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Description
FIELD OF THE INVENTION

[0001] The invention relates to an electrical insulation
and methods of using and producing an electrical insu-
lation. The invention relates in particular to an electrical
insulation and methods of using and producing an elec-
trical insulation that provide enhanced tolerance to de-
fects.

BACKGROUND OF THE INVENTION

[0002] Electrical insulations are widely used to electri-
cally insulate power system components, such as cables
ofatransmission line, busbars, transformer components,
or other power system components.

[0003] An electrical insulation may be based on an
electrically insulating material, such as an epoxy resin.
An epoxy based electrical insulation can be manufac-
tured by mixing epoxy resin, hardener, accelerator and
various fillers. Such an electrical insulation may be sus-
ceptible to electrical treeing. Electrical treeing may orig-
inate from metallic electrodes or impurities in the insula-
tion, e.g., metallic particles and wires, small pieces of
glass, wood or gas bubbles. Electrical treeing is a defect
that commonly occurs in the electrical insulation of power
system components. Partial discharges may cause a
tree-shaped cavity to form in an electrical insulator.
[0004] US6764616B1discloses ahydrophobic epox-
ide resin system used as an electrical insulating material.
[0005] P. Vijayan and M. A. AIMaadeed, "' Containers’
for self-healing epoxy composites and coating: Trends
and advances", eXPRESS Polymer Letters Vol.10, No.6
(2016) 506-524 suggests the introduction of a self-heal-
ing functionality into an epoxy matrix by using polymer
capsules in epoxy composites.

[0006] X.J. Ye et al., "Improvement of fatigue resist-
ance of epoxy composite with microencapsulated epoxy-
SbF5 self-healing system", eXPRESS Polymer Letters
Vol.11, No.11 (2017) 853-862 discloses a technique for
rapid retardation and arresting of fatigue cracks that us-
es, inter alia, microcapsules induced toughening.
[0007] There is a continued need in the art for an elec-
trical insulation that provides enhanced tolerance to de-
fects, i.e., that is less likely to fail once a defect starts to
develop. There is in particular a continued need in the
art for an electrical insulation that provides improved ro-
bustness to electrical treeing.

[0008] Conventional epoxy composite materials are
not adequate to provide sufficient resistance to electrical
treeing. For illustration, the curing characteristics of the
materials described in P. Vijayan and M. A. AIMaadeed,
”’Containers’ for self-healing epoxy composites and
coating: Trends and advances", eXPRESS Polymer Let-
ters Vol.10, No.6 (2016) 506-524 and in X. J. Ye et al.,
"Improvement of fatigue resistance of epoxy composite
with microencapsulated epoxy-SbF5 self-healing sys-

10

15

20

25

30

35

40

45

50

55

tem", eXPRESS Polymer Letters Vol. 11, No.11 (2017)
853-862 are such that the materials tend to self-cure too
rapidly and cannot flow into channels formed by electrical
treeing in an electrical insulation. This adversely affects
the suitability of the epoxy composite of these documents
for mitigating electrical treeing.

SUMMARY

[0009] Itis an object of the invention to provide an im-
proved electrical insulation and improved methods that
provide enhanced tolerance to at least certain types of
defects in the electrical insulation. It is in particular an
object to provide an electrical insulation and methods of
using and producing the electrical insulation, wherein the
electrical insulation provides enhanced robustness
against growth of electrical trees in the electrical insula-
tion.

[0010] An electrical insulation and methods as recited
in the independent claims are provided. The dependent
claims define embodiments.

[0011] The invention provides an electrical insulation
in which capsules having a solid shell containing an elec-
trically insulating liquid are provided in an insulating ma-
terial, such as an epoxy resin, polyurethane resin, poly-
ethylene or other polymeric materials. The insulating ma-
terial may include optional other fillers. When an electrical
tree starts during operation of a power equipment, the
electrical tree eventually hits one of the capsules, punc-
tures it, and enables the insulating liquid from the capsule
to flow into treeing channels. The electrically insulating
liquid flowing into the treeing channels interferes with dis-
charges in the treeing channels and thus significantly
slows down the degradation of the electrical insulation.
[0012] The capsules may be microcapsules. The mi-
crocapsules may have a diameter, measured along the
maximum length of the microcapsules, which is not more
than 1000 pwm, preferably not more than 500 pm, further
preferably not more than 100 um. The microcapsules
may have a diameter, measured along the maximum
length of the microcapsules, which may be between 2
pm and 1000 pum. The microcapsules may have a diam-
eter, measured along the maximum length of the micro-
capsules, which may be between 2 pm and 1000 um,
preferably between 2 pum and 500 pm.

