205411
https://bsol.bsigroup.com/Bibliographic/BibliographicInfoData/000000000030179469
https://bsol.bsigroup.com/Bibliographic/BibliographicInfoData/000000000030179469
http://dx.doi.org/10.3390/en13112891
https://www.hvpd.co.uk/products/permanent-hfct-sensors/
https://www.hvpd.co.uk/products/permanent-hfct-sensors/
https://www.l-com.com/coaxial-n-male-to-n-male-400-series-assembly-40-ft#
https://www.l-com.com/coaxial-n-male-to-n-male-400-series-assembly-40-ft#
https://www.boconline.co.uk/en/legacy/attachment?files=tcm:4410-39607,tcm:410-39607,tcm:10-39607
https://www.boconline.co.uk/en/legacy/attachment?files=tcm:4410-39607,tcm:410-39607,tcm:10-39607
https://www.boconline.co.uk/en/legacy/attachment?files=tcm:t410-54568,tcm:410-54568,tcm:10-54568
https://www.boconline.co.uk/en/legacy/attachment?files=tcm:t410-54568,tcm:410-54568,tcm:10-54568
https://www.boconline.co.uk/en/legacy/attachment?files=tcm:t410-54561,tcm:410-54561,tcm:10-54561
https://www.boconline.co.uk/en/legacy/attachment?files=tcm:t410-54561,tcm:410-54561,tcm:10-54561
https://simplybearings.co.uk/shop/files/316.pdf
https://simplybearings.co.uk/shop/files/316.pdf
http://dx.doi.org/10.3390/en12152970
http://dx.doi.org/10.1109/94.469984
http://dx.doi.org/10.1109/94.486773
http://dx.doi.org/10.1109/PESW.2000.847683
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Practical Test Arrangement and PD Sensors 
	Results 
	Partial Discharge Measurements 
	Results of Time of Flight Calculations 

	Discussion 
	Conclusions 
	References

