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(67)  The presentinvention is concerned with the field
of power electronics, such as an induction electric appa-
ratus, in particular a medium frequency transformer 1.
The transformer 1, at least comprises a core 2, a primary
winding 3, a secondary winding 4, at least one cooling
channel 5, and an enclosure 6, wherein the enclosure 6
accommodates the core 2, the primary winding 3, the
secondary winding 4, and the cooling channel 5 and the
enclosure 6 is filled with an insulating medium 7. The
least one cooling channel 5 is provided for cooling of the
primary winding 3, the secondary winding 4, the enclo-
sure 6 and/or the insulating medium 7. An insulating el-
ement 8 is placed between the primary winding 3 and
the secondary winding 4, wherein a first conducting
shield 9 is placed between the insulating element 8 and
the primary winding 3 and a second conducting shield
10 is placed between the insulating element 8 and the
secondary winding 4. Further the first conducting shield
9 is electrically connected to the primary winding 3 and
the second conducting shield 10 is electrically connected
to the secondary winding. The first cooling channel 5 is
placed between the first conducting shield 8 and the pri-
mary winding 3.
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Description
FIELD OF THE INVENTION

[0001] The invention relates to the field of power elec-
tronics, such as an induction electric apparatus, in par-
ticular a transformer.

BACKGROUND OF THE INVENTION

[0002] Aninduction electric apparatus such as a trans-
former is part of a general power network system, in par-
ticular for transmitting power from a power plant to con-
sumers. However, the transformer may be located in an
environment where space is limited. Thus, the transform-
er needs to be designed to fit the limited space. An issue
arising from said limited space is an required insulation
between a primary and a secondary winding of the trans-
former starting to dominate the transformer size at high
frequencies and/or small power. This issue may be re-
solved by filling the transformer, i.e. its enclosure, with a
solid insulating material such as silicone.

[0003] At the same time a power density of the trans-
former needs to be increased to put large amounts of
power through said apparatus. However, the power den-
sity of the transformer is generally limited by a maximum
operating temperature. The maximum operating temper-
ature depends on ambient temperature, energy losses
during operation of the apparatus, and a thermal energy
transfer of a region from an internal hot spot region. By
filling the transformer with a solid insulating material the
heat transfer away from said hot spots within the trans-
former is limited. Therefore, improving the heat transfer
through the transformer components is critical to reduce
volume as well as weight of the transformer and its com-
ponents.

[0004] Formedium frequency transformers by increas-
ing the operating frequency size and weight of its com-
ponents may be reduced. However, for said transformers
the operating frequency can only be increased up to a
maximum operating frequency due to several limiting fac-
tors such as an increasing operating temperature with
increased frequency-dependent losses and reduced
transformer size, required frequency-independent mini-
mum insulation distances, or minimum insulation dis-
tances between the primary and the secondary winding.
In particular, the minimum distances between the primary
and secondary winding is determining the size of the
transformer if its size is reduced by employing high fre-
quencies. In addition, the increasing loss density and the
maximum operating temperature require improved cool-
ing of the transformer.

[0005] Document GB 853,913 describes a transform-
er, including a high-voltage layer winding, having one or
more stress-distributing shields arranged between wind-
ing layers which are parallel connected. Electrically con-
ductive shields are provided between the layers and are
connected to the start and finish of the winding respec-
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tively. Electrostatic rings are provided in which the space
between the layers forms a cooling duct. However, the
optional cooling ducts in the prior art are located in the
electric field between the shields, and the electric field
will concentrate in said cooling ducts. This effect is inten-
sified for a solid insulation between the windings for in-
stance silicone gel. This will result in partial discharge
within the cooling ducts leading to damage of the insu-
lation of the transformer.

DESCRIPTION OF THE INVENTION

[0006] It is therefore an objective of the invention to
provide a transformer with an increased power density.
This objective is achieved by a transformer with an insu-
lating element between a primary and a secondary wind-
ing, a conducting shield, and a cooling channel according
to claim 1. Preferred embodiments are evident from the
dependent patent claims, wherein the claim dependency
shall not be construed as excluding further meaningful
claim combinations.

