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Abstract: Spacers for the HVDC GIS/GIL play an important role in mechanically supporting con-
ductors and separating compartments. At the same time, their insulation performance affects the
stability and safety of system operation. Design rules and knowledge specific to AC spacers do not
apply to those of DC spacers. Considering the shape influence on the surface electric field intensity of
the spacer under HVDC applied voltage, as determined in our previous work, an optimized shape of
a spacer model based on finite element electric field calculations and using standard HVAC alumina
filled epoxy material and two novel types of materials were studied. The simulation’s results show
that the DC shape optimization of the spacers can effectively reduce the electric field magnitudes
along the spacer under different temperature gradients. To verify practically these findings, this paper
presents the reduced scale gas insulated prototype that was constructed, the optimized DC spacers
that were fabricated and the DC testing results using SF¢-free surrounding gas: C4-Perfluoronitrile
(C4-PFN, 3M™ Novec™ 4710)/CO, and Trifluoroiodomethane (CF3I)/CO,. The results show
that the shape-optimized spacer models made of conventional HVAC filled epoxy material have
successfully passed the tests up to the maximum applicable £123 kV DC exceeding thus +119 kV
DC that corresponds to the nominal voltage 3500 kV DC of the full scale.

Keywords: spacer; shape optimization; GIS; GIL; HVDC; C4-PEN; CF3]; tests verification

1. Introduction

Whilst high voltage gas-insulated switchgears (GIS) and gas-insulated transmission
lines (GIL) are well-proven technologies for high-voltage alternating current (HVAC) elec-
tricity transmission applications under at least 800 kV AC [1,2], their operation under high
voltage direct current (HVDC) is extremely challenging. Therefore, they are currently under
development worldwide for the £550 kV DC rated voltage (maximum continuous operat-
ing voltage) and ultra-high voltage (UHV) of £800 kV DC. The need for next generation
UHVDC power transmission over long distances is expected to grow substantially in the
coming years.

Among the critical challenges for this development, there is the problem of the epoxy
cast resin insulators that are used to separate gas compartments of the GIL/GIS also so-
called spacers and to provide mechanical support for high-voltage conductors. Indeed,
under steady state DC operating voltage, the electric field distribution along the spacers’
surface is controlled by the electric conductivity, o, of the epoxy spacers and the surround-
ing gas through the formula div(cE) = 0, where o depends on the electric field (E) and
strongly on the temperature. So, when the GIL/GIS is under full load operation, a tempera-
ture gradient forms from the energized HV conductor to the grounded enclosure due to the
DC current flow and, as a result of this, the electric field strength near the conductor reduces
while at the same time it increases near the enclosure where the conductivity is lower.

Energies 2022, 15, 8563. https:/ /doi.org/10.3390/en15228563

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15228563
https://doi.org/10.3390/en15228563
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4153-6146
https://orcid.org/0000-0003-3058-9007
https://doi.org/10.3390/en15228563
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15228563?type=check_update&version=1

Energies 2022, 15, 8563

20f11

Furthermore, in addition to the effect of the electric conductivity, there is also the
shape of the spacer and its contacts with the conductor/enclosure and the surrounding gas
called triple junctions, where the electric field can be significantly intensified. Therefore,
in order to keep the electric field strength within the permissible level, it is necessary to
design the shape of the spacer properly.

In Ref. [3], we presented a review on real-size epoxy cast resin insulators for com-
pact HVDC GIS and GIL as well as current achievements and envisaged research and
development. Our main conclusions are:

- Today’s geometrically optimized full-size DC spacers, by the GIS/GIL manufacturers,
are either modified conical shape or disk type and are made of slightly modified
chemical composition of the standard HVAC alumina filled epoxy material. It should
be noted that detailed information about the manufacturers’ geometry optimization
was not revealed.

- For a further downsizing of HVDC GIL/GIS systems and for UHVDC systems where
higher applicable electric field stresses are to be subjected, new advanced insula-
tion technologies need to be considered, such as electric field grading materials and
functional graded materials, which are still under development.

- The developed SF¢-free alternative gases: C5-perfluoroketone mixed with CO, and
O, and C4-perfluoronitile mixed with CO, have entered the market and are currently
used in some commercial HVAC gas insulated systems [4,5]. However, their reliability
and compatibility with HVDC GIS/GIL epoxy insulators have not been yet studied
and experimentally verified.