[0013] An electrical insulation according to an embod-
iment comprises an electrically insulating material and
an electrical tree inhibiting material in the electrically in-
sulating material. The electrical tree inhibiting material
comprises a plurality of capsules having a shell and an
electrically insulating liquid within the shell.

[0014] The electrically insulating material may be a sol-
id.

[0015] Theshellofthe capsules may be a solid different
from the electrically insulating material. The shell of the
capsules may be configured to rupture in response to the
mechanical stress and/or electrical field induced by elec-
trical treeing.
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[0016] The electrically insulating liquid may be or may
comprise oil or a blend of oils. The electrically insulating
liquid may be or may comprise a silicone oil, a blend of
silicone oils, a mineral transformer oil, a blend of mineral
transformer oils and/or a vegetable oil, or a blend of veg-
etable oils. The electrically insulating liquid may comprise
a blend of the mentioned oils.

[0017] The electrically insulating liquid may have a re-
sistivity from 103 Q m to 1020 QO m.

[0018] The electrically insulating liquid may have a re-
sistivity from 103 Q m to 1020 Q m at 25°C.

[0019] The electrically insulating liquid may have die-
lectric permittivity from 1 to 50 at 25°C and at 50 Hz.
[0020] The electrically insulating liquid may have a low
viscosity.

[0021] The electrically insulating liquid may have a dy-
namic viscosity of less than 100000 mm2/s at 25°C
(measured according to DIN 53019).

[0022] The electrically insulating liquid may have a dy-
namic viscosity of more than 0.01 mm?2/s at 25°C (meas-
ured according to DIN 53019).

[0023] The electrically insulating liquid may have a dy-
namic viscosity of 0.01 mm2/s to 100000 mm?2/s, prefer-
ably of 1 mm2/s to 10000 mm?2/s at 25°C (measured ac-
cording to DIN 53019).

[0024] The electrically insulating liquid may be a non-
UV-curing electrically insulating liquid.

[0025] The electrically insulating liquid may be a non-
self-curing electrically insulating liquid.

[0026] The electrically insulating liquid may contain fill-
ers. The fillers within the insulating liquid contained in the
capsules may be nanoparticles.

[0027] The capsules may be microcapsules.

[0028] A root-mean-square value of a maximum diam-
eter of the capsules may be not more than 1000 pm,
preferably not more than 500 wm, preferably not more
than 100 wm.

[0029] A root-mean-square value of a maximum diam-
eter of the capsules may be between 2 pm and 1000 pm,
optionally between 2 pm and 500 pm.

[0030] The shell may comprise melamine formalde-
hyde or polyoxymethylene urea or other materials. The
shell may contain fillers.

[0031] Theshellmayhave awallthicknessintherange
from 0.1 wm to 100 pm.

[0032] The shell may be free of fillers such as TiO.,.
[0033] The shell may be free of TiO,.
[0034] The shellmay be formed of a multi-layer system

having several layers. The several layers may comprise
a gelatine and/or resorcinol coating or other materials.
[0035] The capsules may be dispersed in the electri-
cally insulating material.

[0036] The electrical insulation may comprise at least
1 wt-% of the capsules and/or at least 2 vol-% of the
capsules.

[0037] The electrical insulation may comprise between
1 wt-% and 30 wt-% of the capsules.

[0038] The electrical insulation may comprise between
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2 vol-% and 50 vol-% of the capsules.

[0039] The electrically insulating material may be or
may comprise an epoxy resin, polyurethane resin, poly-
ethylene or other polymeric materials.

[0040] The electrically insulating material may have fill-
ers other than the capsules. The fillers may comprise an
anti-settling agent (a sag resistance agent). The anti-set-
tling agent or sag resistance agent may be operative to
preventor reduce settling of the capsules underinfluence
of gravity in a mixture that includes the electrically insu-
lating material in liquid phase, the capsules, and the anti-
settling agent or sag resistance agent.

[0041] An electrical insulation according to a further
embodiment comprises a solid polymeric material and a
plurality of capsules disposed within the solid polymeric
material, wherein the capsules each have a shell and an
electrically insulating liquid within the shell.

[0042] The solid polymeric material may be or may
comprise one or several of an epoxy resin, polyurethane
resin, polyethylene or other polymeric materials.

[0043] A power system component according to an
embodiment comprises an electrical component, in par-
ticular aconductor, and the electricalinsulation according
to an embodiment.