[0007] According to the invention, a transformer is at
least comprising a core, a primary winding, i.e. a coil, a
secondary winding, at least one cooling channel, i.e. a
pipe or duct, and an enclosure such as a casing, shell,
or hull. The enclosure accommodates, i.e. receives or
contains, the core, the cooling channel, and the primary
winding and the secondary winding for instance such that
the primary winding and the secondary winding are en-
tirely enclosed, i.e. received or contained, by the enclo-
sure. The enclosure is further filled with an electrically
insulating medium or agent, i.e. an insulation medium,
enabling heat transfer from the primary winding and the
secondary winding to the cooling channel which acts as
a thermal conductor guiding the heat from inside the en-
closure to the ambient or a further cooling system outside
the enclosure. This way the cooling channel provides
cooling for the primary and secondary winding, the core,
the insulating medium, and the enclosure.

[0008] Furtheraninsulating element forinstance a sol-
idinsulating element, i.e. acore, base, orkernel, is placed
between the primary winding and the secondary winding.
The insulating element may be suited to receive a large
electric field for instance due to a potential difference, i.e.
voltage difference, between the primary and secondary
winding. In order to confine the electric field in the insu-
lating element a first conducting shield, i.e. an element,
unit, screen, or buffer is placed between the insulating
element and the primary winding and a second conduct-
ing shield is placed between the insulating element and
the secondary winding. To limit or confine the electric
field in the insulating element, the first conducting shield
is electrically connected to the primary winding and the
second conducting shield is electrically connected to the
secondary winding. This way the potential between the
primary and secondary winding is transferred to the first
and second conducting shield such that the electric field
is confined in or limited to the insulating element.
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[0009] Eventually, to allow proper cooling of the trans-
former, the first cooling channel is placed between the
first conducting shield and the primary winding. The cool-
ing channel may therefore be in direct contact with the
insulating medium. This way the first cooling channel may
transfer heat produced in the transformer, e.g. by the
primary and secondary windings, to the outside of the
transformer for instance the cooling channel may be part
of a larger cooling system. By confining the electric field
in the insulating element large electric fields are not
present in the cooling channel and thus no partial dis-
charges with subsequent damage for instance to the in-
sulating medium is possible. This leads to an increased
reliability and a prolonged lifetime of the transformer.
[0010] Inorderto allow for a robustdesign with minimal
volume, controlling electrical stress at a periphery of the
conducting shields is necessary. The periphery of the
conducting shield gives rise to two major issues to be
considered, first an increased or enhanced surface elec-
tric field from the conducting shield along an interface
with the insulating element leading to surface and corona
discharges with arisk for flashover breakdown, i.e. a volt-
age breakdown along the surface; and second an in-
creased or enhanced electric field penetrating into the
insulating element leading to heightened stress and dis-
charges in the insulating element and eventually to die-
lectric breakdown.

[0011] In one embodiment of the invention, the periph-
ery, i.e. border or boundary, of the first and the second
conducting shield is drawn-in, i.e. retracted or recessed
with respect to a periphery of the insulating element and
wherein one of the first or second conducting shields is
drawn-in further than the other conducting shield. For
instance the conducting shield may be drawn-in on one
side for roughly the width, i.e. thickness, of the insulating
element, wherein the other conducting shield on the op-
posite side of the insulating element is drawn-in twice or
more the width, i.e. thickness, of the insulating element.
This way an easy to build design is provided to reduce
the stress on the periphery of the conducting shield. How-
ever, in order to improve the stress reduction a further
insulating element may be placed on the periphery of the
insulating element covering the periphery of the conduct-
ing shields.

[0012] A further embodiment of the invention includes
a nonlinear resistive field grader or a field grading mate-
rial placed between at least one of the first or second
conducting shields. The field grader is drawn-in with re-
spect to the periphery of the insulating element and is
drawn-in less than said conducting shield in the periph-
ery. i.e. covers a greater area than the conducting shield.
In this embodiment surface and bulk electric fields are
effectively reduced. The nonlinear material of the field
grader must have the correct switching field strength,
which is the electric field strength at which the material
switches from the insulating to the conductive mode. The
switching field strength must be in the order of the ratio
between maximum voltage applied and length or area of
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the field grading layer on the insulating element.

[0013] In this embodiment the width, i.e. thickness, of
the insulating element may be significantly reduced com-
pared to the design without the field grader. The conduct-
ing shield on one side may be placed on top of the field
grader and its periphery may be drawn-in about twice as
much a periphery of the field grader with respect to the
periphery of the insulating element. At the same time the
second conducting shield may be drawn-in less than the
width, i.e. thickness, of the insulating element. However,
in order to improve the stress reduction a further insulat-
ing element may be placed on the periphery of the insu-
lating element covering the periphery of the conducting
shields.