Concerning research studies using HVDC spacer models having smaller dimensions
(downsized spacers), some electric field distribution calculations based on the spacer
shape optimization have been conducted [6-8], but without experimental verification. Few
experimental investigations have been carried out on the novel spacer shape presented in
the works [9-11] that we referred to in this paper. Hence, still much to be well understood
and solved about spacers for HVDC and UHVDC GIL/GIS applications, so, we decided to
concentrate on both numerical and practical aspects.

In our previous paper [12], we presented the simulation results of DC electric field dis-
tribution along the surface of an optimized shape of the spacer under a DC applied voltage
of 131.3 kV, that corresponds approximately to the rated voltage (maximum continuous op-
erating voltage) of 550 kV DC of full-size scale, by using AC standard alumina filled epoxy
material and SFg-free surrounding insulating gas. For this latter, CF3I (30%)/CO, (70%)
and C4-PFN (4%)/CO;, (96%) were designated by assuming having the same electrical DC
conductivity behavior as that of SFs. Other materials, such as modified filled epoxy and
nonlinear resistive field grading material (FGM) with and without temperature gradient
have been also considered using this optimized spacer profile.

The found optimized spacer’s geometry and the resulting DC—electrical field distribu-
tions are shown in Figures 1 and 2, respectively [12].

As can be seen in Figure 2, the optimized profile can effectively relax the electric field
on the spacer surface. The maximum electric field values are 3.4 kV/mm at the upper
surface and 3.2 kV/mm at the lower surface, respectively, and they are not located at
the triple junctions (gas-spacer-HV conductor/grounded flange), thus not exceeding the
maximum applied electric field of 5.6 kV/mm on the central conductor.

In this paper, we present experimental investigations to verify the performance of
the optimized spacer model presented in Figure 1 made of standard alumina and silica
filled epoxy materials. A reduced scale gas insulated system to mimic the full size one
was designed and constructed. The mold of the spacer was also designed and fabricated.
Furthermore, three SF; free alternative gases were utilized in this investigation which are
4% C4-perfluoronitrile (C4-PFN, 3M™ Novec™ 4710) mixed with 96% CO,, 30% trifluo-
roiodomethane (CF3I) mixed with 70% CO, and dry air. This means that the compatibility
of these gases with the DC spacers were also taken into account and checked.
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Figure 1. Optimized shape of the spacer model for DC energization [12]. Note that the thickness of
the flange is 15 mm, the thickness of the spacer at the inner conductor is 23 mm and the inclination
angle is 60°; L is the length of the spacer surface.
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Figure 2. Computed tangential, normal, and total electric field distributions under 131.3 kV-DC and
T =30 °C of the optimized spacer of conventional material (a) on the upper surface, (b) on the lower
surface [12].

2. Experimental Setup

Figure 3 shows the schematic arrangement for the experimental investigation. It is
composed of the reduced scale GIL prototype and the HVDC test setup consisting of:

- Areduced-scale GIL prototype;

- A Glassman 4+ DC generator (Max. £125 kV) to apply high voltage through a
control unit;

- Avoltage divider with the ratio of 2000:1 to reduce the generated voltage to a safe and
measurable level;

- A Stangenes Industries inc. 3-0.1 series current transformer (CT) connected to the GIL
prototype to help identify whether a flashover occurred on the surface of the spacer or
a breakdown across the gas gap of the prototype.
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Figure 3. Schematic arrangement of the HVDC test setup and the reduced scale GIL prototype.
2.1. GIL Prototype

The prototype is made of stainless steel and is composed of three compartments
(Sections 1-3). A central conductor tube is supported by two spacers. Each compartment
contains an opening for gas inlet and pressure gauge. The central conductor tube of the
GIL prototype is connected to the high voltage (HV) supply through a bushing, and all the
compartments are connected to the ground.

It should be noted that the design principle of this prototype is based on a commercial
conventional full-size high voltage alternating current (HVAC) 420 kV gas-insulated system
reduced to 1/4 scale. Namely, the dimensions of the full-size gas-insulated system relative
to the outer diameter (D¢) of the central conductor and the inner diameter (Dg) of the
enclosure are downsized by a factor of 1/4 (0.25). Thus, the diameter of the inner conductor
(Dc¢) and enclosure (Dg) of the reduced scale prototype are 48.3 mm and 128.2 mm, respec-
tively, and the gas gap is 39.95 mm. The 1/4-size gas-insulated system has been chosen to
reproduce the design of the commercial full-size HVAC 420 kV GIL/GIS in such a way to
obtain approximately the same applied electric fields at the central HV conductor (Ec) and
at the grounded enclosure (Eg).