[0044] The power system component may be a power
transmission cable, in particular an underground cable.

[0045] The powersystemcomponentmaybe abusbar.
[0046] The power system component may be a trans-
former.

[0047] The power system component may be a circuit
breaker.

[0048] The power system component may be a switch-
gear.

[0049] The power system component may be an insu-
lating spacer.

[0050] The powersystem component may be a switch.
[0051] The power system component may be a motor.
[0052] The power system component may be a gen-
erator.

[0053] The power system component may be a bush-
ing.

[0054] A power system according to an embodiment

comprises a power system component having the elec-
trical insulation according to an embodiment. The power
system may be a medium or high voltage power trans-
mission system.

[0055] In a use of the electrical insulation according to
an embodiment for impeding growth of an electrical tree,
the shell of at least one capsule ruptures to release the
electrically insulating liquid into a cavity formed by an
electrical tree when the electrical tree impinges onto the
shell of the at least one capsule. The electrically insulat-
ing liquid flows into the cavity of the electrical tree and
impedes growth of the electrical tree.

[0056] The electrical insulation may be the electrical
insulation according to any embodiment disclosed here-
in.

[0057] A method of producing an electrical insulation
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according to an embodiment comprises forming a mix-
ture comprising a polymeric material and a plurality of
capsules in the polymeric material, wherein each of the
capsules has a shell and an electrically insulating liquid
within the shell. The method may further comprise
processing the mixture into a solid electrical insulation.

[0058] The polymeric material may comprise or may
be a thermoset or thermoplast or elastomer or mixture
or blend or co-polymer of these polymers.

[0059] The polymeric material may be or may comprise
an epoxy resin, polyurethane resin, polyethylene or other
polymeric materials.

[0060] Processing the mixture into a solid electrical in-
sulation may comprise effecting a cross-linking reaction,
curing, melting and/or otherwise processing the polymer-
ic material.

[0061] The mixture may optionally comprise fillers oth-
er than the plurality of capsules.

[0062] The fillers may comprise an anti-settling agent
(a sag resistance agent). The anti-settling agent or sag
resistance agent may be operative to prevent or reduce
settling of the capsules under influence of gravity in the
mixture that includes the electrically insulating material
in liquid phase, the capsules, and the anti-settling agent
or sag resistance agent.

[0063] The shell of the capsules in the mixture may be
a solid. The shell of the capsules may be configured to
rupture in response to the mechanical stress and/or elec-
trical field induced by electrical treeing.

[0064] The electrically insulating liquid contained with-
in the capsules in the mixture may be or may comprise
a silicone oil, a blend of silicone oils, a mineral transform-
er oil, a blend of mineral transformer oils and/or a vege-
table oil or a blend of vegetable oils, or a blend of these
oils.

[0065] The electrically insulating liquid contained with-
in the capsules in the mixture may have a resistivity from
103Qmto 1020Q m.

[0066] The electrically insulating liquid contained with-
in the capsules in the mixture may have a resistivity from
103 Q m to 1020 Q m at 25°C.

[0067] The electrically insulating liquid contained with-
in the capsules in the mixture may have dielectric per-
mittivity from 1 to 50 at 25°C and at 50 Hz.

[0068] The electrically insulating liquid contained with-
in the capsules in the mixture may have a low viscosity.
[0069] The electrically insulating liquid contained with-
in the capsules in the mixture may have a dynamic vis-
cosity of less than 100000 mm2/s at 25°C (measured
according to DIN 53019).

[0070] The electrically insulating liquid contained with-
in the capsules in the mixture may have a dynamic vis-
cosity of more than 0.01 mm2/s at 25°C (measured ac-
cording to DIN 53019).

[0071] The electrically insulating liquid may have a dy-
namic viscosity of 0.01 mm2/s to 100000 mm?2/s, prefer-
ably of 1 mm?2/s to 10000 mm?/s at 25°C (measured ac-
cording to DIN 53019).
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[0072] The electrically insulating liquid contained with-
in the capsules in the mixture may be a non-UV-curing
electrically insulating liquid.

[0073] The electrically insulating liquid contained with-
in the capsules in the mixture may be a non-self-curing
electrically insulating liquid.

[0074] The electrically insulating liquid contained with-
in the capsules in the mixture may contain fillers. The
fillers within the insulating liquid contained in the capsules
may be nanoparticles.

[0075] The capsules in the mixture may be microcap-
sules.

