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ABSTRACT

The construction of the future energy structure of China under the 2050 carbon-neutral vision requires compact direct current (DC)
gas-insulation equipment as important nodes and solutions to support electric power transmission and distribution of long-distance
and large-capacity. This paper reviews China's 10-year progress in DC gas-insulated equipment. Important progresses in basic
research and industry perspective are presented, with related scientific issues and technical bottlenecks being discussed. The

progress in DC gas-insulated equipment worldwide (Europe, Japan, America) is also reported briefly.
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current (DC) or alternating current (AC) continuously

existed until the end of the 19th century. Power transmission
using alternating current won because AC voltage can be trans-
formed flexibly, and long-distance power transmission can be
realized at high voltage with less power loss. Entering the 21st
century, the electric power structure will undoubtedly be developed
from a coal-dominated one to a diversified and co-progressive one
with rapidly grown renewable energy. From this stand, the tradi-
tional AC transmission solutions reach their limit when greater
capacities have to be transmitted over a long distance.

The 14® Five-Year Plan (2021-2025) for the National Economic
and Social Development of China takes the development of deep/
far-sea offshore wind power as an essential strategy for future
energy structure construction. It is estimated that from 2022 to
2025, newly installed offshore wind power capacity will be more
than 300 GW. Reducing the volume and weight of the offshore
platform dramatically reduces the investment cost of the platform,
which is the key to developing large-scale offshore wind power in
the future. Apart from that, as a Chinese national major project,
the clean energy transmission from southeastern Tibet to the
Greater Bay Area (+800 kV DC power transmission project) faces

T he competition of electric power transmission with direct

harsh natural environments such as snow-capped mountains and
uninhabited areas. These complex scenarios bring severe challenges
in constructing future energy structures in China.

A possible solution to these problems is to use DC electric
power transmission and distribution equipment with more com-
pact, lightweight, and high current carrying capacity. The gas-
insulated equipment, i.e., gas-insulated switchgear (GIS) and gas-
insulated power transmission line (GIL), offers a solution.

Figure 1 shows a possible scenario of power transmission and
distribution in the future of China, as well as critical components
inside gas-insulated equipment. The electric power generated by
the offshore wind turbine is collected, boosted, and rectified at the
offshore platform, and is transported back to the mainland using
the DC submarine cable with its termination connected to the DC
GIS at the offshore platform. Another special scenario falls into
the bulk power transmission through harsh natural regions. As
shown in Figure 1, the electric energy in the primary energy-rich
areas in the southwest region adopts the form of ultra-high voltage
(UHV) DC transmission, combined with a direct buried GIL to
realize the electric energy transmission across the snow-capped
mountains and unmanned areas.

In China, the research of DC GIS/GIL has been carried out for
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Fig.1 A possible scenario of power transmission and distribution in the future of China, and the critical components inside the gas-insulated equipment.

more than ten years. In terms of theoretical research, universities
in China have obtained rich experience. In terms of products,
some progress has also been achieved, led by State Grid, China
Southern Power Grid, and high voltage (HV) equipment manu-
facturers. However, at present, there is still no report on commercial
GIS/GIL products with voltage levels of +500 kV and above in
China. On the one hand, the reason for the lag in product devel-
opment is that some basic theories are not yet mature, and indus-
trialization faces some technical bottlenecks. In addition to the
lack of basic theory and technical bottlenecks, on the other hand,
policy orientation and project demand are also key factors that
affect product development. With the proposal of China’s ambi-
tious goal in carbon neutrality", the construction of a new type of
power system will, to a great extent, provide thrust pushing forward
the development of DC gas-insulated equipment.

Therefore, at this important time node, this paper, written by
experts from domestic universities, factories, grids, and foreign
experts with rich experience in DC gas-insulation equipment, is
prepared to review the past 10-years’ progress in the field of DC
gas-insulation equipment. We hope that with this paper we can
see the technical gap between China and the world’s leading
group, and accelerate the research and development of DC gas-
insulation equipment. Note that the content of this paper does not
include basic theory of environmentally friendly gas, DC GIS/GIL
transmission mechanism parts, online monitoring techniques, GIS
/GIL termination, etc., although they are also of particular impor-
tance.

1 Progress in basic research and remaining
issues

It has been mentioned that the immature basic theories and tech-
nical bottlenecks limit the development of DC gas-insulated
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equipment. Here we listed the scientific issues and technical bot-
tlenecks we need to tackle in the future in Table 1. Issues regarding
integrated DC equipment are discussed in Section 2.3.

This section contains six parts, including insulator design prin-
cipal, surface charge, charge suppression, flashover, metal particle,
and conductor roughness.

1.1 Insulator design principal

Insulators, serving as electrical insulation and mechanical support
of HV conductor, are critical components of DC gas-insulated
equipment. The unreliable insulation performance of insulators
under DC is one of the key issues preventing the development of
DC gas-insulated equipment®’. Under DC, the resistive electric
field distribution inevitably leads to surface charge accumulation,
which may cause electric field distortion, thus probably initiating
surface flashover. Therefore, DC insulator design is of cardinal
significance for DC gas-insulated equipment. The ultimate goal of
DC insulator design is to synthetically optimize the electrical and
mechanical properties under various operating conditions. The
existing DC insulator design principle is shown in Figure 2. The
foundations of DC insulator design are design criteria and simu-
lation analysis, based on which the design strategies are determined
to design DC insulators.

At present, the DC insulator design criteria are ambiguous, and
the only reference is the AC insulator design criteria listed in
Table 2. The common principal to design DC insulator is mini-
mizing the electric field strength in insulator and at gas-solid
interface under DC stress when the design criteria for AC insulator
are satisfied. However, the electrical properties of epoxy under DC
stress are much different from those under AC stress™. The bulk
electrical strength of epoxy under DC stress are usually higher
than that under AC stress. The DC electrical trees are triggered at
much higher voltage and grow slower than AC electrical trees in
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Table1 Scientific issues and technical bottlenecks limiting the development of DC gas-insulated equipment

Scientific issues

o Surface/bulk charge kinetics and charge accumulation mechanism of epoxy resins;

o Surface/bulk charge kinetics subjected to temperature gradient/temperature variation;
® Essence and method of surface charge dissipation/suppression of epoxy resin;

® Surface charge accumulation and charge-induced flashover/breakdown mechanism;

® Dynamics and hazard level of particles under DC electric field;

o Particle lifting and inhibition mechanism;

® Essence of particle-induced insulation surface charging and flashover/breakdown;

® Metal surface ionization and micro discharge theory at the mesoscopic scale.

Technical bottlenecks

(1) Solid insulating parts

® Design principle of DC spacer with excellent electrical and mechanical properties and high reliability under different working conditions. What is the
design margin?

o Electric field increasing at the conductor-insulation interface of post-insulator, especially at higher voltages.

o [s it scientific to use the design standard for AC insulators on DC? If not, how to set the field strength criteria for DC?

® The feasibility of material modification technology in large-scale insulating parts. How to evaluate the long-term operation stability of insulating parts
after material modification?

® What is the future of 3D printing in the application of insulators for DC?

(2) Particle suppression

o Particle traps for AC become invalid at DC, so how to limit the movement of particles under DC?

® How to assess the efficiency for particle traps at DC?

® Locally sharp particles easily induce arcs connecting the particles and conductors when they are close to high-voltage conductors. How to avoid this
phenomenon?

® How to suppress particles inside a vertically arranged GIL chamber?

(3) Conductor roughness

® What is the permitted roughness level of DC GIS/GIL conductors?

® How to control the roughness of large-sized GIS/GIL conductors?

(4) DC GIS/GIL assessment test

® How to set a more scientific assessment standard for DC GIS/GIL testing?

® Should the residual voltage of surge arrester be considered in combination with the actual situation in assessing super and ultra-high voltage DC
superimposed impact?

(5) DC GIS/GIL online monitoring techniques

® What monitoring solutions should be considered for DC GIS/GIL?

® Can surface charge variation/distribution be monitored for spacers?

DC insulator design criteria Simulation analysis
o Bulk electrical strvength unde.r DC voltage. «  Charge transport model in insulating gas.
e Long-term electrical properties under stable DC e Ch del in solid insulati
voltage K DC | O arge ltransport model in solid insulating
- . . . R, L materials.
: llrii‘eigrszal properties under rapid polarity \”t! nlls:sliagtg ' !: e  Charge accumulation model at solid-gas
. | | :
o Electrical strength under combined DC and S ’ interface.
impulse voltage, ®  Heat transfer model.
7%
DC insulator design strategy )/
_— /S /S
e
>\ | ® Parametric design of insulator shapes. E/Z
e Intelligent optimization algorithms.
Fig.2 The existing DC insulator design principle.
epoxy. There is no consensus on the electrical field strength criteria the size of gas-insulated equipment and the ratio of the conductor
of insulator design under special operating conditions such as and enclosure diameters are limited with a certain range, so the

rapid polarity reversal and combined DC and impulse voltage. insulation distance is also limited"?. Another effective method of
The ambiguous insulator design criteria make it difficult to design DC insulator design is the geometry shape optimization. For DC

DC insulators with excellent electrical and mechanical properties basin insulator, the tilt angles have a relatively large adjustment
and high reliability under different operating conditions. range, the method of geometry shape optimization can significantly
There are various methods to design DC insulators including reduce the maximum electric field strength under temperature
parametric design and intelligent optimization algorithms""". The gradients".
design of DC basin and post insulators both encounter the difficulty Nevertheless, the adjustment range of the geometry shape of
that the electric field is distorted and the maximum electric field DC post insulator is relatively small, and geometry shape opti-
strength is increased sharply under temperature gradients". mization is not so effective for post insulator as basin insul-
Increasing insulation distance is an effective method to reduce ator"?, Furthermore, the electric field strength increases sharply
electric field strength of DC basin and post insulators. However, at the conductor-insulation interface of post insulator under DC
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Table2 Design criteria of electric field strength for AC insulator

Design criteria

Conditions

Permissible electric field strength of shielding cover in SF, E; < 24 kV/mm

Permissible electric field strength on bus surface in SF, E, < E; =3 kV/mm

Permissible electric field strength in insulators, E; < 3 kV/mm

Permissible electric field strength on grounded enclosure surface, E, < 14 kV/mm

Permissible tangential electric field strength on insulator surface, E; < 0.5 X E;

Peak value under lighting impulse voltage
Peak value under lighting impulse voltage
RMS at rated phase voltage

Peak value under lighting impulse voltage

Peak value under lighting impulse voltage

stress, especially under temperature gradients. It is difficult to sup-
press the interface electric field using the mentioned methods.

1.2 Surface charge

Research on DC gas-insulated equipment initially focuses on sur-
face charge measurement techniques. In this section, surface
charge measurement, charge simulation and calculation, and
charge pattern are briefly reviewed. The existing issues are also
discussed.

1.2.1 Surface charge measurement

Three methods can generally be used to obtain surface charge dis-
tribution, e.g., dust figure technique, electrostatic probe, and linear
electro-optic method™***. Since the third method, also known as
Pockels effect, is available only for thin and transparent/translucent
insulating material, it is not suitable for the insulators in gas insu-
lated equipment and will not be involved here.

It is convenient for dust figure technique to qualitatively obtain
surface charge distribution. Chen et al®* employed it to get
residual charge distribution after positive and negative surface dis-
charge at the interface between C,F,N/CO, and PMMA subjected
to impulse voltages. In their experiments, very fine and detailed
patterns of surface charge distribution corresponding to discharge
channels were presented by a type of charged dust, ie., printer
toner, as shown in Figures 3(a) and 3(b). Considering that the
high mass density of charged dust is not beneficial to measure-
ment, Li et al.” used uncharged one with relatively low density so
that charge clusters were observed before surface flashover, as
shown in Figure 3(c). It is widely recognized that dust figure tech-
nique has the advantages of easy operation and low cost, but is an
offline method. After dust particles are attracted to insulator’s sur-
face, the original charge distribution of surface charges may be
altered, so the effectiveness of this method is questionable.

Fig.3 Typical dust figures. (a) Positive surface discharge (reprinted with per-
mission from ref. [23], © 2022 Author(s).); (b) negative surface discharge
(reprinted with permission from ref. [24], © 2022 Author(s)); (c) charge cluster
before surface flashover (reprinted with permission from ref. [3], © 2020 IOP
Publishing Ltd).

The electrostatic probe method consists of passive one and
active one. The passive electrostatic probe is designed according to
electrostatic induction, and its output voltage linearly depends on
surface charge density. The linear relationship, characterized by
calibration coefficient, determines the sensitivity to surface charge
density. Zhang et al® developed a groove-shaped probe to
increase the sensitivity, and Gao et al.* designed a hollow one so
that the sensitivity can be up to 0.036 uC/(m>mV). Since the mea-
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surement by passive probe is easily interrupted, the active one
attracts more attention. Based on commercial products, some
researchers put forward to improvement methods. Li et al.?” sim-
ulated the effect of active probe introduction on the measured
surface charges, and concluded it can be neglected when the gap
between probe and insulator surface was 2-3 mm. Wang et al.”
pointed out that the effect should not be ignored for online mea-
surement. In order to protect the probe during high voltage appli-
cation, Fan et al.”* proposed that measured potentials on one
side of a film (the thickness is less than 125 pm, the relative error
will be less than 0.35%) were almost identical to the potentials
induced by surface charges on the other side. Both passive and
active probe methods require scanning points for 2D or 3D mea-
surements, which takes a long time, typically several minutes, so
electrostatic probe method cannot capture very transient surface
charges. In addition, since surface charges and space charges just
underneath the surface both contribute to surface potential, it is
difficult to distinguish.