Assuming that the 420 kV-AC design can also be used for the rated voltage 550 kV-DC,
the resulting electric fields Ec and Eg, are, respectively:

\Y
Ec = —— 5 ~56kV/mm 1)
D¢ In &

A%

Ep= 5
1 . Dg

~ 2.0kV/mm 2)
where V is the applied voltage on the inner conductor

Therefore, the corresponding voltage that was used in the simulations for the reduced
scale model is 131.3 kV.

Figure 4 illustrates two installed sections of the GIL prototype (Figure 3) separated by
one spacer model. This configuration has been used in the following for the tests” verification.

The constructed GIL prototype fulfils the requirements of tightness and surface smooth-
ness of the central conductor and the inner surface of the compartments.

Concerning the tightness, this was checked by (i) using water under 15 bar (abs.) for
1 h and also (ii) under vacuum and gas pressure with N, at 6 bar (abs.), 8 bar (abs.), and
10 bar (abs.).

For the surface smoothness, the roughness of the inner conductor tube and inside the
compartments have been measured using Mahr test equipment where it has been found
that the arithmetic average of the absolute values of the roughness profile ordinates lies in
the range R, = 0.421-0.967 um. The surface roughness was measured based on tracing the
probe across the surface of the inner conductor tube and inside the compartments. After
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calibrating the probe, the measuring instrument was placed on its base so that the probe
tip is vertical to the surface of the measuring objects. The drive unit then moved the probe
over the measuring objects at the preset measuring speed. After the third measurement a
correction value was calculated from the three measured values. An example is shown in
Figure 5.

MarSurf PS 10

(ahr)

1.00-14
Creation date: 03/09/2020 09:51 am Lt 4.8 mm
Device: MarSurf PS 10 (2585) Ls: 2.5 ym
Probe: PHT 350 VB: +/-200.0 pm
v 1.0 mm/s
Points: 9600

R[LC ISO 16610-21 0.8 mm]
10.0

pm

O NPT YV ﬂﬂmmwmvm

Ver 5.0 pm/div; Hor 0.8 mm/div; 40mm
R[LC ISO 16610-21 0.8 mm]
Ra 0.722 pm
Rz 4995 pm
Rmax 7.183 pm
Rt 7.183 pm

Figure 5. HV electrode tube (left), and surface roughness’ verification where R, = 0.722 pum (right).

2.2. DC Spacers

The mold of the optimized DC spacer was designed (Figure 6) and fabricated (Figure 7)
at Cardiff University.

The spacers are made of conventional filled epoxy matrix with alumina (Al,O3), as
mentioned above, and also with silica (SiO;). The material formulations and the fabricated
spacer models were agreed on and made in collaboration with MEKUFA UK, manufacturer
of epoxy resin medium voltage components.

The general procedure to fabricate the spacer models is as follows: The melted epoxy
resin is intensively mixed with the dried filler in a thin film degassing mixer under vacuum
and then the hardener is added. The ready mixture is fed directly into the preheated spacer
mold in the autoclave at 120-140 °C.

It should be noted that the fabrication of the DC spacers was not a trivial task and
straightforward. Indeed, the first trials using silica filled epoxy were not successful due to
the leak of the melted filled epoxy from the mold during casting as illustrated in Figure 6
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leading to imperfections at some locations of the spacers as shown in Figure 8 and resulting
in a bad gas tightness at the flanges. As well as defects near the central conductor that
would lead to surface flashover during HV testing (Figure 8).

Figure 6. Mold design of the optimized spacer.

/

Sunear the flange

Figure 8. Problems encountered during spacers’ fabrication. (a) Leak of the melted filled epoxy
from the mold; (b) presence of imperfections near the central conductor and at some locations near
the flange.

After mold improvement, the desired DC spacers were finally obtained smooth and
without any defects as shown in Figure 9.
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Convex side Concave side

Figure 9. Spacer models: Alumina filled epoxy (top) and Silica filled epoxy (bottom).

