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fine electric field through magnetic core potential control

and thus create partial discharge (PD) free design for
medium voltage (MV) applications. Meanwhile, the wind-

ing structure can be formed in the PCB manufacturing
process to create a more modular and reliable structure,
thereby enhancing manufacturability. Techniques, such
as termination treatment, primary and secondary winding
arrangements, etc., can be used to control the electrical
stress in the medium voltage applications.
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Description
TECHNICAL FIELD

[0001] The presentdisclosure relates to a planar wind-
ing structure for use in a power transformer. More par-
ticularly, the present disclosure relates to a planar wind-
ing structure for use in a power transformer for medium
voltage applications.

BACKGROUND

[0002] Due to its increasing use in data center, EV
charging, and other emerging applications, medium volt-
age distribution becomes more and more attractive for
its lower conduction loss and potential smaller footprint.
In medium voltage applications (e.g., from about 4kV to
about 13.8 kV), traditional approach requires a line fre-
quency transformer that is bulky to step down medium
voltage alternating current (MVAC) power source to low-
er voltage alternating current (AC) or direct current (DC)
power source to be used directly by the load. To over-
come the disadvantages of the line frequency transform-
er, Solid-State Transformer (SST) technology has been
developed to utilize high frequency operation of semi-
conductor devices to create a high frequency pulse width
modulation (PWM) AC link that can potentially reduce
the footprint of the passive transformer because of the
much lower applied volt-seconds. See, Ref. [1]. However,
the high frequency passive transformer size reduction
cannotbeinversely proportional to the operating frequen-
cy because the reliable insulation is a must between the
high voltage and low voltage windings. See, Ref. [2].
[0003] The goalforthe medium voltage high frequency
transformer design can be summarized as follows. First,
the medium voltage transformer needs to be free from
partial discharge (PD). Partial discharge is one of the
most common degradation reasons in long term opera-
tion. This is especially true if insulation is made from pol-
ymer-based material. Being PD free assures the long-
term service capability after deployment. Second, con-
sidering the cost and easier manufacturing, a modular
solution and/or industry’s long-term proven technologies
are preferred. Third, the transformer needs to have high-
er efficiency and higher power density. The higher effi-
ciency is a key performance indicator especially when
comparing the solid-state solution with the traditional line-
frequency solution. Meanwhile, because most of the in-
sulation material’s poor thermal conductivity, higher effi-
ciency will also create less thermal stress on the trans-
former so the heat can be easily removed.

[0004] FIG. 1 illustrates a conventional litz wire potted
transformer solution. See, Ref. [3]. In this solution, litz
wire is utilized forboth the primary side and the secondary
side. Because litz wire is composed of multiple small
strands insulated electrically from each other, the gap
and bubble between the small litz wire strands is very
difficult to be controlled during the potting process. There-
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fore, the combination between the litz wire and epoxy-
based insulation is difficult to control the insulation qual-
ity, primarily because the epoxy-based insulation typical-
ly has high viscosity, and small voids between the litz
wire strands are unavoidable. One solution is to use two
layers of insulation material applied in two steps. Mold is
required for the fabrication of the two layers. A low vis-
cosity insulation material, e.g., a silicon-based insulator,
can be used to form the first insulation layer. After the litz
wire is placed into the mold, the silicon-based insulator
can be applied. Due to its low viscosity, the silicon-based
insulator can fill in the small gaps between different
strands. Then, the silicon-based insulator is cured before
being placed into a second mold for epoxy-based insu-
lation, which has a higher viscosity and provides a better
breakdown strength. There is no concern on the potential
voids in the epoxy based insulator, because it does not
contact the litz wire. After the sample is cured with the
epoxy (main insulator) layer, extra shielding layer can be
applied to the outside of the insulator to confine the elec-
tric field within the insulator. This solution is quite com-
plicated and require multiple steps with customized mold
to facilitate the curing process. It is also not a modular
solution and is difficult to scale.

[0005] FIG. 2 illustrates another conventional trans-
former design that inserts a gap between the core and
separates the transformerinto two sections, a low voltage
(LV) side and a high voltage (HV) side. See, Ref. [4]. In
this solution, primary and secondary windings are set to
be on the two sides of the transformer separated by a
gap and an insulation therebetween. The two separated
parts of the magnetic core no longer share the same or
similar electrical potential. Because of the intentional gap
between the cores, the insulation requirement between
the high-voltage winding to the core on high voltage side
or between the low-voltage winding to the core on low
voltage side can be mitigated. However, other issues
may undermine the benefits of this solution. First, be-
cause a gap is required to provide the major insulation,
the electrical performance becomes coupled with the in-
sulation performance in this design. For some resonant
converter applications, the magnetic inductance of the
transformer need to be controlled within a predefined
range to achieve soft-switching and maintain smaller cir-
culating energy. If the gap is too big, the magnetic induct-
ance may be too small and therefore the circulating en-
ergy is too much for unnecessary conduction loss. Sec-
ond, for some applications, such as, the IEC 60076-11
standard, this solution cannot be implemented, because
the magnetic core needs to be grounded regardless of
its high voltage side or low voltage side.