[0014] An exemplary design of the nonlinear resistive
field grading layer is mixing ZnO microvaristor for in-
stance in a polymer matrix. As ZnO microvaristor elec-
trical characteristics can be widely tailored by specific
doping and processing, e.g. the switching field strength
ranging from 50V/mm up to 5000V/mm, and high nonlin-
earity is achieved with ZnO microvaristors. The nonline-
arity is important since the higher the nonlinearity coef-
ficient of the material, the better is its field grading per-
formance, i.e., the lower a leakage current, and the less
its frequency dependence. Other material or fillers for
nonlinear resistive field grading may be SiC, doped SnO,
or carbon black. Alternatively, other field grading meth-
ods such as linear resistive field control or refractive field
grading may be considered.

[0015] In yet a further exemplary embodiment of the
invention a periphery of atleastone of the firstand second
conducting shields is curved away from the insulating
element and wherein the insulating element has an en-
larged periphery section, i.e. T-section or T-shaped pe-
riphery, supporting the curved periphery of said conduct-
ing shield. This way geometric field control via curved
shields is provided. This is an effective field control to
lower bulk and surface electric fields. However, in order
to improve the stress reduction a further insulating ele-
ment may be placed on the periphery of the insulating
element covering the periphery of the conducting shields.
The distance from the periphery of the first and second
conducting shields is around the width, i.e. thickness, of
the insulating element in the center of the insulating el-
ement. In this embodiment the width, i.e. thickness, of
the insulating element at least in the center of the insu-
lating element may be significantly reduced compared to
the design without the curved conducting shields.
[0016] In a further variant of the invention, the trans-
former is a medium frequency transformer, wherein the
primary winding and the secondary winding are formed
of Litz wire and/or foil winding and wherein further the
primary winding and the secondary winding are placed
on the core forming a gap between the primary winding
and the secondary winding.

[0017] In an advantageous embodiment of the inven-
tion, the cooling channel and/or the core are in direct
contact with the insulating medium. In other words no
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gap, i.e. an air gap, is in between the core and the insu-
lating medium. This way partial discharges, thus damage
to the transformer, are avoided. In addition, heat transfer
from the insulating medium to the cooling channel and
the core isimproved through the direct contact. The direct
contact between the insulating medium and the cooling
channel and the core may be particularly relevant for a
medium frequency transformer, where high voltages may
cause partial discharges and high frequencies may
cause high amounts of heat.

[0018] In a variant of the invention, the cooling chan-
nels are part of a circulation system, e.g. comprising a
pump and further supply and drain channels, provided
with a cooling medium, i.e. liquid or gas, flowing through
the cooling channel. This way the transformer may be
actively cooled. For better cooling a more dense cooling
liquid may be used. However, for a less dense cooling
liquid, e.g. gas, the circulation system such as the pump
may be a less sophisticated device for instance for air no
tight sealing may be necessary.

[0019] In yet a further embodiment of the invention a
second cooling channel is placed between the second
conducting shield and the secondary winding. This way
the cooling properties may be further improved and more
heat may be transferred away from the hot spots of the
primary and secondary windings. This may be necessary
for applications causing a large amount of heat in the
transformer. For other applications the transformer may
be implemented more simple with only the first cooling
channel.

[0020] In another variant of the invention a cooling el-
ement such as cooling plates, e.g. heat sink, cold plate,
or two-phase cooling, is placed on the core, the insulating
element, the insulating medium, and/or the enclosure for
cooling of the transformer. This way the cooling element
may provide a further way of transporting heat away from
hot spots in the transformer and may be combined with
the cooling channels and the circulation system.

[0021] In an advantageous embodiment of the inven-
tion, the insulating medium is one of a silicone gel, trans-
former oil, silicone-based or fluorinated hydrocarbons,
polyurethane, synthetic rubber, any mix of these materi-
als or any other similar material suited for cooling. A suit-
ed material may be for instance stable or suited for a
temperature ranging between -40°C and +150°C and
may have further a dielectric breakdown strength for in-
stance from 15 to 22kV/mm. However, different param-
eters may apply for some applications.