3. Experimental Procedure

Since SF; is a greenhouse gas [13], it is not allowed to use it in the laboratory due to
the restrictive regulations that require obtaining a license for using the gas, handling and
recovery equipment, controlling leakage as well safe disposal of the used gas. Instead, these
environmentally friendly surrounding gases were used for the experiments: dry air, 4%
C4-PEN/96% CO,, and 30% CF31/70% CO, whose electric breakdown strength (dielectric
strength) with reference to that of SF¢ at the same pressure is given in Table 1 [14,15].

Table 1. Dielectric strength of alternative gas mixtures compared with SFg [14,15].

Gas Mixture Dielectric Strength with Reference to SFg
Air 0.3-0.4
4% C4-PFN/96% CO, 0.83
30% CF31/70% CO, 0.75-0.8

To obtain the same dielectric strength performance as that of SFs, higher pressures
should be applied. Thus, based on Table 1 and that the pressure in a 500 kV GIL filled with
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pure SFg, is 4.73 bar (abs.) [16], the pressures in the vessel when conducting the experiments
were, respectively, 4.73/0.83 = 5.7 bar (abs.) for 4% C4-PFN/96% CO,, 4.73/0.78 = 6 bar
(abs.) for 30% CF31/70% CO, and at the maximum allowed operating pressure of 10 bar
(abs.) for dry air.

Since the experiments were carried out in a high-pressure environment for a long time,
in order to ensure the safety, reliability and tightness of the system, pressure tests were first
performed before conducting the verification tests to ensure that there was no leakage in
the system.

The DC voltage was applied up to 123 kV with both positive and negative polarities
raised with a rate of 1 kV/s. It should be noted that since the voltage limit of the used DC
generator is £125 kV, one could cover £119 kV that is equivalent to the nominal voltage
£500 kV DC of the full-size GIL after Equation (1).

A 6 h test duration was considered for each applied voltage to verify the dielectric
performance of the spacers and gases. Each test was repeated once, and if there was a
flashover on the surface of the spacer, the test would be repeated with a new spacer.

The reduced-scale GIL prototype and spacers were first cleaned with alcohol before
the tests. The spacers were dried for 24 h in an oven to remove any moisture and then
were installed in the prototype. Before conducting the experiments, the prototype was
vacuumed for another 10 min after reaching the vacuum level to maintain low humidity
levels inside, and then the test vessel was filled with experimental gas mixtures. All the
experiments were carried out in the temperature range of 17-21 °C.

The verification tests were first run without the spacers and then with the presence of
the spacers.

4. Results
4.1. Verification Tests without the Spacers

Table 2 summarizes the DC test results. If there was no breakdown in the gas mixtures,
the results are marked as passed. As can be seen in Table 2, all three insulating gases
showed, as expected, good insulation performance up to £123 kV DC since the maximum
electric field at the central electrode of 5.2 kV/mm is much lower than the dielectric strength
of the gases. Indeed, the electric breakdown field under DC voltage application of 4%
C4-PFN/96% CO, at 5.7 bar abs. is around 24 kV/mm [17] and that of 30% CF3z1/70% CO,
is around 9 kV/mm at 1 bar abs. [15].

Table 2. Tests’ results without the spacer. Note that £119 kV is equivalent to 500 kV and +123 kV
is the maximum applicable voltage using the DC generator (Max. £125 kV).

. Dl'y Air 4% C4-PFN/96% C02 30% CF3I/70°/0 COz
Applied Voltage 10 bar (abs.) 5.7 bar (abs.) 6 bar (abs.)
+119 kV Passed Passed Passed
+123 kV Passed Passed Passed
—119kV Passed Passed Passed
—123 kV Passed Passed Passed

4.2. Verification Tests with the Spacers

The verification tests with the integrated spacers in the GIL prototype were then
performed. The results are shown in Tables 3 and 4. If there is no flashover on the surface of
the spacer, the results are marked as passed. As can be seen, all the tests up to £123 kV-DC
using both silica and alumina filled epoxy-based spacers with surrounding dry air, 4%
C4-PFN/96% CO; and 30% CF31/70% CO; were satisfactorily passed. The spacers did not
exhibit any surface flashover which means that the shape-optimized cone-type spacer with
the use of AC conventional silica and alumina filled epoxy materials seem to be adequate
for use at constant ambient temperature.
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Table 3. Tests’ results using silica filled epoxy.
. DI‘y Air 4% C4-PFN/96% C02 30% CF3I/70°/0 C02
Applied Voltage 10 bar (abs.) 5.7 bar (abs.) 6 bar (abs.)