[0006] FIG. 3 illustrates a conventional solution of us-
ing a coaxial structure to form the transformer’s primary
and secondary sides. See, Ref. [5]. There are two ben-
efits in this solution. First, the insulation is formed through
the coaxial cable insulation. Accordingly, the insulation
performance can be well controlled on the cable side and
no more post process for the epoxy- or silicon-based pot-
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ting is required. Second, there is another hollow space
within the inner conductive layer of the cable. Therefore,
liquid cooling is possible. The coolant can be flow into
the pipe to remove the heat if needed. However, this so-
lution also faces challenges. First, the inner pipe of the
cable is made of rigid metal. To form the winding, the
metal needs to be bent. Minimum bend ratio needs to be
met to assure no crack on the insulation layer wrapping
the conductor. This means it is difficult to form a shape
that requires smaller bend ratio. Second, the coaxial
structure is more suitable for 1:1 turn’s ratio design. It is
difficult to implement a design that requires step down or
step up the voltage between the primary side and the
secondary side which is quite common in medium voltage
applications.

[0007] FIG. 4 illustrates a conventional solution of us-
ing a PCB board targeting for medium voltage applica-
tions. See, Ref. [6]. In this solution, primary and second-
ary winding are just regular spiral structure and stacked
on each other to fill the window area of the core. Ref. [6]
does not present any medium voltage operation results
but mentions that this solution can be dipped into an oil
tank for potential high voltage scenario. In medium volt-
age applications, however, dry type transformer is pre-
ferred for easier maintenance.

[0008] In view of the above, a modular and easy-to-
manufacture solution is desired for medium voltage ap-
plications. The solution needs to be PD free with higher
efficiency and better thermal capability. Lower noise cou-
pling between the primary and secondary is also desir-
able.
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SUMMARY

[0010] In one aspect, the present disclosure provides
aplanar winding structure, comprising: a winding portion,
a terminal portion, a plurality of conductive layers, first
and second terminals and a shielding layer. The winding
portion includes an insulating planar board with a through
hole at a central portion of the winding portion. The plu-
rality of conductive layers is embedded in the winding
portion of the insulating planar board and electrically con-
nected with each other through one or more buries vias.
The conductive layers are patterned to constitute a trans-
former winding around the through hole. The first and
second terminals are at the terminal portion of the insu-
lating planar board, and each is electrically connected to
a respective one of the conductive layers. The shielding
layer is coated on outer surfaces of the winding portion
of the insulating planar board in the winding portion.
[0011] In one embodiment, the planar winding struc-
ture further comprises a shielding edge treatment in the
terminal portion between the shielding layer and the first
and second terminals.

[0012] In one embodiment, the planar winding struc-
ture further comprises an electric bushing having a potted
part and a hollow part, wherein the terminal portion of
the insulating planar board is accommodated within the
potted part.

[0013] Inone embodiment, the electric bushing further
comprises terminal blocks in the potted part to electrically
and mechanically support the first and second terminals.
[0014] In one embodiment, the planar winding struc-
ture further comprises a grading ring structure embedded
in the terminal portion of the insulating planar board.
[0015] In one embodiment, the grading ring structure
comprises an external ground ring on an outer face of
the insulating planar board proximate an interface of the
winding portion and the terminal portion and an internal
ground ring embedded in the insulating planar board and
electrically connected with the external ground ring
through one or more blind vias.

[0016] In one embodiment, the grading ring structure
comprises a plurality of grading rings embedded in the
terminal portion of the insulating planar board and ex-
tending in a horizontal direction from an interface of the
winding portion and the terminal portion, and at least a
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resistor embedded in the insulating planar board and
electrically connected to neighboring ones of the grading
rings.

[0017] In one embodiment, one of the grading rings
thatis farthest from the interface is electrically connected
to one of the first and second terminals.

[0018] In one embodiment, the planar winding struc-
ture further comprises EMI shielding layers embedded
in the insulating planar board, wherein the conductive
layers are embedded in the insulating planar board be-
tween the EMI shielding layers.

[0019] In one embodiment, the shielding layer com-
prises a semiconductive material.

[0020] In one embodiment, the insulating planar board
comprises a FR4 material.

[0021] In another aspect, the present disclosure pro-
vides a power transforming comprising the planar wind-
ing structure described above, a magnetic core, and a
secondary winding structure magnetically coupled to the
planar winding structure through the magnetic core.
[0022] In one embodiment, a portion of the magnetic
core is disposed in the through hole of the insulating pla-
nar board.

[0023] In one embodiment, the secondary winding
structure is electrically connected to the shielding layer
of the planar winding structure.

[0024] In still another aspect, the present disclosure
provides a planar winding structure, comprising: an in-
sulating planar board having a through hole at a central
portion thereof to receive a magnetic core; a first winding
disposed on the insulating planar board, the first winding
wound around the through hole and proximate a periph-
ery of the through hole; and a second winding disposed
ontheinsulating planar board, the second winding wound
around the through hole and spaced apart from the pe-
riphery of the through hole at a first distance and spaced
apart from an edge of the planar winding structure at a
second distance.