An inversion method is required to transfer measured surface
potentials to surface charge distribution, i.e charge inversion algo-
rithm. It is because that there is a certain difference between the
measured potential and charge density. In early stage, Davis™
proposed a linear scale method based on the hypothesis that the
relationship between surface potential and charge density is linear.
However, this hypothesis only fits the requirement of the sample
with thickness less than 5 mm"™. At present, there is a consensus
that the measured potentials are determined by the all accumulated
charges on insulator surface®™. Moreover, there is a certain matrix
relationship between the potential distribution and the surface
charge accumulation. Therefore, the surface charge density can be
calculated by combining the potential-charge transfer matrix and
measured potentials”. The existing algorithms always set the
dielectric parameters as constants, and carries out charge inversion
by simple electric field calculation. With the development of
inversion technology, it is necessary to take the influence of envi-
ronmental factors on the dielectric parameters into account,
bringing the relation equation between dielectric parameters and
environmental factors into the calculation model, then the reliability
and accuracy of the algorithm can be increased.

Based on electric field calculation, some typical algorithms have
been proposed, such as A function method™, ¢ function method™,
and simulated charge method®. However, the application of
above methods will be limited if the measured points N is large,
the potential-charge matrix will be ill-conditioned due to the huge
dimension. To solve this problem Zhang et al® proposed an
optimized algorithm based on Tikhonov regularization. This is a
functional strategy for the “shift-variant system™, in which the
insulator shapes are basin type, cone-type, etc. To improve the
accuracy and efficiency of calculation, Luo™ proposed an algorithm
based on Lanczos bidiagonalization and Tikhonov regularization
hybrid method. In detail, the potential-charge matrix is projected
into a subspace with smaller dimensions through Lanczos bidiag-
onalization, Tikhonov regularization was applied to solve the pro-
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jected least squares problem in subspace, which greatly reduces
the computation cost. Meanwhile, an adaptive weighted generalized
cross validation (A-WGCV) method was introduced to select reg-
ularization parameters for each iteration step. Considering the
problem of interaction between surface charges on concave and
convex sides of basin type insulator, Lin et al.*” created an inversion
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algorithm based on bilateral surface potential measurement,
therefore, the testing systematic error is further reduced. Figure 4
shows the charge inversion results of several methods. Comparing
with the dust figure, it seems that the hybrid Lanczos—Tikhonov
algorithm presents the better ability of noise inhibition.

(©

Fig.4 Surface charge inversion results for shift-variant system. (a) Hybrid Lanczos—Tikhonov algorithm; (b) standard Tikhonov algorithm; (c) apparent charge

method; (d) dust figure.

For “shift-invariant systems™, such as plate-shaped insulator,
the digital image processing technology can be utilized. It is
because that the induced potential is independent of the accumu-
lated charge location on the insulator surface™, hence the matrix
equation can be expressed in convolution. Zhang et al* and
Deng et al.*” conducted this method, the complicated matrix cal-
culation can be posted into frequency domain by 2-D Fourier
transform. This method eliminates the volume of numerical cal-
culations, and suppresses noise by Wiener filter. However, the filter
coefficient of Wiener filter is determined by the power spectrum
ratio of noise image and original image, which are often difficult

(a) (b)

E e

-15 -10 -5

to be measured in practical test. So the filter coefficient is always
replaced by a constant k in calculation, then the optimal tradeoff
between charge inversion and noise suppression can be obtained
by artificially adjusting the value of k. To solve this problem, Pan
et al.* designed an inversion algorithm based on constrained least
square filter. The filter coefficient can be selected by iteration, and
its calculation result was compared with the Wiener filter method
and simulated charge method, as shown in Figure 5. As seen, the
calculation accuracy is better than the Wiener filter method and
simulated charge method, especially under high level noise inter-
ference.

(c) (d)

5 10 15

Charge density (pC/mm?)

Fig.5 Surface charge inversion results for shift-invariant system. (a) Simulated charge method; (b) Wiener filter method; (c) constrained least square filter method;

(d) dust figure. Reprinted with permission from ref. [41], © 2021 IEEE.

There is a problem for surface charge inversion that how to
check its validity. At present, it is verified by comparing it with
dust figure. In this way the distributed pattern can only be
checked, because the dust figure method is not able to qualitatively
obtain the surface charge density. Therefore, a novel calibration
method is required to develop.

1.2.2  Charge simulation and calculation

In recent 10 years, simulation and calculation on surface charge
accumulation of DC gas-insulated equipment mainly includes
three aspects: basic research, multi-physical field simulation,
and 3D simulation technology, with their structure as shown in
Figure 6.

For the basic research, the theoretical model of surface charge
accumulation at the solid-gas interface was proposed“>*, which
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was widely used in subsequent simulation studies. The gas con-
ductance, volume conductance and surface conductance are com-
prehensively considered by this model, and the accumulation pro-
cess of surface charge density at the solid—gas interface is charac-
terized as Eq. (1):

d
P —nJo—n-J,—div (x,-E.) )

where p; is the surface charge density. J; and J; are the current
density on the solid-side and gas-side of the interface, respectively.
n is the unit normal vector with the direction from solid-side
pointing to gas-side. «; is the surface conductivity of the insulator.
E. is the tangential component of the electric field on the interface.

The solid conduction current density in the insulator can be
calculated by Ohm’s law:

iEnergy | VOL 1 | December 2022 | 400433
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1) Charge accumulation theory.

Basic research

(
(2) Transient and steady state processes of charge accumulation.
(3) Optimization and selection of simulation parameters.

Multi-physical fields simulation

3D simulation technology

(1) Thermal-electric coupling model.
(2) Effect of temperature gradient on
charge accumulation.

Fig.6 The main research content of surface charge accumulation simulation.

Jo=xv-E 2)

where , is the volume conductivity of the insulator. E is the electric
field.

The dynamic change of positive and negative ions density in
gas-side can be described by the generation, recombination, drift
and diffusion of carriers:

dnt  dnp o g +
29 ke nton — bt Vet

3 3 knt-n —div(n"-b*-E)+D n (3
on 811“; + - . - - — 2.,—
5= 9y —k-n"-n+div(n-b -E)+D -Vn (4)

where n* and # are the positive and negative ions density, respec-
tively. onp/ot is the ion pair generation rate due to the natural
radiation ionization. k, is the recombination coefficient. b* and b
are the positive and negative ions mobility. D* and D are the positive
and negative diffusion coefficient. Then, the current density J; on
the gas-side can be determined by the ion drift caused by the electric
field and the diffusion caused by the local ion concentration dif-
ference:

Jo=eE-(n"-b"+n -b)—e-V(D"n" =D -n") (5

Previous studies have shown that the electric field inside DC
GIL will transition from the initial capacitive distribution to the
steady-state resistive distribution”*. During this process, surface
charges will continuously accumulate and change the electric field
distribution. Yan et al* conducted a simulation study on the
changes of surface charge density, electric field intensity, and current
density in the transient process of surface charge accumulation,
which found that the solid-side conductance plays a dominant
role in the surface charge accumulation. The accumulated surface
charge will continuously reduce the normal electric field and current
density on the solid side until it reaches a balance with the current
density on the gas-side. Li et al* conducted a simulation study on
the dynamic accumulation process of surface charge and the
change of electric field line distribution under different solid con-
ductivity (as shown in Figure 7), which further revealed the trans-
port and accumulation mechanism of surface charge.

The selection and optimization of simulation parameters have
been extensively studied®**, which mainly include solid conduc-
tivity, surface conductivity, and gas-side ion transport parameters.
Ma et al." carried out experimental measurements on the volume
and surface conductivity of the ALOs-filled insulator, and the
measurement results were used in subsequent simulation studies.
Chen et al.” studied the influence of different solid conductivity
on surface charge accumulation. Zhang et al."” proposed the cal-
culation method of ion mobility under different temperatures, gas
pressure, and electric field. Xue et al.*¥ optimized the surface con-
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Simulation of surface
charge accumulation

(1) Methods to improve the convergence
and stability of 3D simulation.

(2) 3D simulation considering multi-
physical fields.

HV Grounded HV Grounded HV Grounded

pacer
t=0.28 year

(a) Volume conductivity of the spacer is 2x107** S/m.
Y P

Spacer Sper

t=0 t=0.11 year

(b) Volume conductivity of the spacer is 9x107'® S/m.

Spacer Spacer

t=0.03 year t=0.3 year

(b) Volume conductivity of the spacer is 6x107"7 S/m.
Fig.7 Variation of electric field line distribution on insulator surface during

transient to steady state. Reprinted with permission from ref. [48], © 2023
The Authors.

-50 -40 -30 -20 -10 O 10 20 30 40 50
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Fig.8 Surface charge density of coatings with different conductivity.
Reprinted with permission from ref. [45], © 2019 IEEE.

ductivity of the temperature-adaptive coating by the simulation,
and the optimal conductivity parameters to inhibit charge accu-
mulation are obtained (as shown in Figure 8).

For the DC GIL in actual operation, the temperature of the
center conductor will be increased significantly, resulting in a
temperature gradient between the center conductor and the
grounding enclosure. The temperature gradient will not only
affect the volume conductivity of insulators, but also have a great
impact on the migration, diffusion and recombination of ions in
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Fig.9 Distribution of temperature, gas density and gas velocity inside GIL". Reprinted with permission from ref. [52], © 2021 IEEE.

10°C

(a)

20°C

30°C

40°C  pCm™

30 30

20 - 20
C (K

(1)0 ( k (1)0

~10 -10

3150 A 4000 A L
m

Fig. 10 Influence of ambient temperature and load current on surface charge density on (a) convex surface and (b) concave surface®. Reprinted with permission

from ref. [53], © 2022 IEEE.

the gas™™". Therefore, the surface charge accumulation in electric-
thermal coupling field has been studied. Du et al.®” comprehensively
considered the heat transfer process in the DC +800 kV GIL
model, which includes thermal conduction, thermal convection
and thermal radiation, and the temperature distribution inside
GIL (as shown in Figure 9) and the surface charge density on the
three pillar insulators were simulated. Li et al.® considered the
influence of external ambient temperature, load current and gas
pressure on surface charge accumulation of DC GIL insulators (as
shown in Figure 10).

In order to simulate the actual geometric size and operating
environment of DC GIL, researchers have carried out 3D simula-
tion research of DC GIL in recent years to replace the traditional
2D axisymmetric model. For the 3D simulation of surface charge
accumulation, how to balance the amount of calculation and the
accuracy of the calculation result is an extremely important prob-
lem. Li et al.* adopted a weak form of ion transport equation, that
is, transformed the original differential form into integral form by
adding a test function, then the second partial derivative in the
transport equation can be removed by partial integration equation,
which greatly reduced the computation amount and improved the
convergence rate. In our recent work, we carried out a 3D simula-
tion by using the method of adding artificial diffusion term, it was
proved that the calculation time was reduced by nearly 56% and
the error is kept within 0.6%. Furthermore, the influence of tem-
perature gradient on surface charge accumulation have been sim-
ulated by a 3D GIL model (as shown in Figure 11).

The existing simulation results show that volume conductance
plays a dominant role in surface charge accumulation. However,
the process of space charge injection, transport, trapping and
detrapping inside the insulator has not been considered in the
surface charge accumulation model. Meanwhile, possible gas dis-
charges in GIL, such as corona discharge and micro-discharge etc.,
have not been considered in current simulation studies, which is
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Fig. 11 Simulation results by using a 3D GIL model with slant plate insula-
tor.

necessary for further study in the future. In addition, the influence
of multiple factors such as temperature, humidity, external envi-
ronment conditions and possible impulse voltage on surface
charge accumulation is worth studying.

1.2.3  Surface charge pattern

Parsing surface charge patterns accurately is the basis of deeply
understanding surface charge transport behaviors. Different
understandings for experimental results lead to a disagreement of
interpreting surface charge patterns. The surface charge pattern
obeys the field-dependent theory", where the dominant ways of
surface charging process transform from ohmic conductivity to
gas conductivity as the raising of local electric field, as presented in
Figure 12. At low electric field, the surface charge distribution
shows a non-repetitive and irregular pattern since many factors
could contribute to surface charge accumulation and not a single
one is in domination. At high electric field, the surface charge pat-
terns are in accordance with the distribution of normal component
of surface electric field, which indicates that the gas ionization
becomes the prominent factor for surface charge accumulation.