+90 kV Passed Passed Passed

+100 kV Passed Passed Passed

+110 kV Passed Passed Passed

+119 kV Passed Passed Passed

+123 kV Passed Passed Passed
—90kV Passed Passed Passed

—100 kV Passed Passed Passed

—110kV Passed Passed Passed

—119 kV Passed Passed Passed

—123 kV Passed Passed Passed

Table 4. Tests’ results using alumina filled epoxy.
. Dry Air 4% C4-PFN/96% CO, 30% CF31/70% CO,
Applied Voltage 10 bar (abs.) 5.7 bar (abs.) 6 bar (abs.)

+90 kV Passed Passed Passed

+100 kV Passed Passed Passed

+110 kV Passed Passed Passed

+119 kV Passed Passed Passed

+123 kV Passed Passed Passed

—90 kV Passed Passed Passed

—100 kV Passed Passed Passed

—110 kV Passed Passed Passed

—119 kV Passed Passed Passed

—123 kV Passed Passed Passed

As mentioned in the introduction, only few experimental investigations were found in
the literature on novel geometry of downsized HVDC spacers. Direct results’ comparison
with them could not be made because the set-ups and the HVDC testing conditions are
different, as well as the developed DC spacer’s profile and its epoxy material composition
are different. Nevertheless, some common findings are reported. In the series studies [9-11],
the developed model spacer has a bowl shape. According to the electric field simulations
along the spacer surface under DC high voltage application, its magnitude is lower than
that of the regular HVAC model spacer.

The bowl-shaped spacer made of silicon carbide (SiC)-doped epoxy exhibits better
performance than without doping. To experimentally verify the design, the bowl-shaped
model spacers were tested in a 220 kV GIS unit filled with SF4 at ambient temperature
(20-26 °C). It was found that under DC voltage application, the surface flashover voltage is
the highest for the bowl-shaped model spacer with SiC doped epoxy.

Furthermore, the obtained results are in accordance with those on full-scale HV GIL/GIS
spacers, where it was found that new profiles should be used for DC application [3].

The next step of this investigation concerns the performance verification of DC spacers
made of the other unexplored materials, namely modified filled epoxy with a weaker
temperature dependent conductivity and field grading material.

Additionally, the presence of temperature gradient will be also taken into account.
This latter will be applied by integrating a current transformer in the reduced gas insulated
prototype enabling to induce an AC-current in the inner conductor and providing ohmic
heating as in-service condition.

According to our electric field calculations [12], it is expected that under high tempera-
ture gradient of AT =40 °C, the use of modified filled epoxy material with reduced temper-
ature dependence of the conductivity will perform better than the standard filled epoxy ma-
terials, representing thus a relevant key solution for £500 kV HVDC GIL/GIS applications.
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5. Conclusions

This paper provides an extensive experimental investigation to verify the performance
of DC spacers models whose shape was optimized through DC electric field calculations
where conventional epoxy filled material as well as two novel types of materials namely
modified filled epoxy and resistive field grading material were considered with and without
temperature gradient influence.

The main conclusions are as follows:

- Areduced scale gas insulated prototype to mimic the full-scale GIL/GIS system was
designed and constructed. This setup fulfills the requirements of cleanliness, surface
smoothness of the HV electrode and the internal walls of the grounded enclosure, as
well as gas tightness. Such prototype construction was very challenging. Three SFg
alternative gases were utilized in this study which are dry air; 4% C4-PFN/96% CO,
and 30% CF31/70% CO,.

- The mold of the geometrically optimized spacer was also designed and constructed.
The good functionality of this mold was checked through several epoxy vacuum
casting trials to get the desired final spacers without any imperfections.

- At constant temperature and under DC voltage testing up to the maximum applicable
+123 kV where £119 kV corresponds to +500 kV of full-size GIL/GIS, the results
showed that the optimized DC spacers made of silica and alumina filled epoxy with-
stood these voltage levels and did not exhibit any surface flashover. These results
confirmed the findings of the electric field simulations and the effectiveness of the
optimized DC spacer under uniform temperature. In addition, the utilized SFg free
alternatives are compatible with the filled epoxy materials of the DC spacers.

- The next step of this experimental investigation is to continue the HVDC testing on
the other unexplored novel types of materials and also to verify the influence of the
temperature gradient.
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