[0025] In one embodiment, the planar winding struc-
ture further comprises a third winding disposed on the
insulating planar board, and the third winding wound
around the through hole and proximate the edge of the
insulating planar board.

[0026] In one embodiment, the first and second dis-
tances are the same.

[0027] In one embodiment, a percentage difference of
the first and second distances is less than 20%.

[0028] In yet another aspect, the present disclosure
provides a planar winding structure, comprising: an in-
sulating planar board having first and second through
hole to receive a magnetic core; a first high voltage wind-
ing disposed on the insulating planar board, the first high
voltage winding wound around the first through hole and
proximate a periphery of the first through hole; and a first
low voltage winding disposed on the insulating planar
board, the first low voltage winding wound around the
second through hole and spaced apart from a periphery
of the second through hole at a first distance.
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[0029] In one embodiment, the planar winding struc-
ture further comprises: a second high voltage winding
disposed on the insulating planar board, the second high
voltage winding wound around the second through hole
and proximate the periphery of the second through hole;
and a second low voltage winding disposed on the insu-
lating planar board, the second low voltage winding
wound around the first through hole and spaced apart
from the periphery of the first through hole at a second
distance.

[0030] In one embodiment, the first and second low
voltage windings are electrically connected in series.

BRIEF DESCRIPTION OF THE DRAWINGS
[0031]

FIG. 1illustrates a conventional litz wire potted trans-
former solution.

FIG. 2 illustrates another conventional transformer
design that inserts a gap between the core and sep-
arates the transformer into two sections, an LV side
and an HV side.

FIG. 3 illustrates a conventional solution of using a
coaxial structure to form the transformer’s primary
and secondary sides.

FIG. 4 illustrates a conventional solution of using a
PCB board targeting for medium voltage applica-
tions.

FIG. 5 illustrates a perspective view of a printed cir-
cuit board (PCB) based planar winding structure for
a power transformer, in accordance with an embod-
iment of the present disclosure.

FIG. 6 illustrates a sectional view along line A-A of
the PCB-based planar winding structure in FIG. 5,
including shielding edge treatment, in accordance
with an embodiment of the present disclosure.

FIG. 7 illustrate a sectional view along line B-B of
the PCB-based planar winding structure in FIG. 5,
in accordance with an embodiment of the present
disclosure.

FIG. 8 illustrates a sectional view along line C-C of
the PCB-based planar winding structure in FIG. 5,
including a grading ring structure, in accordance with
an embodiment of the present disclosure.

FIG. 9 illustrates a sectional view along line D-D of
the PCB-based planar winding structure in FIG. 5,
in accordance with an embodiment of the present
disclosure.

FIG. 10 illustrates a sectional view along line A-A of
the PCB-based planar winding structure in FIG. 5,
including embedded EMI-shielding layers, inaccord-
ance with an embodiment of the present disclosure.
FIG. 11 illustrates a top view of the various layers of
the PCB-based planar winding structure in FIG. 10.
FIG. 12 illustrates an equivalent circuit of the PCB-
based planar winding structure in FIG. 10.

FIG. 13 illustrates a primary winding assembly struc-
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ture including two identical planar winding modules,
in accordance with an embodiment of the present
disclosure.

FIG. 14 illustrates an equivalent circuit of the primary
winding assembly structure of FIG. 13.

FIG. 15 illustrates a transformer assembly structure
having the primary winding structure of FIG. 13, in
accordance with an embodiment of the present dis-
closure.

FIG. 16 illustrates a sectional view of an integrated
conductive bobbin to hold the primary winding as-
sembly structure of FIG. 13.

FIGs. 17 and 18 respectively illustrate a top view and
a sectional view of a planar winding structure that
integrates both HV windings and LV windings on the
same PCB to achieve smaller electric field, in ac-
cordance with an embodiment of the present disclo-
sure.

FIGs. 19 and 20 respectively illustrate a top view and
a sectional view of another planar winding structure
that integrates both HV windings and LV windings
on the same PCB to achieve smaller electric field, in
accordance with an embodiment of the present dis-
closure.

FIGs. 21 and 22 respectively illustrate a top view and
a sectional view of yet another planar winding struc-
ture that integrates both HV windings and LV wind-
ings on the same PCB to achieve smaller electric
field, in accordance with an embodiment of the
present disclosure.

FIGs. 23 and 24 respectively illustrate a top view and
a sectional view of still another planar winding struc-
ture that integrates both HV windings and LV wind-
ings on the same PCB to achieve a smaller electric
field, in accordance with an embodiment of the
present disclosure.

DETAILED DESCRIPTION

[0032] High frequency transformers are critical com-
ponents in medium voltage applications. In contrast to a
conventional line-frequency transformer, a high frequen-
cy transformer leads to a smaller size and weight due to
the power stage high frequency operation and smaller
applied volt-seconds. The insulation design of high fre-
quency transformers is critical and needs to cope with
the design targets, such as, partial discharge free, easy
fabrication, higher efficiency, better thermal perform-
ance, etc.