[0022] In yetanother embodiment of the invention, the
insulating medium is a liquid and filled in the enclosure
for instance from a top side of the enclosure. In this em-
bodiment, the enclosure provides additional space for
expansion of the insulating medium due to cycling and
aging of the insulating medium within the enclosure. Sil-
icone Gel used for power electronic modules is specified
generally for temperature ranges between -40° and
+150°C, i.e. for usage in 6.5kV power electronics mod-
ules with an expected 25 years of lifetime. Dielectric
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breakdown strength is typically 15 - 22kV/mm. Break-
down strength itself is not dependent on aging as the
chemical structure is not changed, it is much more de-
pendent on filling quality, voids and moisture uptake and
partial discharge which depend mainly on processing and
operation conditions. In order to prevent mechanical con-
straints for the silicone gelfilling, the enclosure containing
the silicone gel is filled from the top side with space pro-
vided for material expansion and contractions due to cy-
cling and aging. This way the lifetime of the insulating
medium may be improved.

[0023] In one embodiment, the transformer may be a
single-phase, three-phase, or multi-phase transformer,
i.e. a shell-type or core-type transformer.

[0024] In yet another embodiment, a cross-section of
the insulating medium in an opening, i.e. a winding win-
dow or cut, of the core is greater than the cross-section
of the primary winding and the secondary winding in said
winding window, i.e. a copper-filling-factor of a winding
window of the core is below 50%.

[0025] The inventionimproves the cooling of the trans-
former, thus, the power density of said transformer may
be increased or at a given power and insulation voltage
the transformer may be designed with a reduced weight
and with reduced size compared to the prior art. The in-
vention further provides a significant cost-, weight- and
volume-reduction for a transformer in particular for a me-
dium frequency transformer, especially if there are high
voltages between primary- and secondary winding. Fur-
ther yet a simple and effective cooling of the windings
via convection very close to the windings and significantly
reduced reliability problems associated with partial dis-
charge in solid insulation materials and/or the cooling
system are provided by the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The subject matter of the invention will be ex-
plained in more detail in the following text with reference
to preferred exemplary embodiments which are illustrat-
ed in the attached drawings, in which:

Fig.1  schematically shows the a cross-section of a
shell-type transformer along a horizontal plane
through transformer with an insulating element
between primary and secondary winding;
schematically shows a another view along the
section II-Il of the shell-type transformer of Fig.1
with the insulating element, the cooling channels
and cooling elements;

schematically shows an insulating element of
the transformer of Fig. 1 and 2 and having con-
ducting shields;

schematically shows another embodiment of an
insulating element with anonlinear resistive field
grader and

schematically shows another embodiment of an
insulating element with a curved periphery.

Fig.2

Fig.3

Fig.4

Fig.5
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[0027] The reference symbols used in the drawings,
and their meanings, are listed in summary form in the list
of designations. In principle, identical parts are provided
with the same reference symbols in the figures.

DETAILED DESCRIPTION OF PREFERRED EMBOD-
IMENTS

[0028] Fig.1 schematically shows a cross-section of a
transformer 1 along horizontal plane of the transformer.
The transformer, i.e. medium frequency transformer of a
shell-type, atleast comprising a core 2, a primary winding
3, a secondary winding 4, at least one cooling channel
5, and an enclosure 6. The windings 3, 4 may be formed
from Litz wire and/or foil winding, in particular for a me-
dium frequency transformer. The enclosure 6 accommo-
dates the core 2, the primary winding 3 and the secondary
winding 4 such that the primary winding 3 and the sec-
ondary winding 4 is entirely enclosed by the enclosure
6. Further the enclosure 6 is filled with an insulating me-
dium 7 enabling heat transfer from the primary winding
3 and the secondary winding 4 to the cooling channel 5.
[0029] Between the inner primary winding 3 and the
surrounding secondary winding 4 an insulating element
8is placed as dielectric barrier. In the shown embodiment
the insulating element 8 fully surrounds the secondary
winding 4, where the primary winding 3 surrounds the
insulating element 8. On the sides facing the primary
winding 3 and the secondary winding 4 insulating shields
9 and 10 are placed on the insulating element 8. Said
conducting shields 9 and 10 are ring shaped as well.
Further said conducting shields 9 and 10 are electrically
connected to the primary winding 3 and the secondary
winding 4 respectively such that the conducting shield 9
is at the same potential as the primary winding 3 and the
conducting shield 10 is at the same potential as the sec-
ondary winding 4. This way the electric field caused by
the potential difference between the primary winding 3
and the secondary winding 4 is transferred to be between
the conducting shields 9 and 10. By placing the conduct-
ing shields 9 and 10 on the insulating element 8 the elec-
tric field is further confined in the insulating element 8.
Conducting shields 9 and 10 are placed on the insulating
element 8 without an air gap, in between, thus avoiding
partial discharges in the gap. This way no partial dis-
charges may occur in the cooling channel 5 or the insu-
lating medium 7, thus avoiding damage to the transform-
er 1 and increasing reliability of the transformer 1 and
further prolonging its lifetime.