In this section, surface charge patterns obtained by previous
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Con d N researchers are discussed and related mechanism is illustrated.
Charging from single mechanism
% e The interpretation of surface charge pattern is influenced by lots
z of factors, such as surface charge inversion method, different elec-
- trode-insulation arrangements, different experimental conditions,
g etc. When surface charge accumulation is dominated by gas bulk
g conductivity, the charge patterns are mainly determined by the
= SP Measured range normal component of surface electric field E, . IfE, points to
Factor . iujecsion spacer surface, charges are hetero-polarity. Otherwise, charges are
Crop | FACOT Gastrappng * === homo-polarity. In most cases, they are random charge speckles.

Wang et al.* found that the charge pattern on spacer concave

Fig.12 Field-dependent surface charging theory™. Reprinted with permis- surface had the same polarity as the applied DC voltage, as displayed

sion from ref. [4], © 2019 Author(s).

in Figure 13.
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Fig.13 Charge patterns on concave surface. (a) Experimental spacer and measurement device; (b) surface charge patterns under +40 kV DG; (c) surface charge

patterns under —40 kV DC. Reprinted with permission from ref. [56], © 2012 IEEE.

The distribution position of peak charge density was random.
The charge quantity was closely dependent on the gas pressure,
where the increased gas pressure brought about lower surface
charges. They believed that the gas ionization induced by the
rough surface of the electrodes was responsible for surface charge
accumulation. After polishing the electrode surface, nearly no
charges were observed, which verified the above analysis.

Plenty of researchers hold the same viewpoint according to
their experiments. Pan et al.*! believed that the charged particles
produced by gas ionization were the main sources of surface
charge accumulation. Qi et al™ thought that the gas conductivity
model dominated surface charge accumulation. The factors that
lead to gas ionization included the protrusion on the electrode
surface, the impurity on spacer surface, the enhanced electric field
at the triple junction near the high voltage (HV) electrode.

When solid bulk conductivity dominates surface charge accu-
mulation, the charge patterns are also dependent on the normal

component of surface electric field E,. If E, points to spacer sur-
face, charges are homo-polarity. Otherwise, charges are hetero-
polarity. In most cases, they are uniform charge ring. Ma et al."”
measured surface charge distribution on GIL spacer after DC
charging, and found that the charge patterns were consistent with
the normal component of surface electric field, as presented in
Figure 14(a). Therefore they considered that the solid bulk con-
ductivity played a leading role in surface charge accumulation.
Wang et al.™ measured the surface charge distribution patterns on
a downsized GIL spacer after +20 kV/-20 kV DC charging, as
presented in Figure 14(b). The accumulated charges were almost
ring-shaped with the polarity was the same as that of DC excita-
tion, which coincided with the normal component of surface elec-
tric field distribution. Thus they concluded that the surface charge
accumulation process satisfied the solid bulk conductivity model.
When solid surface conductivity dominates surface charge
accumulation, the charge patterns are dependent on the tangential
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Fig. 14 Surface charge patterns and normal electric field profile. (a) Surface charge and normal electric field profile (reprinted with permission from ref. [17], ©
2015 IEEE); (b) Surface charge patterns (reprinted with permission from ref. [59], © 2020 IOP Publishing Ltd).
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component of surface electric field E,. Charges can be hetero-
polarity or homo-polarity, which is determined by the distribution
of surface conductivity. They can be uniform charge ring or random
charge speckles. Xue et al.™ investigated the effects of non-uniform
surface conductivity on gas—solid charge accumulation character-
istics by spraying SiC/epoxy coatings on different locations of
spacer surface, as is shown in Figure 15. They found that at the
interface between high and low conductive area, bipolar charges
were commonly observed. It was revealed from their study that
the non-uniform surface conductivity was a non-negligible reason
responsible for the randomly distributed bipolar charges.

UN ’4,7_—-,,:21 = CcO -

HAOKV [l

Eipolar
charges

v

Bipolar
charges
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Fig. 15 Surface charge patterns and normal electric field profile. The label
UN refers to untreated area (i.e., low conductive area) while the label CO
refers to the SiC/epoxy coated area (i.e., high conductive area).

Charging from multiple mechanisms

When there exists local electric field enhancement in the GIL or
the surface condition of the spacer is not clean enough, such as
contaminated by tine metallic particles, with non-uniform surface
conductivity during the curing process, different charge patterns
can be obtained with advanced charge inversion algorithm. Zhang
et al® measured surface charge distribution on a downsized GIL
spacer in atmospheric air after DC charging, and found that two
patterns were coexisting on spacer, i.e.uniform charge pattern and
charge speckles, as shown in Figure 16(a). Xue et al.“” also found

C ah0d® ‘

—10kV, 180 min

v anod

@ Bipolar charge pair
O Single unipolar charge
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the similar charge patterns in SF, gas atmosphere. Three kinds of
charge patterns were classified including the centrosymmetric dis-
tribution with homo-polarity, spot-like distribution with random
polarity and cloud-like distribution with mostly hetero-polarity as
shown in Figure 16(b), where the electrode injection, the gas ion-
ization induced by metallic particles and the random gas micro-
discharge played a dominant role respectively.

Zhou et al.® obtained the surface charge distribution patterns
on a cone-type GIL spacer after —150 kV DC charging for 60 h, as
shown in Figure 17. Charge ring patterns of both homo-polarity
and hetero-polarity were observed on spacer surface. They judged
from the electric field distribution that the ring-shaped charge
with hetero-polarity was dominated by solid bulk conductivity
while the solid surface conductivity dominated the ring-shaped
charge of homo-polarity. Besides, the non-uniform charge patterns
were mainly induced by the uneven distribution of the conductivity
or surface traps of the spacer during the manufacturing process.

In sum, we collected previous obtained charge patterns on
downsized spacers in different gas atmospheres including air,
SFg, 20% SE¢/80%N, mixtures, and the results are displayed in
Figure 18(a). It can be seen that no matter involved in what gas
atmosphere, primarily two patterns coexist on spacer surface,
charge ring with homo-polarity near HV electrode and charge
speckles with random polarity located between the ring-shaped
charges and the grounded (GND) electrode. The experimental
results are repeatable, where the location of charge ring is almost
stable while that of charge speckles is random. According to the
polarity and location of the accumulated charges, the correlation
between the charge distributed location and the dominant mech-
anism is established, as presented in Figure 18(b). As for the
charge ring near HV electrode, the electrode injection into spacer
surface and bulk becomes the main sources of surface charges.

The charges injected to spacer surface layer are captured by
surface trap while charges injected to spacer bulk are driven by the
normal component of surface electric field towards to spacer sur-
face, forming the surface charges. Sometimes, the hetero-charge
speckles can be observed near HV electrode, which mainly come
from the gas ionization at the triple junction over there or is due
to the back discharge during the withdraw of DC high voltage. As
for the randomly distributed charge speckles, the sources are rela-
tively more complicated. Generally, the defects of the spacer itself,
such as tiny metallic particles, the non-uniform surface or bulk
conductivity, can bring about these charge speckles. As for the
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Fig. 16 The surface charge patterns in (a) atmospheric air (reprinted with permission from ref. [60], © 2017 IEEE) and (b) SF; gas (reprinted with permission

from ref. [61], © 2018 The Institution of Engineering and Technology).
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Fig.17 The surface charge distribution patterns on a cone-type spacer after
—150kV for 60 h. Reprinted with permission from ref. [62], © 2018 IEEE.

hetero-charges near GND electrode, the electrode injection or the
gas ionization at the triple junction over there can be responsible
for this kind of charge pattern.

Charging from transformational mechanisms

When the experimental conditions change, the charge sources
may also be altered. When the surface conductivity of the spacer
increases, the surface charge distribution will turn into a different
pattern, which indicates the dominant mechanism gets changed.
Xue et al.® sprayed a partially high conductive coating on spacer
surface, and found that the location of the partial coating dramat-
ically affected surface charge patterns, as shown in Figure 19. They
verified that the charges originated from surface leakage current
on coated area whereas the bulk leakage current was the sources
of charges on untreated area. Furthermore, they proposed that
with the increase of surface conductivity, the surface charge domi-
nant mechanism changed from bulk conductivity model to surface
conductivity model.

Besides that, when the experimental or simulation conditions
changes, surface charge dominant mechanism can be transformed
among solid surface conductivity, solid bulk conductivity and gas
conductivity™, which can be judged from the charge polarity and
location reflected by charge patterns. In consequence, the surface
charge patterns are vital for accurately interpreting the surface
charge accumulation process, furthermore contributing to the

proposal of effective surface charge suppression methods.

1.3 Surface charge suppression

Generally, the presence of surface charges modifies local electric
field and may greatly affects the insulation properties of the epoxy-
based spacer. The flashover voltage could be either improved or
reduced, depending on the surface charge density, position, and
polarity. In the past decade, much effort has been made on
proposing effective charge regulation methods. However, due to
the reason that the charge origin is not the same, different charge
tailoring methods shall have different motivations. Li et al.* and
Zhang et al.*” proposed a Dam model in 2020 , in which the typical
surface charge tailoring methods can be sorted into four categories,
i.e, charge spilling, charge restraining, charge dredging optimiza-
tion, and comprehensive charging activity management. By refer-
ring to the Dam model, as shown in Figure 20, the corresponding
charge tailoring orientations for surface charge suppression from
the four categories are discussed with more details in the following
sections.

1.3.1 Charge spilling methods

According to the Dam model, charge spilling could be achieved
by applying charge tailoring techniques which can increase surface
charge decay rate. Previous studies have proved that higher charge
decaying rate can be achieved by increasing the surface conduc-
tivity. Common approaches for charge spilling include direct flu-
orination, plasma treatment, surface coatings, gamma-ray irradia-
tion, and ozone treatment",

Surface fluorination

Du et al”” made fluorination treatment on variety of DC GIL
spacers, such as epoxy, polypropylene, and polyimide types of
spacers. By direct fluorination, the surface charge dissipation rates
of spacer samples were found to be accelerated, which is due to
the gradually increased surface conductivity with the increment
of deep taps and reduction of shallow traps on the spacer. Que et
al.™ also apply direct fluorination on the cone-type spacer. The
testing results indicate that the surface potential decay rate was
increased and the flashover voltage was enhanced. Zhang et al.®
divided the overall surface areas of the spacer into four regions
artificially, and treated those regions by fluorination for 0, 15, 30,
and 60 min, respectively. As shown in Figure 21, obvious surface
charge accumulation with a random distribution pattern was
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Fig. 18 (a) Surface charge patterns in air, SF¢, SF¢/N, mixtures and (b) the corresponding charge accumulation model.
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Label Raw spacer HV-coating GND-coating SPM-coating HV-GND-coating
Different
coating
schemes
Related r,=20 mm r,=46 mm r,=20 mm r,=20 mm, d,=15 mm
parameters d,=15mm d,=10 mm d,=20 mm =40 mm, d,=15 mm
Experimental results
40 kV
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Fig. 19 Surface charge patterns with partially high conductive coating on spacer. Reprinted with permission from ref. [63], © 2020 IOP Publishing Ltd.

ood model

reinforce ent

Fig. 20 Equivalent diagram of the Dam-flood model. Reprinted with permission from ref. [66], © 2022 IEEE.

found in the untreated region. For the fluorinated regions, the densities were obviously reduced, due to the increased surface
surface charge distributions were more uniform and the charge conductivities. Li et al.*” made similar surface treatment research,
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Fig.21 Surface charge distributions of spacers fluorinated for 0, 15, 30, and
60 min. Reprinted with permission from ref. [80], © 2015 Author(s).

indicating that fluorination treatment is an effective way for surface
charge suppression.

Plasma treatment

Plasma treatment is an effective way to modify the dielectric
properties of spacer surface, such as the ratios between deep/
shallow traps, carrier mobility, and surface conductivity”™**.
Shao et al.®™* investigated the effect of plasma treatment on the
insulation performance of epoxy-based polymers and found that
the plasma treatment effectively increases the surface hydro-
philicity of epoxy resin, which in turn attenuates surface charge
decay rate. They found that the O radicals in plasma and the car-
bonyl groups formed on the surface create more shallow charge
traps on the surface, increasing the surface conductivity and accel-
erating surface charge dissipation. Yue et al.* studied the effect of
surface plasma treatment on the surface charge decay property of
epoxy-based composite materials. After 3 minutes of treatment,
the surface conductivity reaches 1.4x10™” S/m, which is approxi-
mately 2 orders of magnitude higher than that of untreated sam-
ples.

Surface coating

Surface coating is another effective method to suppress charge
injection by promoting charge dissipation process. Typical surface
coating techniques include plasma deposition, magnetron sput-
tering coating, spray coating, and dipping.

Nano-TiO,/EP coating method can increase the surface charge
decay rate of epoxy resin, which was firstly developed by Tu et
al® When the weight content of nano-TiO, particles is in the
range of 1% ~ 3%, surface charges mainly concentrated near the
high-voltage electrode, whereas when weight content increase to
the range of 5% ~ 7%, the surface charges mainly settle near the
grounded electrode.

Further, Zhang et al® proposed a nacre-mimetic coating
method on epoxy-based spacers, which is achieved by using a
facile flow induced co-assembly technique. By doing so, a faster
charge dissipation and a higher surface flashover voltage were
observed in Figure 22.