[0033] Inthe presentdisclosure, a technique of printed
circuit board (PCB) based planar structure transformer
is provided to form both a main power transformer and
an auxiliary power transformer. Embodiments of the
present disclosure can provide confined electric field
through magnetic core potential control and thus create
partial discharge (PD) free design for medium voltage
(MV) applications. Meanwhile, the winding structure can
be formed through the PCB manufacturing process to
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create a more modular and reliable structure, thereby
enhancing manufacturability. Techniques, such as ter-
mination treatment, primary and secondary winding ar-
rangements, etc., can be used to control the electrical
stress in the medium voltage applications.

[0034] Two types of transformers may be used in MV
applications. The first type is a main power transformer.
As mentioned above, the main power transformer is uti-
lized to replace the traditional line frequency transformer.
Therefore, all the power delivered from the high voltage
(primary) side to the low voltage (secondary) side needs
to flow through the main power transformer. The second
type transformer is an auxiliary power transformer, which
is utilized in an auxiliary power application for the high
voltage side, such as, gate driver power, sensor power
or other bias power needed for a rectifier converter or a
DC-DC converter.

[0035] For the main power transformer, high voltage
is typically applied to the primary side and after the step-
down function, the low voltage output of the transformer
is connected to the secondary side. Therefore, the pri-
mary high voltage side winding requires high voltage and
low current design, while the secondary side winding re-
quires low voltage and high current design. In the present
disclosure, a PCB based high voltage winding solution
is provided.

[0036] FIG. 5illustrates a perspective view of a printed
circuit board (PCB) based planar winding structure 500
for a power transformer, in accordance with an embodi-
ment of the present disclosure. PCB-based planar wind-
ing structure 500 includes a winding portion 510 and a
terminal portion 520.

[0037] Referring to FIG. 5, winding portion 510 in-
cludes a PCB board 511 having a substantially rectan-
gular shape with rounded corners and a thickness of
about 1 mmto 6 mm. In certain embodiments, PCB board
511 may include a through hole 512 formed at the central
portion thereof to accommodate a magnetic core therein.
Terminal portion 520 can be formed on an extended por-
tion of PCB board 511 having a width narrower than (e.g.,
about one half of) the width of PCB board 511 in winding
portion 510. Terminal portion 520 includes first and sec-
ond terminals 521, 522 formed on the extended portion
of PCB board 511 to direct electric current into and/or
out of winding structure 500. In one embodiment, termi-
nals 521, 522 can penetrate through PCB board 511 and
be exposed exterior on both surfaces of PCB board 511.
One or more conductive layers are embedded in PCB
board 511 and electrically connected to first and second
terminals 521, 522 to constitute a winding coil that sur-
rounds through hole 512. Outer surface of winding por-
tion 510 may be coated with a shielding layer with a
shielding edge 523 at an interface before PCB board 511
is extended to terminal portion 520. It is appreciated that,
depending on design choices, PCB board 511 and
through hole 512 can have a planar structure of any ap-
preciate shape (e.g., a rectangle shape, a circular shape,
an oval shape, etc.) and any appropriate size.
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[0038] Referring again to FIG. 5, in some embodi-
ments, terminal portion 520 may optionally or additionally
include a terminal housing 530 having first and second
compartments 531, 532. Firstand second compartments
531, 532 can be separated by an insulating wall 533. As
shown in FIG. 5, first compartment 531 receives first and
second terminals 521, 522 and encloses the extended
portion of PCB board 511. In one embodiment, first com-
partment 531 can be potted with an insulating material,
such as, epoxy, to serve as a shielding edge treatment
to smooth out electrical field to be further detailed below.
It is appreciated that shielding edge 523 should be fully
covered by the insulating material in first compartment
531.

[0039] Second compartment 532 includes a hollow
space that provides the required creepage distance and
electric bushing for connection with an external power
source. Through holes may be formed on insulating wall
533, such that first and second terminals 521, 522 can
be connected to the external power source. Terminal
blocks 534, 535 (made of an electrically conductive ma-
terial, e.g., metal) may be utilized to provide both electri-
cal and mechanical support for the connection between
the external power source and first and second terminals
521, 522. In one embodiment, metal screws (not shown)
can be utilized to penetrate through insulating wall 533
and terminal blocks 534, 535. In some embodiment,
when multiple PCB boards are connected in series as
shown in FIG. 15, terminal housing 530 can be modified
and applied at the transformer level after the assembly
of the multiple PCB boards.

[0040] FIG. 6 illustrates a sectional view along line A-
A of PCB-based planar winding structure 500 in FIG. 5,
including shielding edge treatment, in accordance with
an embodiment of the present disclosure. FIG. 7 illustrate
a sectional view along line B-B of PCB-based planar
winding structure 500 in FIG. 5, in accordance with an
embodiment of the present disclosure.