[0030] The insulating medium 7 may be in direct con-
tact with the cooling channel 5 and the primary and sec-
ondary winding 3 and 4. The insulating medium also
serves as a heat conductor to transfer heat away from
hot spots in the transformer 1, i.e. the primary and sec-
ondary winding 3 and 4. By directly contacting the insu-
lating medium 7 with the cooling channel 5 and the pri-
mary and secondary winding 3 and 4 it is ensured that
heat is properly conducted away from the hot spot and

10

15

20

25

30

35

40

45

50

55

transferred away from the transformer 1 by the cooling
channel 5. For improved cooling properties a second
cooling channel 15 may be placed on the opposite side
of the insulating element 8, i.e. facing the secondary
winding 4. This way an improved heat transport away
from the secondary winding 4 is enabled.

[0031] The cooling channels 5 and 15 may be imple-
mented as pipes or ducts, or as shown in Fig.1 as a plu-
rality of pipes. The plurality of the pipes allows to increase
the surface area which is cooled, and allows to adjust
the pressure drop in the pipes for optimizing the coolant
flow. This way any cooling liquid may be used to be
pumped through the cooling channels 5 and 15. An al-
ternative would be the use of air ducts in the insulating
medium 7 as cooling channels 5 and 15. For instance in
this case the insulating medium 7 may have gaps ex-
tending through the transformer 1. This may be a simple
way of providing cooling channels 5 and 15 by forcing
for instance air or any other suitable cooling gas through
said gaps. This simple cooling option may be suitable for
some applications with less heat production in the trans-
former 1.

[0032] Furtherthe cooling channels 5 and 15 may sur-
round or may be surrounded by the insulating element 8
along all sides. This may be balanced by the ratio of nec-
essary insulation between the primary and secondary
winding 3 and 4 and the necessary cooling provided by
the cooling channels 5 and 15. For an application requir-
ing high power density and high efficiency, the volume
of the cooling channels 5 and 15 may be reduced by
confining the cooling channels 5 and 15 to only one or
two main sides of the insulating element 8 or by reducing
its width over one side of the insulating element 8 as
shown in Fig. 1.

[0033] Fig. 2 schematically shows a view as marked
by the arrow along the section lI-Il of the shell-type trans-
former 1 of Figure 1 with the insulating element 8, the
cooling channels 5 and 15 and in addition to what is
shown in Figure 1 with cooling elements 19. The view of
the transformer 1 is however for simplicity shown only
partly in Fig. 2, where the shell-type transformer 1 is sym-
metrical and the shown features are to be mirrored on
the right side of the core 2. The conducting shields 9 and
10 are placed on the insulating element 8 symmetrically,
i.e. on one side facing the primary winding 3 and on an-
other side facing the secondary winding 4. The insulating
element 8 and the conducting shields 9 and 10 are ring
shaped and surround the central leg of the transformer
core 2. The conducting shields 9 and 10 are further
drawn-in direction of the axis A and with respect to a
periphery 11, 21 of the conducting shield respectively
and to a periphery 12 of the insulating element 8. The
axis A is defining the vertical direction of the transformer
1. With other words, the conducting shields 9 and 10 are
of reduced length in direction of axis A in respect of the
extension of the insulating element 8 in the direction of
axis A. This way peak fields on the periphery 12 of the
insulating element 8 are avoided and the lifetime of the
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insulating element 8 is increased.

[0034] Further the conducting shields 9 and 10 are
electrically connected to the primary and secondary
windings 3 and 4. For this an electrical connection 17
connects the primary winding 3 with the conducting shield
9 and an electrical connection 18 connects the secondary
winding 4 with the conducting shield 10. This way the
conducting shield 9 is on the same electrical potential as
the primary winding 3 and the conducting shield 10 is on
the same electrical potential as the secondary winding
4 . The electric field caused by the potential difference
of the primary and secondary winding 3 and 4 is then
confined between the conducting shields 9 and 10, where
the insulating element 8 is made of a suitable material to
further confine the electric field only to the insulating el-
ement 8. In addition the insulating medium 7 is in direct
contact with the conducting shields 9 and 10, the insu-
lating element 8, the cooling channels 5 and 15, the pri-
mary and secondary windings 3 and 4, the core 2, and
with the enclosure 6 in order to avoid any gaps, i.e. air
gaps between the components which may lead to partial
discharges and damage to the transformer 1. This way
the invention avoids partial discharges and damage to
any parts of the transformer 1 and further prolonging the
lifetime of the transformer 1.