[0076] A root-mean-square value of a maximum diam-
eter of the capsules may be not more than 1000 um,
preferably not more than 500 wm, preferably not more
than 100 pwm.

[0077] A root-mean-square value of a maximum diam-
eter of the capsules may be between 2 pum and 1000 um,
optionally between 2 pm and 500 pm.

[0078] The shell of the capsules in the mixture may
comprise melamine formaldehyde or polyoxymethylene
urea or other materials.

[0079] The shell of the capsules in the mixture may
contain fillers.

[0080] The shell of the capsules in the mixture may be
free of fillers such as TiO,.

[0081] The shell of the capsules in the mixture may be
formed of a multi-layer system having several layers. The
several layers may comprise a gelatin, or resorcinol coat-
ing or other materials.

[0082] The shell of the capsules in the mixture may
have a wall thicknessinthe range from 0.1 umto 100 um.
[0083] The mixture may comprise at least 1 wt-% of
the capsules and/or at least 2 vol-% of the capsules. The
method may comprise causing a cross-linking reaction
of the polymeric material.

[0084] The mixture may comprise a hardener and/or
an accelerator to facilitate the cross-linking reaction.
[0085] The method may further comprise disposing the
cured mixture, optionally after further post-processing,
adjacent an electrical component, in particular adjacent
a conductor, of a power system component.

[0086] The cured mixture may comprise between 1 wt-
% and 30 wt-% of the capsules.

[0087] The cured mixture may comprise between 2 vol-
% and 50 vol-% of the capsules.

[0088] The power system component may be a power
transmission cable, a busbar, a transformer, a circuit
breaker, a switchgear, a switch, a spacer, a bushing, a
motor, or a generator.

[0089] According to an another embodiment, there is
disclosed the use of mixture comprising a polymeric ma-
terial and a plurality of capsules in the polymeric material,
wherein each of the capsules has a shell and an electri-
cally insulating liquid within the shell, for manufacturing
an electrical insulation that inhibits electrical treeing.
[0090] Various effects are attained by the electrical in-
sulation and methods according to embodiments. For il-
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lustration, when an electrical tree hits a capsule, rupture
of the shell causes the electrically insulating liquid from
the capsule to flow into one or several treeing channels
and interfere with the discharges in the treeing channels.
A low viscosity of the electrically insulating liquid in the
capsules, e.g., the low viscosity of a silicone oil, blend of
silicone oils, mineral transformer oil(s) and/or vegetable
oil(s) may assist the capability of the electrically insulating
liquid to flow into the treeing channels. Use of a non-self-
curing and non-UV-curing the electrically insulating liquid
in the capsules ensures that the electrically insulating
liquid in the capsules remains capable of flowing into the
treeing channels.

[0091] The electrical insulation according to embodi-
ments provides enhanced tolerance to defects in the
sense that, even when electrical treeing starts, the time
to breakdown of the electrical insulation is extended com-
pared to conventional electrical insulations that are
based on similar electrically insulating materials, such as
epoxy resins.

[0092] The electrical insulator may be used for power
system components of high or medium voltage power
systems, without being limited thereto.

[0093] The electrical insulator may be used for a power
generation or power transmission system, without being
limited thereto.

BRIEF DESCRIPTION OF THE DRAWINGS

[0094] The subject-matter of the invention will be ex-
plained in more detail with reference to preferred exem-
plary embodiments which are illustrated in the attached
drawings, in which:

Figure 1 is a schematic representation of a power
system component comprising an electric insulation
according to an embodiment.

Figure 2 is a cross-sectional view of a capsule of an
electrical insulator according to an embodiment.
Figure 3 is a cross-sectional view of a capsule of an
electrical insulator according to an embodiment.
Figure 4 is a cross-sectional view of a capsule of an
electrical insulator according to an embodiment.
Figure 5 is a cross-sectional view of a capsule of an
electrical insulator according to an embodiment.
Figures 6 and 7 are cross-sectional views of an elec-
trical insulator according to an embodiment.

Figure 8 is a cross-sectional view of a test specimen.

DETAILED DESCRIPTION OF EMBODIMENTS

[0095] Exemplary embodiments ofthe invention will be
described with reference to the drawings in which iden-
tical or similar reference signs designate identical or sim-
ilar elements. While some embodiments will be described
in the context of specific exemplary electrically insulating
materials that may be based on an epoxy resin, poly-
urethane, polyethylene or other polymeric materials, with
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reference to exemplary fillers, and with reference to spe-
cific exemplary capsules, the embodiments are not lim-
ited thereto.