[0041] Referring to both FIGs. 6 and 7, in this embod-
iment, PCB-based planar winding structure 500 includes
four conductive layers 513 (made of copper or other ap-
propriate metal materials) connected in a cascaded man-
ner and embedded in PCB board 511. It is appreciated
that, depending on design choices, any appropriate
number of conductive layers 513 can be used. As shown
in FIGs. 6 and 7, in this embodiment, only inner layers
are utilized for electric conduction as the high voltage
winding. Conductive layers 513 are insulated in most part
with each other by the PCB material of PCB board 511
and can be electrically connected using buried vias 514,
which can be filled with epoxy. In one embodiment, PCB
board 511 is made of an insulation material, e.g., FR4,
to serve as insulation layers between conductive layers
513. PCB based FR4 material has been widely adopted
in related industry for power or control board purposes.
The quality and void defects can be well controlled inside
the FR4 or between the FR4 to the internal copper layer
and therefore the defect of internal Partial Discharge (PD)
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or the PD between layers can be minimized.

[0042] In one embodiment, exterior surfaces of PCB
board 511 are coated with a shielding layer 515 that can
be made of a semiconductive material, such as, carbon
conductive paint. Semiconductive shielding layer 515
can share the same potential with the low voltage side.
Accordingly, if shielding layer 515 terminates abruptly at
shielding edge 523, a high electric stress will exist around
shielding edge 523. To prevent such strong electrical
field, in one embodiment, shielding edge treatment 524
may be required to smooth out the electrical field.
[0043] FIG. 8 illustrates a sectional view along line C-
C of PCB-based planar winding structure 500 in FIG. 5,
including a grading ring structure 800, in accordance with
an embodiment of the present disclosure. FIG. 9 illus-
trates a sectional view along line D-D of PCB-based pla-
nar winding structure 500 in FIG. 5, in accordance with
an embodiment of the present disclosure.

[0044] Referring to both FIGs. 8 and 9, in this embod-
iment, grading ring structure 800 is introduced between
conductive layers 513 and shielding layer 515 to reduce
the electrical field stress. It is appreciated that grading
ring structure 800 can reduce the electrical field stress
alone or in combination with shielding edge treatment
524 in FIG. 6. In this embodiment, instead of ending the
ground potential at shielding edge 523, the ground po-
tential can be extended into the internal PCB structure
through an external ground ring 810, blind vias 820, and
an internal ground ring 830. External ground ring 810 is
formed together with the PCB manufacturing process
and can be considered as an external layer on an outer
surface of PCB board 511. When shielding layer 515 is
applied, it can cover external ground ring 810 and thus
share the same ground potential. Blind vias 820 electri-
cally connect the ground potential further down to internal
ground ring 830 embedded in PCB board 511. As aresult,
the strong electric stress no longer exists on shielding
edge 523 but exists on the edge of internal ground ring
830.

[0045] Because internal ground ring 830 is wrapped
with a highly insulative material, the electricfield exposed
to the outside of PCB board 511 can be alleviated. How-
ever, the electric field may need to be further reduced,
because the limited thickness of the insulation material
(e.g., FR4) that covers internal ground ring 830 may not
bring the electric field to a value below the air-breakdown
value. Accordingly, the electric field may need to be fur-
ther extended in a horizontal direction. In one embodi-
ment, multiple embedded grading rings 840 can be im-
plemented between internal ground ring 830 and first ter-
minal 521 to provide controlled potential between each
other. Grading rings 840 can be manufactured initially as
asingle piece, which is then etched to form multiple grad-
ing rings 840. This can bring down the electric field from
a vertical direction to a horizontal direction dramatically
and thus reduce the exposed stress on the exterior sur-
face of PCB board 511. In one embodiment, the potential
for each grading ring 840 can be controlled through em-
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bedded or buried resistors 850, respectively connected
between neighboring grading rings 840. In certain em-
bodiments, buries resistors 850 can have a resistance
of about 10M Ohms.

[0046] As shown in FIG. 9, each of grading rings 840
includes an upper trace 842, a lower trace 844, and two
buried vias 846, together forming a rectangular conduc-
tive loop that surrounds conductive layers 513. Resistors
850 between grading rings 840 can also have a rectan-
gular loop shape. Upper trace 842, lower trace 844, bur-
ied vias 846 can be manufactured during the PCB man-
ufacturing process and thus require minimum additional
labor. Resistors 850 between grading rings 840 can also
be manufactured during the PCB manufacturing process.
In this embodiment, five equally separated grading rings
840, each having a rectangular closed loop, and five re-
sistors 850 are shown and described. It is appreciated
that any suitable number of grading rings 840 and resis-
tors 850 having any suitable shapes and/or configura-
tions can be formed to constitute grading ring structure
800. One of grading rings 840 that is the farthest from
shielding edge 523 is electrically connected to one of
conductive layers 513 or one of firstand second terminals
521, 522.