[0035] In addition, the core 2 may be employed as a
cooling element by serving as a heat sink which may be
additionally cooled by the cooling channels 5 and 15.
Furtheryet, an cooling element 19 such as cooling plates,
e.g.aheat sink, cold plate, or atwo -phase cooling maybe
placed on the core 2, the insulating element 8, the insu-
lating medium 7, and/or the enclosure 6 for cooling of the
transformer 1. The cooling element 19 on the top and the
bottom side of the enclosure 6 as shown in Fig. 2 is a
heat sink with fins and a base, where the fins are increas-
ing a surface area of the heat sink to increase the amount
of dissipated heat via the heat sink to ambient. Other
implementations of the cooling element 19 may be more
sophisticated and require a cooling system with a cooling
liquid, ducts, and a pump. Such a sophisticated cooling
system may be necessary in some applications where
large amounts of heat need to be dissipated from the
transformer 1The cooling element 19 may be placed for
instance on the core 2 or be in direct contact with the
insulating medium 7.

[0036] The cooling channels 5 and 15 may be part of
a larger cooling system as well. In this case a cooling
liquid is forced through the cooling channels 5 and 15.
The cooling liquid may be a liquid or gas, where a more
dense liquid may provide better heat transport and thus
better cooling of the transformer 1. However, tight sealing
of supply and drain ducts connected to the cooling chan-
nels 5 and 15 may be necessary so that no cooling liquid
spills. Further a pump may be necessary to force the
cooling liquid through the cooling channels 5 and 15 and
the supply drain ducts respectively.

[0037] Further for increased heat transfer from the pri-
mary winding 3 and the secondary winding 4 to the cool-
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ing channels 5 and 15, the insulating medium 7 may be
one of a silicone gel, transformer oil, silicone-based or
fluorinated hydrocarbons, polyurethane, synthetic rub-
ber. For instance, a thermal conductivity of silicone gel
can be higher than 20 times the thermal conductivity of
air. Further, compared to oil, the thermal conductivity may
be about a factor 8 higher. Further yet, epoxy filling has
a thermal conductivity comparable to silicone gel, but as
a solid material, serious reliability problems may occur
such as cracks due to thermal cycling, partial discharge
in cracks and voids. However, in case these issues are
controlled epoxy filling may also be a suitable insulating
medium 7. An advantage of silicone gel over other ma-
terial is its high breakthrough field strength which allows
insulation distances within the transformer 1, especially
between windings 3, 4 and core 2, to be reduced by about
a factor three or more compared to air insulation.
[0038] The invention allows reducing size and further
simplifying the cooling of a transformer 1. The heat, i.e.
thermal losses, flows from the windings 3, 4 via thermal
conduction through the insulating medium 7 to the cool-
ing channels 5 and 15. This configuration not only allows
shrinking the component size significantly but also allows
improved cooling.

[0039] Inone embodiment of the invention, the copper
cross section of the windings 3, 4 fills less than 50% of
the winding window of the core 2.

[0040] For instance the insulating medium 7 may be
supplied initially as two liquid components for mixing. The
two components start cross linking after mixing. In a fol-
lowing step the mixture of the two liquid components is
further cured. However, other material may be supplied
as a granulate which is filled in the enclosure 6 and is
further distributed or melted in the enclosure 6, i.e. by
applying heat for a specified period of time. This may be
carried out while placing the enclosure 6 for instance on
a table where the granulate or the melted insulating ma-
terial 7 may not leak or may only get in contact with the
table top. After a cooling period the insulating material 7
solidifies and tight sealing of the enclosure is not neces-
sary. Any material on the outside of the enclosure that
may have leaked can be removed easily after solidifica-
tion. However, proper outgassing of the material is nec-
essary

[0041] Fig. 3 shows a cross-section of another embod-
iment of the insulating element 8 with the conducting
shields 9 and 10 as it may be implemented in the trans-
former 1 of Figure 1 and 2, where the conducting shields
9, 10 are placed on the insulating element 8 such that
stress on the periphery 11 and 21 of the conducting
shields 9 and 10 may be controlled. The periphery 11,
21 of the conducting shields 9 and 10 give rise to two
major issues to be considered. At first a surface electric
field of the surface of the conducting shields 9 and 10
along an interface with the insulating element 8 may be
increased and thus leading to surface and corona dis-
charges with arisk for flashover breakdown, i.e. a voltage
breakdown along the surface. At second an electric field
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penetrating into the insulating element 8 may be in-
creased and thus leading to heightened stress and dis-
charges in the insulating element 8 and eventually to di-
electric breakdown.