Other charge tailoring methods—Gamma-ray irradiation

Gao et al™ studied the effects of gamma-ray irradiation on the
surface charge behaviors of polymer insulating materials. The
results showed that oxidation was induced in the surface layer of
the sample by the gamma-ray irradiation, leading to the increment
of the surface conductivity with the total dose growth. Accord-
ingly, the surface charge dissipation was enhanced.
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Fig.22 Surface charge density distribution on cone-type insulators after
application of a —20 kV DC voltage for 30 min. Reprinted with permission
from ref. [87], © 2019 The Royal Society of Chemistry.

Other charge tailoring methods—Surface roughness treatment

Xue et al.™ studied the surface charging behaviors of epoxy alumina
spacers with different surface roughness, and it was concluded
that the surface roughness treatment introduced more deep traps
and suppressed the surface charge accumulation.

Other charge tailoring methods—QOzone treatment

The effect of ozone treatment on the flashover strength of epoxy/
ALO; composites was studied by Huang et al.” The results
showed that the surface conductivity after 4 hours of ozone treat-
ment increases by 2 orders of magnitude compared with the
untreated sample, which is mainly due to the increments in both
the charge carrier density and the surface charge dissipation rate.

Other charge tailoring methods—Radical scavenging

In 2013, Baytekin et al.® discovered that scavenging the free radicals
from spacer surface could be a more efficient way to increase surface
charge decay rate rather than tailoring the surface charging process
itself. A series of charging tests were performed on untreated
polymers as reference, and polymers doped with small amounts of
chemical substances as radical scavenger, ie., (T)-a-tocopherol
(vitamin E), bis(1-octyloxy-2,2,6,6-tetramethyl-4-piperidyl) seba-
cate (HALS), 2,2-diphenyl-1-picry-lhydrazyl (DPPH) and 2,2-
diphenyl-1-picryl hydrazine (DPPH-H). The results showed that
the surface charge decay rates of the samples with radical scavengers
are significantly higher than those of the reference, particularly in
the case of DPPH as scavenger.

Other charge tailoring methods—X-ray irradiation

Wang et al.™ proposed a novel surface charge suppression tech-
nique, namely X-ray based non-contact charge dissipation
method (XNCDM). Surface charges on the spacer can be almost
completely dissipated after a short-time of X-ray irradiation with
enough dose, owing to the significant enhancement of electric
conduction along the insulator surface and charge neutralization
by gas ions near the gas-solid interface.

1.3.2  Charge restraining methods

According to the Dam model, charge restraining could be
achieved by applying charge tailoring techniques which can
inhibiting charge injection from volume or gas or retarding gas
ionization. Common approaches for charge restraining include
coating or doping on the conductor surface to decrease the con-
ducting current from the volume, and reduce the roughness of
conductor surface to decrease micro discharge and thereby limit
charges incoming from gas jonization.

Suppressing charge from volume conduction

Li et al™*" deposited Cr,O; on the epoxy surface, found that deep
traps were introduced and surface charge injection from the elec-
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trode was inhibited. He et al.”” focused on restraining the charge
transport inside the bulk by doping K, TisO,; whiskers into epoxy-
based material. They took advantage of the thermal barrier effect
of K,TisO,; whiskers to suppress the transport of homo-polar
charges in the bulk, and the result demonstrate that the introducing
the K,TicO,; whiskers can effectively restrain heat propagation
due to its excellent thermal barrier property, which in turn limits
charge transport effectively, especially when temperature gradient
varies.

In recent years, it has been widely accepted that the basic distri-
bution patterns of surface charges were dominated by the bulk
conduction of spacers when there were no micro/partial discharges
in the gas domain. In other words, most surface charges came
from the solid-side charge injection. Therefore, the basic charge
accumulation distribution is expected to be greatly reduced by
reducing the insulator bulk conductivity. Doping nano-particles is
one of the mostly used method to reduce the conductivity of
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polymers. Li et al.” modified epoxy resin with the doping of nano-
alumina (Al,O;) and nano-titanium dioxide (TiO,) with different
mass fractions. Results showed that the conductivity of the epoxy
composite was reduced, due to the charge carrier restrain
occurred in the interaction zone when nanoparticle was in an iso-
lated dispersion. Chu et al.*¥ modified epoxy resin with the doping
of nano-SiO,, where the bulk resistivity of the composite was
increased by 27% when the mass fraction of SiO, is 1%. Du et al.*”
doped epoxy resin with nano-graphene. The optimized doping
level is confirmed to be 0.1 wt.% epoxy/graphene composite,
where the highest trap level can be reached and greatly reducing
the conductivity of the epoxy composite. Zhang et al.*? doped the
basin-type spacer with a proper amount of nano-Cg, for distorting
the surface charge accumulation by reducing the bulk conductiv-
ity, as shown in Figure 23. It is concluded that the doping of 200
ppm fullerene Cy, into epoxy resin can effectively suppress the
surface charge accumulation.
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Fig. 23 Effects of C60 doping on the (a) volume conductivity and (b) surface charge accumulation. Reprinted with permission from ref. [96], © 2018 IEEE.

Suppressing charge from gas ionization

In practical, the electric field at the micro-protrusions on the
rough electrode surface can be enhanced to a threshold level
where micro-discharges could take place. Optimizing the surface
roughness of electrodes can minimize the source of charge gener-
ated by the micro-discharge from the gas ionization”*.

1.3.3  Charge dredging optimization methods

According to the Dam model, charge dredging optimization could
be achieved by applying charge tailoring techniques which can
decay charges near high electric field zones. Common approaches
such as applying nonlinear insulation materials and spacer shape
modifications could optimize the local electric field and increase
local surface charge dissipation.

Nonlinear insulation materials—Bulk doping

It is well known that the surface charge accumulation of the DC-
GIL spacer is a result of the combined charging competition
effects by gas conduction, surface conduction and bulk conduc-
tion. The competition process is very complex depending on vari-
ous testing conditions such as temperature gradient, metal particle,
and micro protrusion, leading to irregular surface charge distri-
butions and unpredictable electric field distortions. The insulating
materials with nonlinear conductivity can adaptively increase the
volume conductivities of spacers along with the electric field
enhancement. Therefore, such materials can be used to release the
accumulated surface charges when the induced electric field dis-
tortion reaches the threshold values. In the past decade, polymers
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doped with micro-SiC or micro-ZnO particles are the most widely
used solutions for creating nonlinear conductivities. Liang et al.
t9studied the surface charge accumulation characteristics of the
epoxy/SiC composites and found that the surface potential on the
14 vol% sample could be kept at a certain level with the increase of
applied voltage, sine the excess surface charges were adaptively
released.

Nonlinear insulation materials—Surface coating

The insulating materials with nonlinear conductivity can also
be produced by proper surface coating”'. Although the
insulating materials with nonlinear conductivity can adaptively
release the accumulated surface charges, the high doping of semi-
conductive particles into the spacer bulk may lead to a huge leakage
current and reduce the breakdown strength of epoxy resin, leading
to a questionable safety and reliability issue of such spacers. To
solve this problem, Xue et al. and Liang et al. conducted an addi-
tional coating process on the GIL/GIS spacers with epoxy/SiC
composites™ . Xue et al. sprayed epoxy/SiC coatings with different
doping contents on half areas of the spacer surface. With the
increase of SiC content, surface charges firstly increase to a certain
level and then decrease gradually"”. Liang et al." coated the
whole surface of the basin-type spacer with epoxy/SiC composites
with different doping contents and thicknesses. As the coating
thickness and the doping content increase, surface charges on the
spacer surface firstly decrease to zero and then increase reversely,
as shown in Figure 24. It is turned out that the insulating materials
with nonlinear-conductivity can adaptively regulate the surface
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Fig. 24 Surface charge distributions on coated spacers with different SiC
contents. Reproduced with permission from ref. [103], © 2022 IEEE.

charge distribution rather than simply suppress the surface charge
accumulation.

Xue et al. and Dong et al."™'™ investigated the effectiveness of
SiC/epoxy coating by using SiC particles in different sizes. The
results showed that surface charges are significantly suppressed by
SiC/epoxy coatings, especially using SiC particles in smaller size.
Flashover voltage in 0.1 MPa 20% SF,/N, mixtures increases grad-
ually with decrease of SiC particle size. A surface conductivity
graded coating (SCGC) scheme was further proposed to overcome
the drawbacks of entire coating manner™. Four kinds of surface
graded coating schemes are considered and the corresponding
charge accumulation models are summarized, as shown in

REVIEW

Figure 25.

Another surface coating method is depositing ZnO on epoxy
surface by a magnetron sputtering to prepare functional gradient
surface layer"™, and the surface flashover voltage can be improved
significantly. Further, Du et al."” developed a novel type of surface
functionally graded materials (SFGM), for relaxing the electric
field distortion of epoxy-based spacers by regulating the surface
charge distribution. A thickness-graded layer of an epoxy/carbon
black/BN component on the spacer surface was formed by elec-
trospinning"”. Experimental results showed that hetero-charges
could accumulate on the conventional type of spacer, but huge
number of homo-charges were introduced on the 6-SFGM spacer.

Figure 26 showed the typical surface charge distributions and
the equivalent circuits of the conventional spacer and the 0-SFGM
spacer, respectively. For the former, the hetero-charges come from
the spacer-side injection by bulk conduction (J;,), enhancing the
electric field strength around the HV triple junction.

For the latter, the homo-charge accumulation is dominated by
surface conduction (J5), relaxing the electric field distortion and
improving the flashover voltage. Moreover, Du et al."” compared
the insulation performances of the uniformly-fluorinated spacers
and the gradient ones. The testing results proved that the flashover
voltages of the latter were significantly higher than the former.
Furthermore, the concept of the interfacial electric field self-regu-
lating (IER) insulator was put forward and the tapered insulator

@ Homo-charges caused by solid surface conductivity
:-l-'} Homo-charges caused by solid bulk conductivity

e Hetero-charges caused by solid surface conductivity

— Hetero-charges caused by solid localized polarization

Fig.25 Surface charge accumulation model on alumina/epoxy spacers with different SCGC schemes. (a) HV-coating. (b) GND-coating. (c) SPM-coating. (d) HV-

GND-coating. Reprinted with permission from ref. [64], © 2020 IOP Publishing Ltd.
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Fig. 26 Surface charge distributions and equivalent circuits of the uniform spacer and the 6-SFGM spacer.
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with EP/SiC composite material was prepared as the IER insula-
tor.

Spacer shape modification

Generally, the DC-GIL/GIS spacer with optimized structure
should be capable of minimizing the normal electric field for sup-
pressing the charge accumulation from the insulation bulk, and
smoothing the tangential electric field distribution for suppressing
the charge accumulation from surface conduction. Based on this
objective, Ma et al."” designed three types of spacers, i.e., disk-type,
conical-type and obtuse conical type spacers for comparison.
Numerical calculation results showed that the obtuse conical
shape was the optimized geometric configuration for DC-GIL/GIS,
due to its most evenly distributed electric field with minimum
surface charge accumulation. Tu et al® developed a +100 kV
spacer prototype considering the balance between tangential and
normal electric fields along the spacer surface.

Figure 27 shows the physical image of that +100 kV DC spacer
and the electric field distribution. Neglectable normal electric
fields with minus magnitude are found on bilateral spacer surfaces.
Further, the suppression of normal electric field is even more sig-
nificant on a +200 kV DC spacer porotype following the same
design, where the surface charge densities on the convex and the
concave surfaces are reduced to 10 and 5 pC/n’, respectively. As a
conclusion, the optimization of spacer structure is an old and simple
wayfor surface charge suppression, but it highly relies on the finite
element simulation under ideal voltage energizations. This
method cannot deal with the suppression of dynamic surface
charge accumulation when subjected to complex testing condi-
tions, e.g,, variable temperature gradients and transient voltages by
polarity reversal, switching and lightning over-voltages.

Fig.27 (a) £100 kV DC spacer and (b) the distribution of electric field lines.
Reprinted with permission from ref. [20], © 2019 IEEE.

1.3.4 Comprehensive charging activity management

According to the Dam model, comprehensive charging activity
management could be achieved by applying charge tailoring tech-
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niques which can initiatively control and decay charges. A common
approach is designing charge adaptively controlling spacer by
combining spacer shape optimization and non-linear conductive
material techniques. Li et al"*"” designed a surface charge adap-
tively controlled spacer (CACS), which consisted of an “insulation
region” around the central conductor and a“ charge adaptive
region” near the GND electrode, as shown in Figure 28(a). The
“insulation region” of the spacer was made of an epoxy/Al,O;
composite, the “charge adaptive region” was made of an epoxy/
SiC composite. When the surface charge accumulation in the
“charge adaptive region” reached a certain degree, excess surface
charges would be released. The surface charge density of CACS is
significantly lower than that of the regular spacer (RS), as shown
in Figure 28(b).

By combining surface treatment and nonlinear conductive
materials, the 0-SFGM spacer proposed by Du et al. and Yao et
al."”™ as introduced in Section 1.3.3 may also be considered as a
comprehensive charging activity management.