[0047] The stray capacitance between primary and
secondary sides of a power transformer can be deter-
mined by the high voltage winding (conductive layers
513) with respect to shielding layer 515, which shares
the same potential with the low voltage side. Due to the
relatively large footprint, the stray capacitance may not
be insignificant. FIG. 10 illustrates a sectional view along
line A-A of PCB-based planar winding structure 500 in
FIG. 5, including embedded EMI shielding layers 1010,
1020, in accordance with an embodiment of the present
disclosure. FIG. 11 illustrates a top view of the various
layers of PCB-based planar winding structure 500 in FIG.
10.

[0048] PCB-based planar winding structure 500 as
shown in FIG. 10 is substantially the same as that shown
in FIG. 5, except that winding structure 500 in FIG. 10
additionally includes afirstembedded EMI shielding layer
1010 disposed above and insulated from conductive lay-
ers 513, and a second embedded EMI shielding layer
1020 disposed below and insulated from conductive lay-
ers 513. Firstand second embedded EMI shielding layers
1010, 1020 can be electrically coupled to the outside of
PCB board 511 respectively through firstand second EMI
shielding terminals 1011, 1021. EMI shielding layers
1010, 1020 inside of PCB board 511 provides a controlled
EMI path for the high frequency electric noise and thus
reduce the EMI level to the low voltage side.

[0049] FIG. 12illustrates an equivalent circuit of PCB-
based planar winding structure 500 in FIG. 10. EMI
shielding layers 1010, 1020 create an equivalent capac-
itance Cpg, With the high voltages winding (conductive
layers 513) and an equivalent capacitance Cgg, With
shielding layer 515. EMI shielding terminals 1011, 1021
can be connected back to the primary ground, such that
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the noise generated from the primary side can be circu-
lated back to the primary side, thereby incurring less in-
teraction with the transformer’s secondary side.

[0050] FIG. 13 illustrates a primary winding assembly
structure 1300 including two identical planar winding
modules 1310, 1320, in accordance with an embodiment
ofthe presentdisclosure. FIG. 14 illustrates an equivalent
circuit of primary winding assembly structure 1300 of FIG.
13. FIG. 15 illustrates a transformer assembly structure
1500 having primary winding structure 1300 of FIG. 13,
in accordance with an embodiment of the present disclo-
sure.

[0051] Referring to FIGs. 13 through 15, in one em-
bodiment, planar winding module 1310 includes termi-
nals 1311, 1312, while planar winding module 1320 in-
cludes terminals 1321, 1322. When planar winding mod-
ules 1310, 1320 are combined to form primary winding
assembly structure 1300, one of planar winding modules
1310, 1320 is flipped 180 degrees along a longitudinal
axis thereof, such that planar winding modules 1310,
1320 can be stacked on top of one another with through
holes 1313, 1323 being aligned with each other, and with
terminals 1312, 1322 being aligned and electrically con-
nected with each other. An external screw can be utilized
to connect planar winding modules 1310, 1320 in series,
an equivalent circuit of which is shown in FIG. 14. Sec-
ondary side winding 1400 can be made of a litz wire and
the primary side two boards are connected in series. The
arrangement of the primary side winding 1300 and the
secondary side winding 1400 can be a side-by-side con-
figuration as shown in FIG. 15, or an interleaved config-
uration (i.e., secondary side windings interleaved be-
tween primary side windings) depending on the required
leakage inductance. By using the externally painted
shielding layer, the shielding layer’s electrical potential
can be confined to low voltage level and thus no potting
is required tofill the window area of a magnetic core 1510
of transformer assembly structure 1500, where the high
voltage winding and low voltage winding are stacked
even though the low voltage winding can still be litz wire.
[0052] FIG. 16 illustrates a sectional view of an inte-
grated conductive bobbin 1600 to hold primary winding
assembly structure 1300 of FIG. 13. Bobbin 1600 can be
electrically conductive or painted with a metal layer, so
that shielding layers of primary winding assembly struc-
ture 1300 can be grounded and share the same potential
with the low voltage side. As such, there is no need for
the potting in window area 1520 of magnetic core 1510
and forced air cooling is possible to directly remove the
heat generated from primary winding assembly structure
1300, with excellent thermal benefits.

[0053] Asdiscussed before, other than the main power
transformer, auxiliary power transformers are also widely
utilized in medium voltage applications. For an auxiliary
power transformer, a lower profile (especially a smaller
height) is desired to fit into the power stage enclosure.
For a planar structure design, the height for the trans-
former is typically defined by the magnetic core. Accord-
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ingly, the potential between the cores and the enclosure
needs to be well controlled. Further, these applications
also require a minimum stray capacitance between the
primary side and the secondary side to reduce the cou-
pling from the power stage to the control stage. Moreover,
most of the auxiliary power transformers do not need to
handle high power, thereby making it possible to inte-
grate both the primary side and the secondary side into
one PCB.