[0096] While some embodiments will be described in
the context of specific exemplary power system compo-
nents, such as cables of a transmission line, busbars, or
conductors in transformers, the electrical insulator ac-
cording to embodiments may be used in a wide variety
of other applications. The features of embodiments may
be combined with each other, unless specifically noted
otherwise.

[0097] Fig. 1is a schematic representation of a power
system component 10 comprising an electrical insulator
according to an embodiment. The power system compo-
nent 10 may be a component of a power generation or
power transmission system. The power system compo-
nent 10 may be a component of a high or medium voltage
power system. The power system component 10 may be
a power transmission cable, a busbar, a transformer, a
circuit breaker, a switchgear, a switch, a motor, a gener-
ator. Exemplary power system components 10 include
primary or secondary gas insulated switchgear, live tank
breakers, dead tank breakers, generator circuit breakers,
instrument transformers, other transformers, coils, bush-
ings, sensors, railway power components, vacuum
poles, or vacuum interrupters, without being limited
thereto.

[0098] The power system component 10 comprises an
electrical component 11, which may in particular be a
conductor, and an electrical insulation 20. The electrical
insulation 20 may be disposed to cover at least part of
the electrical component 11.

[0099] Theelectricalinsulation 20 according to embod-
iments is a composite system. The electrical insulation
20 may comprise

- an electrically insulating material 21, which may
comprise or which may be an epoxy resin, poly-
urethane, polyethylene and/or other polymer,

- capsules 30 that are dispersed in the electrically in-
sulating material 21, and which will be described in
more detail below,

- optionalfillers such as sag resistance or anti-settling
agents that may be used in the production process
to ensure a uniform distribution of the capsules 30,
and

- optional hardeners and/or accelerators.

[0100] As compared to conventional electrical insula-
tions, the electrical insulation 20 comprises capsules 30
thatare dispersed in a solid electrically insulating material
21. The capsules 30 are operative to inhibit growth of an
electrical tree, thereby enhancing the defect tolerance of
the electrical insulation 20.

[0101] The capsules 30 may respectively be microcap-
sules. The capsules 30 may respectively have a mean
diameter of less than 1000 pum, preferably less than 500
wm, preferably less than 100 wm. The capsules 30 may
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respectively have a mean diameter from 2 um to 1000
pm, optionally from 2 um to 500 pm.

[0102] The capsules 30 may be evenly distributed
throughout the electrically insulating material 21. The
capsules 30 may be distributed throughout the electrical-
ly insulating material 21 such that any volume of 1 cm3
of the electrical insulator includes from 2 vol-% to 50 vol-
% of the capsules.

[0103] The electrical insulation may comprise at least
1 wt-% of the capsules and/or at least 2 vol-% of the
capsules. The electrical insulation may comprise 7 wt-%
or more of the capsules. Alternatively or additionally, the
electrical insulation may comprise 2 vol-% or more of the
capsules. This ensures that a release of electrically in-
sulating liquid from the capsule into a cavity formed by
an electrical tree will mitigate further growth of the elec-
trical tree at an early stage, thereby increasing robust-
ness of the electrical insulation against electrical treeing.
[0104] Figures 2 to 5illustrate exemplary capsules 30.
The capsules 30 may respectively be configured as mi-
crocapsules. The capsules 30 may respectively have a
solid shell 31 that defines an interior volume 32. The cap-
sules 30 respectively have a silicone oil 36 or other elec-
trically insulating, low-viscosity liquid in the interior vol-
ume 32 defined by the shell 31. For illustration, a silicone
oil, mineral transformer oil, vegetable oil or a blend of
several such oils that is electrically insulating may be
provided in the interior volume 32.

[0105] By using an electrical insulation 20 that com-
prises capsules 30 having a shell 31 made of, for exam-
ple, melamine formaldehyde or polyoxymethylene urea
or other suitable shell material, and filled with an electri-
cally insulating liquid or a blend of several insulating lig-
uids 36 in the electrically insulating material 21, the
growth of electrical trees in the electrical insulation 20
can be stopped or impeded. The electrically insulating
liquid or a blend of several insulating liquids may include
low viscosity silicone oil(s), mineral transformer oil(s),
vegetable oil(s) or a blend of such oils.

[0106] The electrically insulating liquid may have a re-
sistivity from 103 Qmto 1020 Qm at25°C. The electrically
insulating liquid may have dielectric permittivity from 1 to
50 at 25°C and at 50 Hz.