[0042] The embodiment shown in Fig. 3 shows the pe-
riphery 11 and 21 of the conducting shields 9 and 10
drawn-in or recessed with respect to the periphery 12 of
the insulating element 8. This way peak electric fields on
the periphery 12 of the insulating element 8 are avoided
and this results in a longer lifetime of the insulating ele-
ment 8. In difference to what is shown in Figure 2, the
periphery 11 of the conducting shield 9 in Figure 3 is
drawn-in more than the periphery 21 of the conducting
shield 10. Thus, resulting in a slight asymmetric place-
ment of the conducting shields 9 and 10 on the insulating
element 8. This way peak electric fields are further re-
duced. In addition, a insulating cover element 16 may be
placed on one end of the insulating element 8 for further
protection of the periphery 11, 21 of the conducting
shields 9 and 10 and the periphery 12 of the insulating
element 8. The s insulating cover element 16 is covering
the periphery 11 and 21 of the conducting shields and
may have a U-shaped cross-section. In this case another
insulating cover element 20 is placed on the opposite
side of the insulating cover element 16 on the insulating
element 8 to cover both ends of the insulating element 8.
[0043] Fig 4. shows a cross-section of an insulating
element 8 as shown in Figure 3 and having in addition a
nonlinear resistive field grader 14 placed in between the
insulating element 8 and the conducting shield 9. The
field grader 14 covers an area greater than the conduct-
ing shield 9 and has therewith an larger extension in the
vertical direction of the transformer 1 compared to the
extension of the conducting shield 9 in this direction. The
field grader 14 reduces surface and bulk electric fields
effectively. At the transition of an electric field from one
medium to another medium, electric stresses harmful to
the electric equipment can ensue due to a discontinuity
in the electric field. Field grading or field grading material
is causing the capacitance and electric stress to be more
uniformly distributed between the conducting shield 9
and the insulating element 8. The application of such a
field grading material as a field grader 14 results for in-
stance in an increase of the breakdown voltage.

[0044] The nonlinear material of the field grader 14
must be designed to have the correct switching field
strength which is the electric field strength at which the
material switches from the insulating to the conductive
mode. The switching field strength must be in the order
ofthe ratio between maximum voltage applied and length
of or area covered by the field grader 14, i.e. field grading
layer.

[0045] A preferred design of the nonlinear resistive
field grading layer is mixing ZnO microvaristor into a pol-
ymer matrix. ZnO microvaristor electrical characteristics
can be widely tailored by specific doping and processing
where the electric field strength ranges from 50V/mm up
to 5000V/mm and high nonlinearity is achieved with ZnO
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microvaristors. The latter is important since the higher
the nonlinearity coefficient of the material, the better is
its field grading performance, i.e., the lower the leakage
current, and the less its frequency dependence. Other
material or fillers for nonlinear resistive field grading are
SiC, doped SnO2 or carbon black. Other field grading
methods such as linear resistive field control or refractive
field grading may be applied as well. In addition, an in-
sulating cover element 16 may be placed on one end of
the insulating element 8 for further protection of the pe-
riphery 11, 21 of the conducting shields 9 and 10 and the
periphery 12 of the insulating element 8 as described
with respect to Fig. 3.

[0046] Fig. 5 shows another embodiment of the insu-
lating element 8 as shown in the Figures 3 and 4 and as
it may implemented in the transformer 1 shown in the
figures 1and 2. In difference to what is hown in the figures
3 and 4, the insulating element 8 of Figure 5 having the
periphery 12 being curved and having the periphery 11,
21 of the conducting shields 9 and 10 being curved. This
is an effective field control to lower bulk and surface elec-
tric fields. The periphery 12 of the insulating element 8
is curved as to support the curved periphery 11, 21 of
the conducting shields 9 and 10.