1.4 Flashover

Surface flashover is a penetrating discharge along the gas-solid
interface through electrodes accompanied by huge energy loss
through voice, heat, and luminescence, which has great potential
to generate large currents and degrade the surface insulation
properties of insulators inside gas-insulated equipment™*"".
Owing to the surface flashover voltage being lower than the dis-
charge voltage of either gas or solid with the same discharge gap, it
is crucial to clarify the microscopic DC surface flashover mechanism
of gas-insulated equipment and explore methods to improve surface
flashover performances"”. In the last decade, lots of research
works from China are focusing on the influence of surface charges
on surface flashover and surface flashover microscopic mecha-
nisms.

1.4.1 Influences of surface charge on DC flashover

Influenced by collaborative contributions from gas, solid, and
interface states, flashover is triggered from triple point and usually
propagates along the gas-solid interface. The trigger of flashover in
compressed gas under DC voltage involves complex competitions
of charge transport in the multiphase. A comparison between sur-
face flashover and gas breakdown voltages in various environments
has indicated that the final form of surface flashover in compressed
gas is a plasma streamer discharge along the gas phase, while the
effects of the solid is an “induced” factor to trigger the subsequent
discharge. Hence, finding the underlying inducing factor is
essential to clarify the surface flashover mechanism.

(b) 300

£

) 150

=

Z

g 0

Q

!

So

E -150 | = RS-convex

° RS-concave

Q

E 300 - === CACS-convex

3 CACS-concave
_450 : . . . . . .

0 10 20 30 40 50 60 70 80
Length (mm)

Fig. 28 (a) Structure and (b) surface charge distribution of the CACS spacer". Reprinted with permission from ref. [110], © 2018 IEEE.
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Fig.29 Images of the dust clusters on the surface of the spacer, (a-c) without artificial defects at —150 kV, —165 kV, and —180 kV, and (d-f) with three needle
tips parallel placed on the enclosure surface at =70 kV, —90 kV, and —100 kV. (g and h) Images of the same spacer with surface flashover trace before dust figure
treatment and after dust figure treatment. (i) Image of a surface flashover trace connecting the DSDC to the grounded conductor. Reprinted with permission

from ref. [3], © 2020 IOP Publishing Ltd.

In 2021, Li et al® used the dust figure to present the charge
clusters on the spacers subjected to DC voltage, showing that as
applied voltage increases, the charge clusters transfer from dot-
shaped cluster to donut-shaped cluster and finally to cluster with
streamers. Charge clusters mainly concentrate in the vicinity of
surface flashover trace, which is shown in Figure 29. The interesting
experimental design and results indicate the accumulation of sur-
face charges triggers streamer discharge over cluster edges in
compressed SF gas.

The polarity of surface charges greatly influences the DC surface
flashover performance. Figure 30 shows the effects of pre-
deposited surface charge on surface flashover voltage from
research work in the last decade”™"*"". Zhang et al."'” deposited
surface charges under —100 kV upon the 1100 kV insulator surface
before surface flashover measurement and found the negative sur-
face flashover is only 764 kV. Shao et al.” investigated the influence
of surface charges with different polarity on surface flashover, the
results indicated both flashover voltage decrease no matter
whether pre-charged homo- or hetero-charges upon the surface of
the sample, the surface flashover with homo-space charges
decreases ~15%, while that with hetero-charges decreases ~25%.
Li et al." treated epoxy/Al,O; spacer with +8 kV corona discharge
and found surface flashover voltage of the pretreated fluorinated
sample nearly unchanged with the homo-charged surface, but
slightly decreased with the hetero-surface charges. Wang et al."
found the surface flashover of crosslinked polyethylene (XLPE)
and XLPE coated epoxy resin/copper dropped 27% and 18%
when preset homo-surface charges and the percentage of dropped
flashover voltage is associated with the surface conductivity. Liu et
al."” also established a relation between surface flashover and sur-
face charges, the results show that surface flashover voltage
increases with the surface charge density when the polarities of
them are the same, while it will decrease with the surface charge
density with hetero-space charges. Ma et al."™® found that hetero-
surface charges distort the local electric field in the gas phase and
sufficiently reduce surface flashover voltage, while homo-surface
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charges may impede the local electric field distortion and slightly
improve flashover voltage. In Figure 30, it can be concluded that
the hetero-surface charges obviously reduce surface flashover
voltage, while homo-surface charges may elevate or decline surface
flashover voltage, and the influence degree of hetero-space charges
on surface flashover is much server than that of homo-surface
charge.

The position of surface charges also greatly affects the surface
flashover. Recently, Dong et al."* coated epoxy/SiC on different
positions of the insulator surface and investigated the effects of
surface charges on flashover voltage. The results indicate high
conductivity region near the high-voltage electrode accelerates the
surface charge dissipation, while the region near the grounded
electrode and in the middle part of the samples results in the
polarity reversal phenomena upon the insulator surface, which
further distorts the electric field and reduces surface flashover
voltage.

1.4.2  Flashover theories

In the 1980s, some classic surface flashover models were proposed
to describe the discharge along the gas-solid interface in the com-
pressed gas, i.e., the diffusion-limited charge accumulation model
established by Pai and Marton", the critical field model established
by Cooke™, and the comprehensive analytical model established
by Sudarshan and Dougal"”. Although the aforementioned theories
sufficiently demonstrate some flashover phenomena in compressed
gas, the models fail to describe the surface charge dynamics and
their effects on flashover. From 1990 to 2010, most research works
concentrate on the simulation of electric fields and surface charge
distributions, and the flashover theory standstill with time.
Notably, in recent 10 years, some new flashover models are pro-
posed by researchers from China.

Analogous ineffective region expansion theory

In 2017, Li et al™ proposed an analogous ineffective region
expansion model to clarify the effects of surface charge migration
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Fig. 30 Influence of surface charges on DC surface flashover”-"*'*\,

on surface flashover when a gradient temperature distribute upon
the insulator surface, as shown in Figure 31. As temperature
increases, the charge injected from the high-voltage electrode
migrates to the grounded electrode with improved surface and
volume conductivity, which lifts the potential of the high-temper-
ature region. The region that reaches 60% surface potential of the
high-voltage electrode is defined as“ the analogous ineffective
region” (AIR). When the AIR expands to the grounded electrode,
the extremely distorted electric field between the ground electrode
and analogous ineffective region triggers gas collision ionization at
the triple junction near the grounded electrode, and then the
plasma sheath extends to the HV electrodes, which finally induces
surface flashover. This model emphasizes the influence of surface
charge migration on surface flashover with a temperature gradient
through the insulator, and indicates that a modified surface con-
ductivity affects surface charge moves, which further influences
flashover property.

Based on this finding, Li et al." developed a method to mitigate
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Fig.31 (a) Surface potential increase due to charge accumulation on the
insulation surface. (b) Hot electron migration with the increase of tempera-
ture in the insulation near the HV electrode. (c) Expansion of “analogous
ineffective region” due to hot electron migration. Reprinted with permission
from ref. [13], © 2017 The Author(s).
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surface partial discharge based on tailoring the surface conductivity
of the insulation near triple junction area. The theory is verified by
many researchers and provides routes to reduce the thermal con-
ductivity or introduce deep traps into the spacer to suppress the
migration of surface charge to improve surface flashover
voltage™.

Synergetic effects of gas adsorption and surface charging"”

Surface flashover is a complex phenomenon concerning the prop-
erties of solid, gas, and gas-solid interaction. Although gas desorp-
tion is a triggering factor for flashover in a vacuum, it still lacks the
physical process which can unravel the gas—solid coupling mech-
anism in compressed gas. To address the underlying mechanisms,
a surface flashover model that involves synergetic effects of gas
adsorption and surface charging is proposed by Li et al.", which
is shown in Figure 32.

Cathode Anode

Sample
{3 Triple junction & Ion 8 N, molecule in atmosphere

& lonized electron z Adsorbed N, molecule
e Trapped charge © Initial electron

—Lr Surface trap

Fig.32 Scheme of gas-solid coupling surface flashover model in compressed
gas. Reprinted with permission from ref. [125], © 2019 The Author(s).

Three essential charge transport processes in multiphase are
emphasized in the present model: (1) the electric field is highly
distorted near the cathode triple junction (CTJ), electrons in the
solid emit into the gas phase and leave large amounts of positive
charges in the solid surface layer; (2) surface charge determines
the vertical electric field, which greatly affects the collision ionization
and electron emission processes in the gas phase; (3) large
amounts of gas are absorbed upon insulator surface, the gas density
in the gas surface layer gradient decreases with the distance to the
surface, the improved gas density impede the collision ionization
processes in the gas phase, which further determines surface
flashover in compressed gas.

In the model, gas adsorption impedes collision ionization, while
surface charge distorts the electric field and induces the discharge
in gas, the synergetic of gas adsorption and surface charging

iEnergy | VOL 1 | December 2022 | 400433



China’s 10-year progress in DC gas-insulated equipment REVIEW

greatly influence surface flashover in compressed gas. The model
first ever introduces the concept of gas adsorption into the surface
flashover, and the relative adsorption ability is crucial for the dif-
ference between surface flashover and gas breakdown voltages in
compressed gas with various pressures and temperatures™. In
2021, Li et al."™ further established a numerical simulation model
based on the synergetic effects of gas adsorption and surface
charging and found the simulation results are consistent with
experimental flashover voltage in nitrogen.

To date, the acknowledgment of the physical flashover process
in GIS/GIL is greatly improved by a large number of significant
Chinese research works in the past 10 years. Nonetheless, there are
still two essential questions of surface flashover that need to be
focused on in future work. One is the complex competing mecha-
nism of surface charge accumulation, surface charging is a final
form of the competition among gas ionization, surface conduction,
and bulk conduction, it is important to unravel the synergetic and
competing mechanisms of several charge transport modes in sur-
face charge accumulation. The field-dependent theory® shows
overall laws of charge behaviors with electric fields, however,
effects of environmental factors shall also be considered carefully.
The other is the inducing mechanism of surface flashover, especially
how surface charging induces flashover in the pre-flashover stage.
Since the surface flashover presents as a randomness discharge
phenomenon which is triggered and completed within nano sec-
onds, there is still no solution to directly detect the surface charge

distribution in the pre-flashover stage. The presented models and
theory only show charge transporting laws before flashover to
correspondingly judge the charge-triggered flashover mechanism.
Some solid experimental work is still needed.

1.5 Metal particle

In the DC gas-insulated equipment, a prominent problem that
needs to be paid attention to is the metal particulate pollution. As
metal particles are easy to obtain relatively large kinetic energy
under the DC electric field, they have a high probability of moving
to the vicinity of insulators, causing insulator surface charge accu-
mulation. As has already been discussed in Section 2.4, randomly
distributed surface charge clusters can significantly distort the
electric field distribution and reduce the insulation strength"*-,

In addition, because the DC gas-insulated equipment mostly
has sliding plug-in structures and bolt fixing structures, etc., the
friction and vibration during production, transportation, installa-
tion and maintenance may produce particles, making it difficult to
cut off the influence of metal particle from the source. Therefore,
the treatment of metal particle in DC gas-insulated equipment
has received extensive attention from many scholars over the
years™ ", The current research mainly focuses on the motion
characteristics of metal particle under DC field and the induced
capture of particle, as is shown in Figure 33. The ultimate goal is
to minimize the impact of metal particle on insulation and ensure
the safety and reliability of equipment operation.

Test and simulation
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motion characteristics
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Simulation analysis of particle
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® Theoretical study on the motion
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Fig.33 The main research work on the motion behavior mode and inhibition measures of metal particle.

It will take a lot of cost and time to carry out the full-scale
experiment for the motion characteristic of particle, including the
reduction of GIL/GIS bus, the addition of observation equipment
and higher test voltage level. Therefore, the experimental study of
motion characteristics is usually based on the principle of field
strength equivalence, using a scaled model or other devices that
can simulate the electric field in the GIL/GIS cavity. Many
researches have fully completed the calculation charging theory
for flakiness, linear and globular particles and given dynamic
parameters such as collision rebound and fluid resistance"*".
The motion behavior of metal particle with different shapes is well
analyzed. In particular, in most cases the metal particle shows
reciprocating motion between the two electrodes. However, when
the coaxial electrode is arranged and the negative DC voltage is
applied, the linear and flaking particles present the phenomenon
of “flying firefly”, which not only bump around the high-voltage
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electrode, but also do not contact the ground electrode™*"”, as is
shown in Figure 34. In addition, for the movement characteristics
of metal powder under DC voltage, there is a phenomenon similar
to sand storm™*™. These special circumstances bring great diffi-
culties to the capture and removal of metal particles in DC gas-
insulated equipment.

The surface coating of electrode and the addition of particle
collector are important means to limit the impact of metal particles
on insulation. Many studies have shown that the surface coating
has no contribution in moving the particle to the low electric field
area, however, it prevents the particle from lift-off by limiting the
charge of particle, thus avoiding the disorderly movement of par-
ticles in the equipment™*-*". The particle collector is designed with
a suitable structure to set a low field area, which can induce the
metal particle move into it and limit their motion activity. After
years of development, the particle collector used in AC gas-insulated
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Fig.34 The “ flying firefly” phenomenon of particles under negative DC
voltage.

equipment has been relatively mature with its structure including
grid type, strip type, hole type, etc. However, under DC voltage,
the particle moves faster and has stronger disorder, which makes
the particle collector used in AC gas-insulated equipment less
effective. How to induce the metal particle trapped and limit its
escape probability is an important issue in recent years.