[0107] During use of the electrical insulation 20, partial
discharges may cause electrical treeing to start. When
the electrical tree impinges on one or several of the cap-
sules 30, it causes the shell of the capsule(s) 30 to rup-
ture, releasing the electrically insulating liquid 36 into one
or several channels of the electrical tree.

[0108] The electrically insulating liquid 36 may be or
may comprise a silicone oil, mineral transformer oil, veg-
etable oil or ablend of such oils. The electrically insulating
liquid 36 may have a dynamic viscosity of equal to or less
than 100000 mm?2/s at 25°C (measured according to DIN
53019) and of equal to or more than 0.01 mm2/s at 25°C
(measured according to DIN 53019). The electrically in-
sulating liquid 36 may be or may comprise a blend of
various silicone liquids, or other oils, mixed so as to attain
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adynamic viscosity of equal to or less than 100000 mmZ2/s
and equal to or more than 0.01 mm?2/s (measured ac-
cording to DIN 53019). The electrically insulating liquid
36 may preferably have a dynamic viscosity at 25°C
(measured according to DIN 53019) which is from 1
mm2/s to 10000 mm?2/s.

[0109] The electrically insulating liquid 36 may be or
may comprise dimethyl polysiloxanes, mineral trans-
former oils, vegetable oils, or blends of several such oils.
[0110] The shell 31 may be made of a material which
is responsive to mechanical stress in the electrically in-
sulating material 21, causing the shell 31 to rupture in
response to the electromechanical stress caused by the
branches of an electrical tree. Alternatively or addition-
ally, the shell 31 may be made of a material which is
responsive to the electricfield caused by partial discharg-
es in electrical treeing, causing the shell 31 to rupture in
response to the electrical field caused by electrical tree-
ing.

[0111] Multilayer shell constructions may be used, as
explained with reference to Figures 3 and 4.

[0112] Figure 3 illustrates an exemplary capsule 30.
The capsule 30 may have a solid shell formed of an inner
layer 33 and an outer coating 34. The inner layer 33 may
be made of, for example, melamine formaldehyde or
polyoxymethylene urea or other suitable shell material.
The outer coating 34 may be made of or may comprise
a gelatin coating and/or a resorcinol coating.

[0113] Figure 4 illustrates an exemplary capsule 30.
The capsule 30 may have a solid shell formed of an inner
layer 33 and plural coating layers 34, 35. The inner layer
33 may be made of, for example, melamine formalde-
hyde or polyoxymethylene urea or other suitable shell
material. The coating layer 34 may be made of or may
comprise a gelatin coating or another material. The coat-
ing layer 35 may be made of or may comprise a resorcinol
coating or another material.

[0114] In the capsules 30 explained with reference to
Figures 2 to 4, the shell 31 or each layer 33, 34, 35 of
the shell may completely surround the interior volume
32, so as toretain the electrically insulating liquid therein.
[0115] The capsules 30 may respectively have a mean
maximum diameter of equal to or less than 1000 um,
preferably of equal to or less than 500 wm. The capsules
30 may respectively have a mean maximum diameter of
equal to or more than 2 um. The determination of the
mean maximum diameter will be exemplarily explained
with reference to Figure 5. A line 38 is determined such
that a distance 39 between the intersection of the line 38
and the outermost surface of the shell is maximum. The
distance 39 is referred to as maximum diameter. The
maximum diameters determined for at least ten capsules
is averaged to determine the mean maximum diameter.
[0116] Figures 6 and 7 are cross-sectional views of an
electrical insulation 20 according to an embodiment,
which illustrate the operation of the electrical insulation
20. Figure 6 depicts the electrical insulation in a state in
which branches 41a, 41b of a cavity 40 formed by an
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electrical tree impinge on capsules 30a, 30b embedded
within the electrically insulating material 21. When the
branches 41a, 41b formed by the electrical tree impinge
on the capsules 30a, 30b, the shell of the capsules is
ruptured. This releases the electrically insulating liquid
from the capsules 30a, 30b into the branches 41a, 41b
of the cavity 40. The electrically insulating liquid impedes
growth of the electrical tree. For illustration, the electri-
cally insulating liquid may mitigate the risk of further par-
tial discharges occurring.

[0117] In order to manufacture the electrical insulation
according to an embodiment, a polymeric material in the
liquid phase, such as a liquid epoxy resin, polyethylene,
polyurethane or other polymeric material, may be mixed
with capsules 30 having a shell and an electrically insu-
lating liquid within the shell. Polymeric materials other
than epoxy resin may be used. For illustration, the poly-
meric material may comprise or may be a thermoset or
thermoplast or elastomer or mixture or blend or co-poly-
mer of these polymers.