[0054] FIGs. 17 and 18respectivelyillustrate atop view
and a sectional view of a planar winding structure 1700
that integrates both HV windings 1710 and LV windings
1720 on the same PCB 1730 to achieve a smaller electric
field, in accordance with an embodiment of the present
disclosure. As shown in FIGs. 17 and 18, planar winding
structure 1700 includes first and second through holes
1701, 1702 and can be utilized with a CC-type magnetic
core 1800 to form a transformer. HV windings 1710 are
wound around through holes 1701, 1702 and very close
to two legs 1810, 1820 of magnetic core 1800. LV wind-
ings 1720 are wound around through holes 1701, 1702
and are further away from legs 1810, 1820 in a pattern
similar to that of HV windings 1710 but are connected in
series. HV windings 1710 and LV windings 1720 are spa-
tially separated on PCB 1730. A gap can be formed be-
tween HV and LV windings 1710, 1720 and the top and
bottom surfaces of magnetic core 1800. Because HV
windings 1710 are very close to magnetic core 1800, the
potential of magnetic core 1800 can be controlled very
close to the HV side which makes the electric field mostly
concentrated at the center area from HV to LV.

[0055] In one embodiment, magnetic core 1800 and
planar winding structure 1700 can be potted with epoxy
or other insulation material for both mechanical support
and PD free. Because there is no litz wire, high viscosity
potting material can be utilized. Meanwhile, because the
core potential is well controlled, the potted housing height
can be very close to the core height, because there is no
strong electric field around the top or bottom of the core.
[0056] FIGs.19and20respectivelyillustrate atop view
and a sectional view of another planar winding structure
1900 that integrates both HV windings 1910 and LV wind-
ings 1920 on the same PCB 1930 to achieve smaller
electric field, in accordance with an embodiment of the
present disclosure. As shown in FIGs. 19 and 20, planar
winding structure 1900 includes a through hole 1901 and
can be utilized with an EE-type magnetic core 2000 to
form a transformer. HV windings 1910 are wound very
close to a central leg 2010 of magnetic core 2000. LV
windings 1920 are wound around central leg 2010 of core
2000, with a first distance d1 from a periphery of through
hole 1901 (or from central leg 2010 of magnetic core
2000) and a second distance d2 from an edge of planar
winding structure 1900 (or from side legs 2020 of mag-
netic core 2000. In various embodiments, first and sec-
ond distances d1 and d2 may be the same or slightly
different (e.g., within a percentage difference of less than
20%). A gap having a third distance d3 can be formed
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between HV and LV windings 1910, 1920 and the top
and bottom surfaces of the window area of magnetic core
2000.

[0057] FIGs.21and?22respectivelyillustrate atop view
and a sectional view of yet another planar winding struc-
ture 2100 that integrates both HV windings 2110 and LV
windings 2120 on the same PCB 2130 to achieve smaller
electric field, in accordance with an embodiment of the
present disclosure. As shown in FIGs. 21 and 22, planar
winding structure 2100 can be utilized with an EE-type
magnetic core 2200 to form a transformer. Planar winding
structure 2100 in FIGs. 21 and 22 is substantially the
same as planar winding structure 1900 in FIGs. 19 and
20, except that planar winding structure 2100 includes
two sets of HV windings, a first set being very close to
central leg 2210 of magnetic core 2200, while a second
set being very close to side legs 2220 of magnetic core
2200. LV windings 2120 are wound around central leg
2010 of magnetic core 2200 at a first distance d1 from a
periphery of through hole 2101 (or from central leg 2210)
and a second distance d2 from an edge of planar winding
structure 2100 (or from side legs 2220). In one embodi-
ment, first and second distances d1 and d2 may be the
same or slightly different (e.g., within a percentage dif-
ference of less than 20%). A gap having a third distance
d3 can be formed between HV and LV windings 2110,
2120 and the top and bottom surfaces of the window area
of magnetic core 2200.

[0058] FIGs.23and?24respectivelyillustrate atop view
and a sectional view of a planar winding structure 2300
that integrates both HV windings 2310 and LV windings
2320 on the same PCB 2330 to achieve a smaller electric
field, in accordance with an embodiment of the present
disclosure. As shown in FIGs. 23 and 24, planar winding
structure 2300 includes first and second through holes
2301, 2302 and can be utilized with a CC-type magnetic
core 2400 to form a transformer. HV windings 2310 are
wound around through hole 2301 and very close to a
periphery of through hole 2301 or a first leg 2410 of mag-
netic core 2400. LV windings 2320 are wound around
through hole 2302 at a distance d4 away from a second
leg 2420 of magnetic core 2400. A gap having a third
distance d3 can be formed between HV and LV windings
2310, 2320 and the top and bottom surfaces of the win-
dow area of magnetic core 2400.

Claims

1. A planar winding structure (500), characterized by
comprising:

awinding portion (510) comprising an insulating
planar board (511) with a through hole (512) at
a central portion of the insulating planar board;
a terminal portion (520);

a plurality of conductive layers (513) embedded
in the winding portion (510) of the insulating pla-
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nar board (511) and electrically connected with
each other through one or more buried vias
(514), the conductive layers (513) being pat-
terned to constitute a transformer winding
around the through hole (512);

first and second terminals (521, 522) at the ter-
minal portion (520) of the insulating planar board
(511), each being electrically connected to a re-
spective one of the conductive layers (513); and
a shielding layer (515) coated on outer surfaces
of the winding portion (510) of the insulating pla-
nar board (511).