In order to further develop the DC particle collector, the com-
bination of simulation and experiment has been widely used. At
present, many scholars have built simulation models under multiple
types of coulomb force, viscous resistance, gravity, etc. based on
the dynamics theory of particle motion"®. Typical force is shown
in Table 3.

Table3 Expressions of the force acting on the metal particle

Force Symbol Expression
Coulomb force F, Eq
Gravity G (4/3)nr’gp
Electric field gradient force Fyra 2nre,e| V EY
Viscous resistance F, 6mnrv|
Buoyancy F; (4/3)nr’gp,

The van der Waals force is also analyzed considering the inter-
action between dust"”. Previous studies have shown that these
theories can be consistent with experiments under specific cir-
cumstances. Therefore, Zhan et al.", Liu et al™"! , and Li et
al.™ have conducted some research on the structural optimization
design of the particle collector. They analyzed the capture efficiency
of different structure under DC voltage, and appropriately
improved the corresponding size parameters. The improvement
of parameters can improve the capture rate, enhance the number
of trapping and prevent escape, but the efficiency is not as good as
that under AC voltage, and relevant research is still under way.

A recently published work led by Xing et al™” shows that a
slight decrease in spacer surface conductivity is effective in reducing
the activity of particle motion near the spacer.

Although the surface coating of electrode can limit the movement
of metal particle, it cannot completely eliminate the influence of
particles on local electric field distortion. The particle collector
might be a promising approach. However, the efficiency of the
collector used under AC is relatively low, which cannot completely
limit the particles from reaching the insulator. The design of trap
and drive electrode with new structure still needs to be further
developed. For the dust and other special cases, further analysis
and research are also essential.
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1.6 Conductor roughness

The conductor surface of GIS/GILs cannot be perfectly smooth,
which will inevitably lead to local non-uniformity of the electric
field on the conductor surface. With the improvement of voltage
level and gas pressure, the gas discharge voltage drop caused by
the micro irregularities of the conductor surface has become an
urgent problem to be solved™. At present, there is no special
standard for the conductor surface roughness of DC GIS/GILs, it
still mainly referred to the standard of AC GIS/GILs. The arithmetic
average height R, is used to characterize the inhomogeneity of
conductor surface in the standard. The surface R, of high voltage
conductor is not greater than 6.3 pm. The internal surface R, of
the enclosure is not greater than 50 um™”\. After finishing turning,
grinding and other processes, the roughness of the conductors can
be controlled within 1 um. Excessive roughness of conductor sur-
face will significantly reduce the insulation performance, while too
small surface roughness will increase the cost of equipment man-
ufacturing. It is of great significance to study the influence of con-
ductor surface roughness on the insulation performance and for-
mulate a more reasonable surface roughness evaluation standard.
At present, for a DC GIL, the research on conductor surface
roughness mainly focuses on two aspects. One is the effect of con-
ductor surface roughness on gas breakdown. The other is the
influence of conductor surface roughness or morphology on the
charge accumulation on insulator surface.

1.6.1 Effect of surface roughness on gas breakdown

It can be seen that the gas breakdown voltage of SF; is negatively
related to the conductor surface roughness under AC voltage
stress. Besides, results show that the breakdown voltage of SF, 0.4
MPa decreases slightly linearly with the increase of the conductor
surface roughness'*"). The drop is more obvious than that of
lower gas pressure. It can be inferred that the sensitivity of SF, gas
to conductor surface roughness goes up with the increase of gas
pressure.

Under DC voltage stress, the polarity effect should also be con-
sidered in addition to the above rules. Because of the difference in
the movement of positive and negative space charges, the electrode
is more prone to corona under negative voltage, and the negative
breakdown voltage is lower than the positive breakdown voltage.
The higher value of the conductor surface roughness results in a
larger non-uniformity of the electric field. And this leads to a
more obvious polarity effect. The DC breakdown voltage of the
gas gap changes similarly with the surface roughness of the enclo-
sure and the central conductor. However, the influence of the
conductor surface roughness of the enclosure on the breakdown
voltage is different with different gas pressures. When the gas
pressure is lower than 0.2 MPa, there is no obvious effect on the
negative DC breakdown voltage of the surface roughness of the
enclosure which is among 0.5 um and 4.6 um"*. While the negative
DC breakdown voltage of gas gap is obviously affected by the surface
roughness of the enclosure, which is among 0.5 pm and 0.94 pm,
when the gas pressure is higher than 0.2 MPa.

In recent years, eco-friendly GIS/GILs are required in order to
reduce environmental impacts and reach the net-zero carbon
dioxide emissions. Due to the physical and electrical characteristics
of different insulation gases, the sensitivity to the distorted high
electric field is also different. The standard of conductor surface
roughness in gas insulated electrical equipment should match with
the insulating gas. The tolerance of the insulating gas to the non-
uniform electric field can be evaluated by the merit. The greater
the merit, the higher the allowable electric field distortion. Scholars
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used the merit only related to the tolerance to uneven electric field
to evaluate the breakdown performance of C;F,CN/CO, gas mix-
tures refer to that of SE*". By improving the conductor surface
roughness and reducing the local electric field distortion, the gas
shows good insulation performance. Buffer gases including N,
and CO, can reduce the sensitivity of the mixtures to the distorted
electric field at the expense of their insulation strength. Generally,
the eco-friendly gas mixtures need to improve their electrical
strength by increasing the gas pressure, and the applied gas pressure
is higher than SF,. Therefore, the maximum acceptable conductor
surface roughness should be determined by comprehensive con-
sideration.

Experience gained with AC GIS has shown that electrode surface
dielectric coatings are effective in suppressing ionization phenom-
ena in adjacent gas gap and increasing the overall insulation
strength. However, coatings are not widely applied in GIS/GIL for
some doubt regarding their long-term reliability.

1.6.2  Gas conduction and surface charge

As is known with DC GIS/GILs, it is subject to unipolar high electric
field stress. Even if no gas gap breakdown occurs, the solid insulation
system is still facing the problem of charge accumulation on the
insulator surface. It is generally believed that the micro discharge
caused by the protrusions and defects on the electrode surface and
the field emission of the electrode under high electric field intensity
are two key sources of the surface charge accumulation of DC GIS
/GIL insulators™®*’. Recently, the weak gas conduction current
reflecting this process has been measured by researchers™' ",
This kind of current is closely related to the surface roughness of
the conductor. The main physical mechanism of such phenomenon
is that, the surface roughness of the conductor has a significant
impact on the micro discharge and field emission of the conductor
surface. The design field strength of the conductor is usually cal-
culated according to the ideal smoothness of the conductor. How-
ever, when we magnify the local morphology of the conductor, the
effects of surface micro discharge and field emission mechanisms
cannot be ignored, and the local area has approached or even
exceeded the critical field strength. In addition, under the average
field strength of more than 2.5 kV/mm, the increase of relative
humidity has a significant positive correlation with the gas con-
duction current. This may be related to the emission of charged
water clusters under local high field***. Figure 35 shows the
micro-morphology of the finished conductor surface taken by the
white light interferometer. It can be seen that although the average
roughness R, is as low as 0.35 pm, the influence of local burrs cannot
be ignored.

To sum up, the conductor surface roughness of AC GIL is too
large for DC GIL and cannot be directly applied. For DC GIL, it
seems that the surface roughness of the conductor should be
reduced to achieve satisfactory performance.

Furthermore, parameters suitable for DC conductor surface
evaluation are expected to be found. The arithmetic average height
R, provides an evaluation method based on average roughness for
the conductor surface in the conductor design of AC GIL. How-
ever, according to the recent results, it can be found that R, is not
sensitive to the surface structure with small local protrusions, and
the influence of the surface structure with local protrusions gener-
ated by processing on the conduction current cannot be reflected.
There is no linear relationship between the conducted current and
the average roughness. The surface morphology of the conductor
and its influence on the gas conduction current were studied. It is
found that the proportion of high surface local field strength plays
the major role in the gas conduction current, rather than the average
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Fig. 35 Surface micro morphology of finished conductor.

roughness R,. Figure 36 shows the local field strength statistical
distribution of conductor surfaces with different average rough-
ness. The researchers put forward a more reasonable method to
characterize the surface morphology of DC GIS/GIL conductor by
integrating S,,, and S,* . The results provide a basis for the
design of conductor surface in DC gas insulated equipment.

The existing conductor processing and roughness evaluation
methods of AC GIS/GIL cannot be directly applied to DC GIS/
GILs. Problem remains on how to formulate conductor evaluation
methods and roughness level for DC equipment. Meanwhile,
there is a lack of corresponding conductor processing methods.

2 Industrial perspective

2.1 Background and challenges in China

»

As the “carbon peaking and carbon neutrality” goal was proposed,
the capacity of China’s installed renewable energy facilities has
exceeded 1 billion kilowatts up to 2021, ranking first in the world
and showing a rapid growth trend. However, the geographical
distribution of China’s new energy resources and load demand
doesn’t match its economic hub. The “ West-East Power Trans-
mission” has been extended from the eastern plain area to the
western plateau, snow-capped mountains, Gobi Desert, far-reach-
ing areas. With the further expansion of new energy, the reduction
of wind generation and PV generation is becoming more and
more prominent. As shown in Table 4, the consumption of new
energy has become a bottleneck restricting the development of
energy and power transformation in China. Therefore, the large-
scale power transmission channel becomes one of the major
problems that restricts the electric power development in China.

Since the construction of the world’s first Yunnan—Guangdong
UHV DC Project (Chusui DC), the high voltage direct current
(HVDC) equipment has been constantly updated and iterated to
address the needs of long-distance and large-capacity transmission
of clean energy. To support current and future high-capacity
power transmission, there are three major and urgent challenges
to be addressed:
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Table4 Distribution of wind and PV generation curtailment in China
(2017).

Type Province/Autonomous region

Wind generation curtailment
ratio>20%
Wind generation curtailment
ratio 10%-20%
Wind generation curtailment

Xinjiang, Gansu, Jilin;

Heilongjiang, Inner Mongolia;

Ningxia, Shaanxi, Shanxi, Hebei,

ratio<10% Liaoning, Yunnan
PV generation curtailment Xinjiang, Gansu, Qinghai, Ningxia,
ratio>5% Shaanxi

(1) How to transmit large-scale offshore wind power to iso-
lated islands and offshore platforms?

Compact and lightweight offshore converter platform is a key
constraint. At present, Rudong Offshore Wind Power Transmission
Project, the first offshore wind power flexible DC transmission
project that has been put into operation in China, adopts the
symmetrical unipolar wiring mode, incorporating both positive
and negative DC submarine cables. The grade of DC voltage is
+400 kV, and the rated transmission capacity is 1100 MW. How-
ever, the offshore wind power is developing towards a large-scale
and long-distance direction, so the symmetrical bipolar flexible
DC mode is employed to facilitate the large-scale networked
transmission of wind energy. DC GIS/GIL is the key development
direction of the large-scale utilization of offshore wind energy.

(2) How to solve the problem of insufficient UHVDC trans-
mission corridors?

DC line plays an important role in planning China's power grid.
In 2022, the constructions of nine UHVDC transmission projects
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have been scheduled, with DC lines built up to 14,000 km. Taking
the Guangdong—Hong Kong—Macao Greater Bay Area for exam-
ple, where the Southeast Tibet UHV multi-terminal DC power
transmission is carried out, there are dense line channels, crossing
snow mountains, and depopulated zone. The development of DC
GIL technology built under ground or on the surface is urgently
needed to solve the problem of insufficient transmission capacity.

(3) How to reduce the impact of the terrain and environmental
conditions on the converting equipment, and build power
transmission lines with high capacity, high reliability and sus-
tainability with the environment in the future?

Replacing DC outdoor equipment of converting plant with DC
GIS can support the design and engineering applications of the
full indoor compact converter station, perfectly solve the con-
struction, operation and maintenance problems caused by the
harsh natural environment of clean energy transmission in the
west, and greatly reduce the cost of land in the populated areas in
the eastern energy consumption center. The future power grid has
the advantages of low loss, high reliability and little impact on
environment. With conquering the challenges in long-distance,
large-capacity, low-loss, and environmental-friendly DC GIL
technology, the transmission-distribution all-DC super grid can be
realized.

Therefore, the development of DC GIS/GIL technology is a
major demand for national economic growth and social develop-
ment, which will effectively solve the conflicts among power, natural
environment and urbanization.