[0118] The mixture may comprise optional additional
fillers, optional hardeners, and/or optional accelerators.
[0119] The mixture may comprise at least 1 wt-% of
the capsules and/or at least 2 vol-% of the capsules. The
capsules may have the configuration explained with ref-
erence to Figures 1 to 7 above.

[0120] The mixture may comprise a sag resistance or
anti-settling agent that mitigates the risk of the capsules
settling in the mixture. The mixture may comprise 0.05
to 10 wt-% of anti-settling agent. The epoxy resin may
be processed into a solid to form the electrical insulation.
Forillustration, curing or other hardening techniques may
be employed.

[0121] The method may comprise optional post-
processing after hardening the mixture. The method may
comprise applying the electrical insulation to an electrical
component, in particular a conductor, of a power system
component.

[0122] The electrical insulation according to embodi-
ments provides enhanced defect tolerance compared to
conventional electrical insulations, in particular as re-
gards the time to breakdown by electrical treeing.
[0123] Tests were performed that evidence the im-
proved characteristics of the electrical insulation accord-
ing to embodiments.

[0124] Figure 8 shows a test specimen having a body
of an electrical insulation 50. A planar electrode 51 is
applied on one face of the body 50. A pin electrode 52
is inserted on the opposite face. Polydimethylsiloxan
(PDMS) 53 may be applied to the face on which the pin
electrode 52 enters the body 50.

[0125] Comparative samples A and inventive samples
B were produced to have the following composition of
the body 50:

Comparative sample A: up to 65% standard silica SiO,
and epoxy resin.

[0126] Inventive sample B: up to 65 wt-% standard sil-
ica SiO,; between 0.01 to 10 wt-% of anti-settling agent
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and 1-20 wt-% of microcapsules; and epoxy resin. The
total weight of fillers in inventive samples of type B always
matched the weight of fillers in comparative samples of
type A.

[0127] Twelve test specimens were respectively pro-
duced for sample A and twenty four for sample B.
[0128] The time to breakdown was measured. The
same voltage was applied to the test specimens of com-
parative sample A and the test specimens of inventive
sample B.

[0129] The measured time to breakdown for the com-
parative samples A is summarized in the following Table
1:

Table 1

time to breakdown [hours]

Sample type
A 90
388
455
482
502
559
617
764
867
980
1273
1287

- e s s i i A

[0130] None of twenty four inventive samples B failed
while being under voltage for more than 1900 hours.
Twelve inventive samples B were operating for more than
3400 hours without failure at the time of drafting of this
application.

[0131] The electrical insulation according to embodi-
ments which comprises capsules filled with an electrically
insulating liquid as an electrical tree inhibiting material
provides various effects and advantages. Robustness to
defects such as electrical trees is enhanced. Capsules
filled with low-viscosity insulating liquids, e.g., silicone
oils, mineral transformer oils, and/or vegetable oils or
blends thereof have various desirable characteristics.
The silicone oil has a lower carbon content than, e.g.,
the epoxy. A range of viscosities is available, facilitating
the selection of a low-viscosity liquid that can easily and
rapidly flow into the branches of an electrical tree. Sili-
cone oil turns into silica sand during decomposition.
[0132] The electrically insulating liquid contained with-
inthe capsules may containfillers, such as nanoparticles.
[0133] Whenthe electrically insulating liquid in the cap-
sules is non-UV-curing, various further desirable effects
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are attained. UV curing systems are prone to curing by
themselves without action of UV light from partial dis-
charges in the treeing channels within several weeks.
The non-UV-curing electrically insulating liquids used in
embodiments of the electrical insulation are suitable for
use on power system components with an expected life-
time of 10 to 40 years.

[0134] An electrical insulation and methods according
to the invention may be used in association with a power
system component, e.g., a power generation or power
transmission system. The electrical insulation may in par-
ticular be used for isolating a power transmission cable,
a busbar, a transformer, a circuit breaker, a switchgear,
a switch, a bushing, a spacer, a motor, or a generator,
without being limited thereto. Exemplary power system
components that may comprise the electrical insulation
according to an embodiment may include primary or sec-
ondary gas insulated switchgear, live tank breakers,
dead tank breakers, generator circuit breakers, instru-
ment transformers, other transformers, coils, bushings,
sensors, railway power components, vacuum poles, or
vacuum interrupters.