The planar winding structure (500) of claim 1, further
comprising a shielding edge treatment (524) in the
terminal portion (520) between the shielding layer
(515) and the first and second terminals (521, 522).

The planar winding structure (500) of claim 1, further
comprising an electric bushing (530) having a potted
part (533) and a hollow part (531, 532), wherein the
terminal portion (520) of the insulating planar board
(511) is accommodated within the potted part (531),
and the electric bushing (530) further comprises ter-
minal blocks (534, 535) in the potted part (533) to
electrically and mechanically support the first and
second terminals (521, 522).

The planar winding structure (500) of claim 1, further
comprising a grading ring structure (800) embedded
in the terminal portion (520) of the insulating planar
board (511).

The planar winding structure (500) of claim 4, where-
in the grading ring structure (800) comprises an ex-
ternal ground ring (810) on an outer face of the in-
sulating planar board (511) proximate an interface
of the winding portion (510) and the terminal portion
(520) and an internal ground ring (830) embedded
in the insulating planar board (511) and electrically
connected with the external ground ring (810)
through one or more blind vias (830).

The planar winding structure (500) of claim 4, where-
in the grading ring structure (800) comprises a plu-
rality of grading rings (840) embedded in the terminal
portion (520) of the insulating planar board (511) and
extending in a horizontal direction from an interface
of the winding portion (510) and the terminal portion
(520), and at least a resistor (850) embedded in the
insulating planar board (511) and electrically con-
nected to neighboring ones of the grading rings
(840), wherein one of the grading rings (840) that is
farthest from the interface is electrically connected
to one of the first and second terminals (521, 522).

The planar winding structure (500) of claim 1, further
comprising EMI shielding layers (1010, 1020) em-
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10.

1.

12.

13.

14.

bedded in the insulating planar board (511), wherein
the conductive layers (513) are embedded in the in-
sulating planar board between the EMI shielding lay-
ers (1010, 1020).

A powertransforming (1500) characterized by com-
prising the planar winding structure (500, 1300) of
claim 1, a magnetic core (1510), and a secondary
winding structure (1400) magnetically coupled to the
planar winding structure through the magnetic core.

The power transforming (1500) of claim 8, wherein
a portion of the magnetic core (1510) is disposed in
the through hole (1313, 1323) of the insulating planar
board.

The power transforming (1500) of claim 8, wherein
the secondary winding structure (1400) is electrically
connected to the shielding layer of the planar winding
structure (1300).

A planar winding structure (1900, 2100), character-
ized by comprising:

aninsulating planar board having a through hole
(1901, 2101) at a central portion thereof to re-
ceive a magnetic core;

a first winding (1910, 2110) disposed on the in-
sulating planar board, the first winding wound
(1910, 2110) around the through hole and prox-
imate a periphery ofthe through hole (1901); and
a second winding (1920, 2120)) disposed on the
insulating planar board, the second winding
wound around the through hole (1901, 2101)
and spaced apart from the periphery of the
through hole (1901, 2101) at afirst distance (d1)
and spaced apart from an edge of the planar
winding structure (1900, 2100) at a second dis-
tance (d2).

The planar winding structure (1900, 2100) of claim
11, wherein the first and second distances (d1, d2)
are the same, or a percentage difference of the first
and second distances (d1, d2) is less than 20%.

The planar winding structure (2100) of claim 11, fur-
ther comprising a third winding (2110) disposed on
the insulating planar board, and the third winding
(2110) wound around the through hole (2101) and
proximate the edge of the insulating planar board.

A planar winding structure (1700, 2300), character-
ized by comprising:

an insulating planar board having first and sec-
ond through hole (1701, 1702, 2301, 2302) to
receive a magnetic core (1800, 2400);

a first high voltage winding (1710, 2310) dis-
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posed on the insulating planar board, the first
high voltage winding (1710, 2310) wound
around the first through hole (1701, 2301) and
proximate a periphery of the first through hole
(1701, 2301); and 5
afirstlow voltage winding (1720, 2320) disposed

on the insulating planar board, the first low volt-
age winding (1720, 2320) wound around the
second through hole (1702,2302) and spaced
apart from a periphery of the second through 70
hole (1702, 2302) at a first distance (d1).

15. The planar winding structure (1700) of claim 14, fur-
ther comprising:
15
a second high voltage winding (1710) disposed
on the insulating planar board, the second high
voltage winding (1710) wound around the sec-
ond through hole (1702) and proximate the pe-
riphery of the second through hole (1702); and 20
a second low voltage winding (1720) disposed
on the insulating planar board, the second low
voltage winding (1720) wound around the first
through hole (1701) and spaced apart from the
periphery of the first through hole (1701) ata 25
second distance (d2), wherein the first and sec-
ond low voltage windings (1710, 1720) are elec-
trically connected in series.
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