[0047] The insulating element 8 has a width or thick-
ness depending on the actual embodiment. The embod-
iment according to Fig. 3 has the greatest thickness and
requires the most material, where the embodiments ac-
cording to Fig. 4 and Fig. 5 have a similar thickness at
least in the center of the insulating element 8. The em-
bodiment of Fig. 4 is more complex and costly to actually
form but does not require any field grading material such
as the field grader 14. The use of one or another embod-
iment may depend on the actual application of the trans-
former 1 and the electric field and stress present in the
insulating element 8.

[0048] For comparison of insulating medium 7, i.e. for
a Silicon gel based transformer 1 according to the inven-
tion with a conventional air-insulated transformer, medi-
um frequency transformers are considered employing
copper-litz wire and a Ferrite N87 magnetic core 2 for a
power of 170 kVA, an operating frequency of 3.5 kHz,
and a voltage insulation between primary and secondary
winding of 50kV. The transformer 1 according to the in-
vention allows a reduction of the transformer volume by
more than 2/3 compared to transformer of the prior art
employing the same ratings. The mass of windings 3, 4
plus core 2 is reduced by more than half compared to air
insulation combined with convective air cooling.

LIST OF DESIGNATIONS

[0049]

1 Transformer

2 Core

3 Primary winding

4 Secondary winding
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Cooling channel
Enclosure

Insulating medium
Insulating element

First conducting shield
Second conducting shield
Periphery

Periphery

Field grader

Cooling channel
Insulating cover element
Electrical Connection
Electrical Connection
Cooling element
Periphery

Claims

A transformer (1) at least comprising a core (2), a
primary winding (3), a secondary winding (4), atleast
one cooling channel (5), and an enclosure (6),
wherein the enclosure (6) accommodates the core
(2), the primary winding (3), the secondary winding
(4), and the at least one cooling channel (5) and the
enclosure (6) is filled with an insulating medium (7),
wherein the at least one cooling channel (5) is pro-
vided for cooling of the primary winding (3), the sec-
ondary winding (4), the enclosure (6) and/or the in-
sulating medium (7),

wherein an insulating element (8) is placed between
the primary winding (3) and the secondary winding
(4),

wherein a first conducting shield (9) electrically con-
nected to the primary winding (3) is placed between
the insulating element (8) and the primary winding
(3) and a second conducting shield (10) electrically
connected to the secondary winding (4) is placed
between the insulating element (8) and the second-
ary winding (4),

4wherein the at least one cooling channel (5) is
placed between the first conducting shield (9) and
the primary winding (3).

The transformer (1) according to claim 1, wherein a
periphery (11, 21) of the first and the second con-
ducting shield (9, 10) is drawn-in with respect to a
periphery (12) of the insulating element (8).

The transformer (1) according to claim 2, wherein
the first or the second conducting shield (9, 10) is
drawn-in further than the other conducting shield (9,
10).

The transformer (1) according any of the claims 1 to
3, wherein a nonlinear resistive field grader (14) is
placed between at least one of the first or the second
conducting shields (9, 10) and is drawn-in with re-

10

15

20

25

30

35

40

45

50

55

10.

1.

spect to the periphery (12) of the insulating element
(8) and is drawn-in less than said conducting shield
(9, 10) in the periphery.

The transformer (1) according to claim 4, wherein
the nonlinear resistive field grader (14) comprises
doped ZnO, SiC, doped SnO,, or carbon black.

The transformer (1) according to claim 1, wherein a
periphery (11, 21) of at least one of the first and sec-
ond conducting shields (9, 10) is curved away from
the insulating element (8) and wherein the insulating
element (8) has an enlarged periphery section sup-
porting the curved periphery (11) of said conducting
shield (9, 10).

The transformer (1) according to any of the claims 1
to 6, wherein the at least one cooling channel (5) is
part of a circulation system provided with a cooling
medium flowing through the at least one cooling
channel (5).

The transformer (1) according to claim 1, wherein an
insulating cover element (16) encloses the first con-
ducting shield (9), the second conducting shield (10),
and the insulating element (8) in the periphery (12)
of the insulating element (8).

The transformer (1) according to any of the claims 1
to 8, wherein atleast a cooling channel (15) is placed
between the second conducting shield (10) and the
secondary winding (4).

The transformer (1) according to any of the claims 1
to 9, wherein a cooling element (19) is placed on the
core (2), the insulating element (5), the insulating
medium (7), and/or the enclosure (6) for cooling of
the transformer (1).

The transformer (1) according to any of the claims 1
to 10, wherein the insulating medium (7) is one of a
silicone gel, transformer oil, silicone-based or fluor-
inated hydrocarbons, polyurethane, synthetic rub-
ber.
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