[0135] While the invention has been described in detail
in the drawings and foregoing description, such descrip-
tion is to be considered illustrative or exemplary and not
restrictive. Variations to the disclosed embodiments can
be understood and effected by those skilled in the art and
practising the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims. In the
claims, the word "comprising" does not exclude other el-
ements or steps, and the indefinite article "a" or "an" does
not exclude a plurality. The mere fact that certain ele-
ments or steps are recited in distinct claims does not
indicate that a combination of these elements or steps
cannot be used to advantage, specifically, in addition to
the actual claim dependency, any further meaningful
claim combination shall be considered disclosed.

Claims
1. An electrical insulation (20), comprising:

an electrically insulating material (21), and

an electrical tree inhibiting material in the elec-
trically insulating material (21), the electrical tree
inhibiting material comprising a plurality of cap-
sules (30) having a shell (31; 33, 34; 33-35) and
an electrically insulating liquid (36) within the
shell (31; 33, 34; 33-35).

2. The electrical insulation (20) of claim 1, wherein the
electrically insulating liquid (36) comprises a silicone
oil, a mineral transformer oil or a vegetable oil, or
their blends, optionally wherein the electrically insu-
lating liquid contains one or several fillers, optionally
wherein the one or several fillers comprises a sag
resistance agent.
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3.

10.

1.

12.

13.

The electrical insulation (20) of claim 1 or claim 2,
wherein the electrically insulating liquid (36) has a
viscosity of equal to orless than 100000 mm?2/s, pref-
erably of equal to or less than 10000 mm?/s.

The electrical insulation (20) of any one of the pre-
ceding claims, wherein the electrically insulating lig-
uid (36) has a viscosity of more than 0.01 mm?/s,
preferably of more than 1 mmZ/s.

The electrical insulation (20) of any one of the pre-
ceding claims, wherein the electrically insulating lig-
uid (36) is a non-UV-curing electrically insulating lig-
uid (36).

The electrical insulation (20) of any one of the pre-
ceding claims, wherein a root-mean-square value of
a maximum diameter (39) of the capsules (30) is not
more than 1000 pm, preferably not more than 500
wm, further preferably not more than 100 pm.

The electrical insulation (20) of any one of the pre-
ceding claims, wherein the shell (31; 33, 34; 33-35)
comprises melamine formaldehyde or polyoxymeth-
ylene urea or other materials.

The electrical insulation (20) of any one of the pre-
ceding claims, wherein the shell (31; 33, 34; 33-35)
isfree of TiO, and/or wherein the shell (33, 34; 33-35)
is formed of a multi-layer system having several lay-
ers and/or wherein the shell (31) contains one or
several fillers.

The electrical insulation (20) of any one of the pre-
ceding claims, wherein the capsules (30) are dis-
persed in the electrically insulating material (21).

The electrical insulation (20) of any one of the pre-
ceding claims, wherein the electrical insulation (20)
comprises at least 1 wt-% of the capsules (30) and/or
at least 2 vol-% of the capsules (30).

The electrical insulation (20) of any one of the pre-
ceding claims, wherein the electrically insulating ma-
terial (21) is an epoxy resin or comprises an epoxy
resin, polyurethane or polyethylene or other poly-
mer(s).

A power system component (10), comprising:

an electrical component (11), in particular a con-
ductor, and

the electrical insulation (20) according to any
one of the preceding claims.

The power system component (10) according to
claim 12, wherein the power system component (10)
is a power transmission cable, a busbar, atransform-
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15.
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er, a circuit breaker, a switchgear, a switch, a bush-
ing, a spacer, a motor, or a generator.

Use of the electrical insulation (20) of any one of
claims 1 to 11 for impeding growth of an electrical
tree, wherein the shell (31; 33, 34; 33-35) of at least
one capsule (30) ruptures to release the electrically
insulating liquid (36) into a cavity (40) formed by an
electrical tree when the electrical tree impinges onto
the shell (31; 33, 34; 33-35) of the at least one cap-
sule, such that the electrically insulating liquid (36)
flows into the cavity (40) formed by the electrical tree
and thereby impedes growth of the electrical tree
(40).

A method of producing an electrical insulation (20),
the method comprising:

forming a mixture comprising a polymeric mate-
rial and a plurality of capsules (30) in the poly-
meric material, wherein each of the capsules
(30) has a shell (31; 33, 34; 33-35) and an elec-
trically insulating liquid (36) within the shell (31;
33, 34; 33-35), and

processing the mixture into a solid electrical in-
sulation (20).
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