2.2 Progresses in China
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At the end of 2021, CIGRE joint working group D1/B3.57 issued
the report TB 842 - Insulation Test of High-Voltage DC Gas
Insulation System, providing an important guidance for the
development and performance assessment of DC GIL. In
September 2022, Siemens and other companies reported the latest
progress of eco-friendly air-insulated DC GIS/GIL equipment and
high-voltage switchgear for clean air insulated offshore wind
power at the CIGRE Paris Conference 2022. Under the upcoming
major demand and development trend, this section focuses on the
application of DC gas-insulated equipment in the future projects
of UHVDC transmission, and introduces the critical technical
issues, major research achievements and progress of the imple-
mentation of DC GIS / DC GIL equipment in China in the past
decade.

Compared with the research and development progress in
Europe, China has no engineering application of DC GIS and DC
GIL, and even not developed mature +500 kV DC GIS/GIL. Dif-
ferent from the independent system design of Siemens and ABB,
Chinese manufacturers are only a link in the industry chain, with
the product research and development (R&D) power from the
project promotion and profit accounting. Therefore, the R&D
speed of DC gas-insulated equipment lags behind the engineering
demand in China. Engineering application requirements depends
on the existing mature and operational experience. This forms an
enclosed loop with the R&D of new DC equipment. However,
form the future perspective of DC power network development,
several main manufacturers (XD, Pinggao, Shandong Taikai) are
also attempting to make a breakthrough. Through the collaboration
with universities in developing DC gas-insulated equipment, they
strive to make the performance breakthroughs in the overseas
projects and in turn contribute to the construction of domestic
projects.

2.2.1 Progressin DC GIS

Pinggao Group has made some breakthroughs in the basic epoxy
resin insulation materials design, compact equipment, equipment
preparation, and assessment.

Solid insulation materials

Pinggao has developed a formula for DC epoxy materials composed
of a double crosslinked solidified network structure, featured by
high volume resistivity (10” Q-cm) and high mechanical strength
(bending strength of 130~135 MPa). Formula comparison with
the AC material is listed in the Table 5.

Table5 Comparison of DC epoxy formula and AC materials

Test project Unit  DCmaterials ~ AC materials
Density g/cm’ 2.21~2.33 2.0~2.3
Tensile strength MPa 81~87 =70
Tensile elastic modulus MPa (12.8~13.5)x10° >12.7x10°
Bending strength MPa 137~141 >125(131)
Volume resistivity Qcm  (1.2~2.1)x107 >1x10"(7.2x10%)
Dielectric constant — 5.32~5.41 <6.3
Electrical strength kV/mm 32~37 28~29
Glass transition temperature ~ °C 143~147 >115

Equipment

Pinggao’s research and development work in the compact DC
GIS equipment includes:
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(1) The multi-column parallel structure of the lightning arrester
and shunt control technology are adopted to realize the core
design of arrester resistor.

(2) DC GIS voltage transducer

The design technology of dry resistance-capacitance core has
been overcome, and the oil-free and lightweight design of the pri-
mary voltage divider was also realized; Based on the error matrix,
frequency characteristics and thermal field analysis technology, the
GIS of the voltage divider embedded in the metal cylinder has
been realized.

(3) DC GIS isolation grounding switch

Particle traps are set at the inner wall of enclosure near the
insulators and are set below the switch break. The end of high-
voltage mobile contact is in a semi-enclosed by a shielding struc-
ture. Transmission insulation rod is placed on the upper side of
the contact, and the switches are arranged in a line, with no hori-
zontal insulators.

(4) All external optical fiber structured current transducer

It is placed outside the casing grounding flange and working
on the ground, providing a reliable insulation. As is shown in
Figure 37.

Equipment manufacture and assessment

In 2021, the first £210 kV DC GIS in China was developed,
and the three-month assessment test was completed, as shown in
Figure 38. In November 2022, it passed the product technology
evaluation organized by the China Machinery Industry Federation.
In 2022, a full set of performance verification tests of +320 kV DC
GIS was completed. At present, the insulation performance test
verification of +525 kV DC GIS is being carried out. It is expected
that all relevant development work will be completed in 2023. In
the future, Pinggao will also launch the research and development
of metal closed DC converter switches, to realize the metal closure
of DC middle-line switchgear and further promote the compact
design of the converter station.

In terms of performance assessment, the DC GIS test circuit
with DC voltage and impact voltage superposition, no-load and
heavy-load flexible switching, and transformer and lightning
arrester flexible cutting are constructed. The comprehensive
assessment method of all DC GS components under the multi-
physics influence of electric, magnetic, thermal, and mechanical
stresses is proposed for the first time.

China XD Group Co., Ltd. has completed the research and
development of £500 kV DC GIS prototype. Performance valida-
tion tests are ongoing. The dielectric constant, dielectric loss tangent
value, and resistivity of the three epoxy resin formulations at dif-
ferent temperatures were measured, as plotted in Figure 39. The
surface charge accumulation at different time and locations subject
to DC voltage was also studied.

Based on the conventional components of DC GIS, China XD
Group Co., Ltd. has also developed +500 kV DC high-speed
switch (HSS) module to rapid isolating of DC line faults and the
fast online switching, as is shown in Figure 40.

With the R&D strength of +200 kV DC basin-type insulator,
Shandong Taikai proposed for the first-time fluorinated insulator
without changing the optimized formula and production process
of epoxy insulator. The sample test results show that the DC
flashover voltage can increase by more than 10% and the surface
conductivity by more than three orders of magnitude. Currently,
the company is cooperating with Tsinghua University to investigate
and develop the enclosed busbar for +500 kV DC GIS, with
related work focusing on the cone spacer and particle capture
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Fig. 37 (a) DC GIS surge arrester, (b) DC GIS voltage transducer, (c) a combined disconnector and earthing switch, (d) All-fiber external current transducer.
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Fig. 38 (a) Metal-enclosed gas-insulated DC transfer switch. (b) Long-term test of +210 kV DC GIS.

technology for DC. The research and development are expected to
be completed by the end of 2023, and the grid connection test will
be completed by 2024.

2.2.2 Progressin DCGIL

Tu etal.” designed and manufactured £100 kV DC GIL and carried
out hydraulic tests, gas tightness tests, lightning impact tests, oper-
ation impact tests, and other typical tests. All tests have successfully
passed.
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An environmentally friendly +320 kV GIL, as shown in
Figure 41(a), was developed by Tsinghua University, cooperating
with Jiangsu Jinxin Electric Appliance Co., Ltd., which breaks
through four major technical bottlenecks, which are the evaluation
of environmentally friendly insulating gas in +320 kV GIL, the
spacer to suppress surface charge, post-insulator design and its
allowable electric field range, and metal particle suppression®. This

“Private communication with Jinliang He and Chuanyang Li
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Fig. 39 (a) Relative dielectric constant of samples at different temperatures. (b) Dielectric loss of samples at different temperatures. (c) Resistivity of samples at

different temperatures.

Fig.40 Prototype Illustration of +500 kV DC GIS from Xian Switchgear
Electric.

+320 kV GIL has passed multiple assessment tests, such as the
polarity-reversal, short-term withstanding pressure PD, long-term
pressure resistance, pressure resistance under the temperature
gradient, etc. Figure 41(b) shows the surface potential distribution
of the DC basin-type insulator after withstanding 7 hours applied
voltage. The potential of the spacer is close to 2 KV after the satu-
ration at the negative polar voltage. The potential is of only 600 V
at the positive polarity, indicating a good effect of charge suppres-
sion.

2.3 Remaining issues

2.3.1 Industrial chain coordination and integration

In order to economize the clean energy development, especially
the construction of the offshore wind power platform, the devel-
opment of DC gas-insulated equipment gains great attentions.
Offshore wind power started early and developed widespread in
several countries. ABB and Siemens have developed a series of DC
GIS products with different voltage levels and applied engineering
products. In contrast, China has successively built +400 kV
Rudong, +500 kV Qingzhou No. 5 and No. 7 offshore wind
power projects, at a high weight (twice of foreign countries) and
cost. It is more urgent to reduce the platform size and cost, but
unfortunately it has not provided an opportunity to promote the
research and development of novel DC GIS products in China.
Reviewing the development of China's West-East Power
Transmission from the fully imported “ Tianguang DC” to the
semi-localized “Northwest Yunnan”, and then to the fully local-
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Fig.41 (a) A photo of the environmentally friendly +320 kV GIL prototype,
and (b) surface potential distribution contour of the spacer after withstanding
voltage of 320 kV with different polarity for 7 hours.

ization of “Wudongde”, the power equipment manufacturing fac-
tory in China has made great contributions to the localization of
power equipment. But Chinese manufacturers are the unique link
in the industry chain, with the product R&D power from the
project promotion and profit accounting, resulting in the lagging
in the new power equipment R&D. In front of the long-term
strategic goal of national new power system construction, it is
urgent to set up a long industrial chain, integrate resources
through “industry-learning-research—user” , build the research
chain integrating technology, basic theory, complete machine
R&D and application research, develop DC transmission equip-
ment, and accelerate the construction of a new power system.

2.3.2 Other issues
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With the rapid transformation of the consumption energy to
green and low-carbon form, it becomes increasingly urgent to
build the UHVDC long-distance delivery project for clean energy
in western China. The UHV multi terminal DC project in the
Greater Bay area of “Guangdong- Hong Kong-Macao” for the
transmission of clean energy from southeast Tibet is constrained
by the complex factors such as high altitude, high seismic intensity,
complex high drop terrain, compact installation of converter sta-
tions, and severe weather conditions, as well as the corridor of tra-
ditional overhead transmission lines. The research and develop-
ment of +800 kV DC GIS and +800 kV AC GIL will be on the
agenda. Due to the randomness of the gas discharge during the
actual operation condition, the specificity of the solid insulation
material surface properties, and the complexity of the operating
conditions, the following technical problems still exist at the
equipment level.

DC GIS/GIL performance assessment lacks standards

ABB stated that the design tests of DC GIS/GIL type should
include the following: (1) Insulation performance assessment of
materials, including resistivity test, breakdown experiment, space
and surface charge test. (2) Electric field distribution characteristics
in typical load cases. (3) Study on the long-term operation stability
of DC GIS/GIL, considering the influence of electrical stress, tem-
perature, and environmental factor. (4) Study on the sensitivity of
electric field distribution subject to equipment size, material type
and operating condition. According to IEC 62271 and the insula-
tion system tests proposed by CIGRE, Siemens has carried out the
insulation experiment, temperature rise test, mechanical life tests,
high and low temperature tests, dynamic and thermal stability
tests, insulation parts test sand insulation system tests on +550 kV
DC GIS. The insulation system experiments for +550 kV DC GIS
mainly includes AC withstand voltage test and local discharge
measurement, withstand voltage test under lightning impulse,
withstand voltage test under switching impulse, DC superimposed
lightning impulse withstand voltage test and DC superimposed
operation impulse withstand voltage test. In addition to the typical
insulation experiment, there are other necessary test such as tem-
perature rise, mechanical life cycling, dynamic and thermal stability
experiment, etc. The GIS/GIL prototype is suggested to conduct
one-year live test with the local discharge monitor to test its oper-
ation reliability referring to CIGRE test methods. However, there
is a lack of experimental standard for DC gas-insulated equipment
in China.

Multi-influence factor test of real size prototype

Under the conditions of practical application scenarios, the proto-
type experimental platform of DC gas-insulated equipment with
high fit with the real insulator service scenarios is built, and the
performance of the prototype under the comprehensive action of
multiple factors including temperature, humidity, electric field,
pressure, vibration, etc. is studied. China should try to test the
flashover resistance performance of the control variable method
on the prototype using different techniques and find out the
advantages and disadvantages of each factor by comparing the test
results.

Application of environmental gas in DC gas-insulated equipment

As the “carbon peaking and carbon neutrality” goal was set, the
new power system was proposed and the large-scale clean energy
are under development, power grid users are increasingly con-
cerned about environmentally friendly equipment. It is necessary
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to develop DC equipment with environmental-friendly insulating
gas. We should further study the application feasibility of envi-
ronment-friendly insulating gas such as C,F,N in DC GIL and DC
GIS, study the high-throughput design theory and performance
evaluation method and understand their characteristics of gap
breakdown, surface flashover and gas-solid interface charge accu-
mulation under DC voltage to effectively guide the product R&D
and engineering application.

2.4 Worldwide (Europe, Japan, and America)

2.4.1 Progress in equipment

The potential of gas-insulated HVDC systems was recognized and
studied in the 1960s following the first installation in 1983,
The first generation of HVDC GIS is shown in Figure 42. Never-
theless, the commercial application of HVDC GIS was limited to
only few applications. The further use of gas-insulated systems
was hampered by a tendency for the insulating materials to fail
during polarity reversal tests. This was generally attributed to the
presence of space charges trapped within the insulation"”. The
first commercial HVDC-GIS was installed in the year 2000 in
Japan for the Kii channel link. The +500 kV HVDC-GIS Anan
Converter station and the Yura switching station of Shikoku Electric
Power consists of disconnectors and one bus bar. Both GIS were
installed because of the heavy salt contamination in coastal area.
Because the charging on the insulating spacers would also bring
about reduction of the insulation level, semi-conductive type
insulating spacers were developed to mitigate surface and space
charges. Since commissioning, the operating voltage is only +250
kv, A DC busbar with superimposed DC voltage of +150 kV is
in operation since 1983/1987 in Gotland (Sweden)". In 1986
ABB and BPA have performed together a development of +500
kV HVDC-GIS. From 1990 until 1995, long-term tests at BPA’s
test center were carried out. The project involved energizing a test
pole containing the elements of an SF, insulated station for duration
of approximately 2 years. The elements of the test pole consisted
of GIS spacers, SF air bushings, air insulated arrester, SF, insulated
arrester, and SF, oil bushing. The primary concern was the dielectric
performance of the components. This project was performed
using a combination of 550 kV AC equipment and 800 kV AC
equipment. All equipment was modified for DC application by
installing special GIS insulators. The long-term tests were success-
fully completed in 1996"“.

With the growing demand of transporting higher power ratings
over very long distances, the HVDC technology is technically
superior over conventional HVAC technology. One worldwide
driver of HVDC technology is the integration of renewable electric
energy resources, resulting in a change of the existing electric
power transmission system. Based on an increasing demand for
space-saving and reliable HVDC solutions for both submarine
and land applications, the 2™ generation of even more compact
gas-insulated systems for HVDC applications are under develop-
ment worldwide. The high level of quality of the GIS technology
provides security of supply and high availability of electricity
(Figure 43)"".

Using of modern multi-physics simulation tools, the analysis of
temperature and electrical field distribution is today possible with
high accuracy, taking the following parameters into consideration:
temperature and electrical field dependent characteristics of the
insulating materials, accumulation of space and surface charges
and the superposition of DC and impulse voltages. New DC insu-
lators for HVDC gas insulated systems were designed by geomet-
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Fig.42 HVDC GIS development (1* generation).
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Fig.43 HVDC GIS development (2 generation).

rical optimization and insertion of a current collector. With addi-
tional modifications at interface components, like cable termina-
tion, and with the development of special current and voltage
transformers, it is now possible to use gas-insulated HVDC systems
for both onshore and offshore applications". Gas-insulated com-
ponents can also be used for other HVDC applications e.g., for
HVDC circuit breaker. The hybrid HVDC circuit-breaker (HHB)
was introduced by ABB in 2011. The HHB consists of three major
units: Load commutation switch (LCS), ultra-fast disconnector
(UFD) and main circuit-breaker (MB). Load current is conducted
through the LCS and UFD path during normal operation and
whenever the current interruption is triggered, the current will be
commutated to the parallel main circuit-breaker path for inter-
ruption. In series to the LCS, a mechanical gas-insulated UFD is
available to realize the high voltage insulation strength during the
current interruption. The current rating of the UFD is similar to
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the LCS’s to ensure reliable current conduction®.

In Japan, two 2™ generation GIS were developed in the 2010s.
In 2019, a £250 kV HVDC GIS was put into operation for the
New Hokkaido-Honshu HVDC Link. The items relating to DC
the specifications of the existing DC GIS, which are used for Kii
Channel HVDC Link, were applied. The GIS with a rated voltage
of +250 kV and a rated current of 1200 A is in operation since
2019, 2020 another HVDC was installed in Japan®. Hida con-
verter station is located at an altitude of 1085 m where it is subject
to snowfalls of 200 cm and ambient air temperatures of =30 °C to +
35 °C. To allow for these environmental conditions, the system
uses HVDC GIS (main circuit rated voltage: DC +200 kV, rated
current: DC 2250 A) that is equipped to deal with the external
environment, with live parts being encased in a metal enclosure. It
is noteworthy that a medium-voltage DC GIS was also used here
for the first time (return circuit rated voltage: DC £10 kV). Date
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for commencing operation was March 2021.

Within the German offshore grid connection system DolWin6,
the world’s first offshore HVDC GIS was successfully installed and
tested during commissioning in the dockyard in year 2021,
DolWin6 is a 900 MW offshore grid connection system utilizing
HVDC technology for the transport of wind energy generated off-
shore to the onshore grid. The oftshore HVDC GIS is utilized for
both DC voltage poles and connected to the HVDC export cables.
Hence, the two HVDC GIS are installed in two different rooms
within two different levels of the offshore platform. Following this
first-time installation, further grid connection systems, BorWin5,
Kontek, DolWin4, BorWin4 (Germany), Sunrise Wind (USA),
EastAnglia, and Norfol Boreas (United Kingdom) will be utilizing
HVDC GIS reducing the offshore converter platform in size and
weight significantly.

The development of HVDC GIS is based on the technology
used for HVAC GIS with, in principle, the same components and
a newly designed HVDC insulator to meet the requirements of
the electric field distribution under DC voltage stress"”. The
modular structure of HVAC GIS has been proven in many appli-
cations worldwide with high reliability and has been optimized
over the last 50 years since the first HVAC GIS has been installed
in Germany in 1968. Just as in AC power systems, all HVDC GIS
technology spans a number of switchgear components as shown
in Figure 44, for example bus-ducts and high voltage DC conductors
(A), disconnect- and earthing switches (B), bushings (C), cable
terminations (D), current (E), voltage (F) transformer, and surge
arresters (G). Encapsulated surge arresters ensure the protection
from overvoltage. Their active parts consist of metal oxide varistors
with a strongly nonlinear current-voltage characteristic. Gas-
insulated RC voltage dividers map high-voltage linearly over a fre-
quency range from DC up to 30 kHz. They are designed also for
an optimal transient behavior'®. Current detection relies on the
zero-flux measurement principle for rated currents up to 5000
A", The interface modules enable the transition from the gas-
insulated switchgear assemblies to other equipment. At the core of
the switchgear assemblies is the disconnector. Together with the
earthing switches on either side of the isolating gap, the discon-
nector ensures the safe insulation and earthing of de-energized
circuits. These components can be applied in various HVDC
applications such as DC pole equipment in HVDC converter sta-
tions including the DC switchyard, gas-insulated transmission
lines, and cable to overhead line transition stations.

2.4.2 Standardization

The testing requirements for gas insulated HVDC systems are
currently not standardized. The physical basis for HVDC applica-
tions was described by CIGRE already in 2010"™. Based on these
findings, together with new experiences of the manufacturers, rec-
ommendations have been elaborated in CIGRE JWG D1/B3.57!"",

Fig. 44 HVDC GIS components (left) and example for a gas-insulated cable
to overhead line transition station (right).
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According to these, the electrical and mechanical requirements
of IEC 62271 series, that are independent of the type of operating
voltage, should be fulfilled also™”. Beside DC withstand voltage
tests, composite voltage tests with lightning impulse and switching
impulse voltage, superimposed to DC voltage, have to be conducted
after a defined period of DC pre-stress. The isolating distance of
the disconnectors has to be stressed with combined voltage tests,
consisting of DC voltage at one terminal and lightning or switching
impulse voltage at the other.

Additional electric and thermo-electric tests must be performed
to consider the special aspect of DC voltage in terms of electric
field distribution of insulators, influenced by the accumulation of
electrical charge carriers and the operation-related inhomogeneous
temperature distribution. Electro-thermal tests are of high impor-
tance for HVDC GIS, due to the temperature-dependent field
transition. The transition of a gas-solid insulation system from a
capacitive field distribution at the moment of energization with
DC voltage to a resistive field distribution, results in interface
charging, particularly of the solid-gas surface and space charge
accumulation in the solid insulation until the resistive steady state
is reached. The design of solid insulating components as well the
right testing procedure to verify the electrical insulation behavior
are therefore of high importance.

The time duration of the long duration continuous DC voltage
test depends on the transition time from capacitive to resistive
field conditions and has to be determined before starting the tests.
If a degree of charging of 90% has been passed at each location of
the insulator, the transition time is reached. The transition itself
depends on the local temperature distribution and on the lowest
temperature. The transition to a DC field distribution could lead
to a long test duration of hours to months. The accurate definition
of the transition time and the verification of the transition behavior
is essential to derive a reliable testing procedure of HVDC gas-
insulated systems and must be measured before starting the test.

The newly developed insulation system test has similarity in the
test procedure to the pre-qualification test for polymeric insulated
HVDC cables. However, the prequalification test for HVDC
extruded cable systems is intended to indicate the electrical long-
term performance test on the voltage-time characteristic of the
insulating material and to cover thermo-mechanical aspects. The
transition itself depends on the local temperature distribution and
on the lowest temperature. The temperature difference across the
insulators is of high importance and must be defined and verified
for testing. For superimposed voltage tests after long DC pre-stress
to reach the defined DC steady state and worst-case temperature
conditions with maximum temperature gradient across the insu-
lators high load (HL) conditions must be used. High load consists
of a continuous heating period at rated current up to the thermal
steady state. As composite voltage test of DC voltage and impulse
voltage, the rated lightning and switching impulse voltages shall be
superimposed to the rated DC voltage. As insulation system test, a
sufficient number of insulators assembled in realistic arrangements
must be tested. A dielectric routine test or preconditioning could
be considered before starting the insulation system test. The normal
sequence of tests is described in Table 6. An example of a test set-
up is given in Figures 44 and 45",

Based on service experience, gas-insulated HVAC systems fea-
ture a high degree of reliability and an excellent long-term perfor-
mance. In comparison, HVDC GIS is a new technology with limited
operational experience. The user who intends to apply gas insulated
HVDC systems does expect the same reliability and long-term
performance as in HVAC GIS. From a high-voltage engineering
perspective the main differences between HVAC and HVDC GIS
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Table6 The normal sequence of tests

Test Conditions Load

Thermal pre-test Heating @ defined temperature +5 K HL

Dielectric pre-test PD test with alternating or direct voltage ZL

Long-duration continuous direct voltage test Rated direct voltage Urd (one polarity, positive or negative) HL
Superimposed lightning impulse voltage test (bipolar and unipolar) Rated LIWYV values, superimposed to the rated direct voltage Urd HL
Superimposed switching impulse voltage test (bipolar and unipolar) Rated SIWYV values, superimposed to the rated direct voltage Urd HL
Long-duration continuous direct voltage test Rated direct voltage Urd (other polarity) HL
Superimposed lightning impulse voltage test (bipolar and unipolar) Rated LIWV values, superimposed to the rated direct voltage Urd HL
Superimposed switching impulse voltage test (bipolar and unipolar) Rated SIWYV values, superimposed to the rated direct voltage Urd HL
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Fig.45 Examples of test arrangements for insulation system tests, completely gas-insulated (left) and air-insulated (right).

are the long periods required to reach steady state DC electric
fields and charge accumulation phenomena. Thus, HVDC GIS
requires adapted design and testing. CIGRE JWG D1/B3.57 has
proposed a “prototype installation test” as a demonstration test'”".
The main intention of the prototype installation test for gas-insu-
lated systems is to confirm the reliability of the system under real
service conditions. Real service conditions refer to the components
included in the test object, the installation and commissioning
procedures, the dielectric, thermal and mechanical stresses applied
in the test itself, testing with representative stresses for real life
operation and inclusion of monitoring and diagnostics during the
test!”,

Thus, the prototype installation test is not an additional type
test, but rather a one-time, non-mandatory test performed after
successfully completing the type tests to verify the effectiveness of
the HVDC GIS specific type and routine test procedures.

The worldwide first prototype installation test for a HVDC GIS
is shown in Figures 46 and 47"™. The HVDC GIS test pole consists
of a bus-duct ring that is connected to high-voltage via SF, to air
bushings. To achieve a thermal regime typical for high load
condition, an AC heating current can be induced in the ring
using conventional current transformers. The dielectrically
decisive quantity—temperature difference inner conductor to
enclosure (at the insulator) —will be generated with at least
the same magnitude compared to a DC current load™”.

At the same time, the test philosophy was also applied to a GIL
for 550 kV. The test was completed after half a year. The test setup
can be seen in Figure 48",

Currently, development of a dedicated IEC standard is ongoing
within TC17 SC17C WG42 of IEC (CD status). Moreover, several
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AC heating current
3 conventional CTs

Fig.46 Example of an HVDC GIS prototype installation: D VT: RC-
divider; @ CT: Zero-Flux Sensor; (3 Combined disconnector and earthing
switches; @Fast—acting earthing switch.

cable connection assemblies have finished their qualification. Cur-
rently, recommendations for dielectric testing of HVDC cable
connection assemblies are under development within CIGRE
JWG B1/B3/D1.79.

3 Conclusions

China has made significant progress in DC gas-insulated equipment
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Fig. 48 Test set-up of a HVDC GIL prototype installation test.

in the past ten years, from basic research to industrialization. At
the basic research level, starting with focusing on surface charge
measurement technology, various charge suppression methods
based on material modification have been further extended, and
some technologies have been tested and verified on real-size insu-
lators. In recent years, many studies have been carried out in particle
dynamics. Its progress has guided the research direction of the
particle suppression approach in simulation and experiments. Ini-
tial research results have been published on conductor roughness
in China since 2020. From an industrial point of view, +500 kV
GIS and +320 kV GIL have been developed, and their type tests
have been completed. However, compared with the progress in
the world's leading HV companies, there is still a lack of research
on long-term on-load assessment. In addition, some key technology
needs to be further carried out, such as the online monitoring
technology of DC systems and the development of DC GIS-cable
terminals, etc.
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