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MAGNETIC MATERIAL FILLED PRINTED CIRCUIT BOARDS AND PRINTED
CIRCUIT BOARD STATORS

BACKGROUND

[0001] Permanent magnet axial flux motors and generators described by several patents, such as
U.S. Pat. Nos. 7,109,625 (“the 625 Patent”) and 10,170,953 (“the *953 Patent”), the entire
contents of which are incorporated herein by reference, feature a planar printed circuit board

stator assembly between rotors.

SUMMARY
[0002] This Summary is provided to introduce a selection of concepts in a simplified form that
are further described below in the Detailed Description. This Summary is not intended to
identify key features or essential features, nor is it intended to limit the scope of the claims

included herewith.

[0003] In accordance with one example embodiment, a planar armature for an axial flux machine
comprises a dielectric substrate including at least a first portion that is adapted to be positioned
within an annular active area of the axial flux machine, wherein at least the first portion
comprises a soft magnetic material, and further comprises conductive traces supported by the
dielectric substrate, the conductive traces forming windings for a least one pole of the planar

armature.

[0004] In accordance with another example embodiment, a printed circuit board comprises a
dielectric substrate, and conductive traces supported by the dielectric substrate, wherein at least a

first portion of the dielectric substrate comprises a soft magnetic material.

[0005] In accordance with still another example embodiments, a method for forming a planar
armature for an axial flux machine comprises forming conductive traces on a dielectric substrate,
the conductive traces forming windings for a least one pole of the planar armature, and filling
interstitial gaps between the conductive traces with at least one epoxy material in which soft

magnetic material is embedded.



WO 2023/009571 PCT/US2022/038433

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Objects, aspects, features, and advantages of embodiments disclosed herein will become
more fully apparent from the following detailed description, the appended claims, and the
accompanying figures in which like reference numerals identify similar or identical elements.
Reference numerals that are introduced in the specification in association with a figure may be
repeated in one or more subsequent figures without additional description in the specification in
order to provide context for other features, and not every element may be labeled in every figure.
The drawings are not necessarily to scale, emphasis instead being placed upon illustrating
embodiments, principles and concepts. The drawings are not intended to limit the scope of the

claims included herewith.

[0007] FIG. 1 shows an exploded view of internal components of an example axial flux machine

with a planar stator;

[0008] FIG. 2 shows a sectioned view of an axial flux machine including the components shown

in FIG. 1;

[0009] FIG. 3 shows an example planar stator that may be employed in an axial flux machine,

such as the axial flux machine shown in FIGS. 1 and 2;

[0010] FIG. 4 shows a schematic view of the disposition of materials in a composite structure for

a conventional printed circuit board,

[0011] FIG. 5 shows a schematic view of how several of copies of the composite structure
shown in FIG. 4 may be repeated in the stack-up of a conventional composite printed circuit
board;

[0012] FIG. 6 shows a composite structure (e.g., for use in a planar stator) in which a magnetic

composite material is disposed in the interstices between copper features;

[0013] FIG. 7 illustrates how the composite structure of FIG. 6 may be implemented as a repeat
unit to construct a practical composite printed circuit board in accordance with some

embodiments of the present disclosure; and
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[0014] FIG. 8 is a cross section view of a sample from a planar stator, with six conductive layers,

showing the deposition of a magnetic composite material in the interstices between radial traces.

DETAILED DESCRIPTION
[0015] Unlike machines of conventional construction, in which the armature is often wound
using wire on a soft magnetic material core, the windings in a printed circuit board stator (e.g., as
described in the *625 Patent and the *953 Patent incorporated by reference above) are supported
by a non-magnetic composite material. This composite typically consists of a fiberglass cloth,
epoxy, and copper for the winding and thermal structure. Accordingly, machines of this type are

often described as “air core” machines.

[0016] The inventors have recognized and appreciated that such planar printed circuit board
stators can be improved significantly by introducing one or more soft magnetic materials into the
stator substrate. Several examples of planar circuit board stators enhanced with such soft
magnetic material(s), as well as several example techniques for producing such stators, are

described herein.

[0017] FIGS. 1 and 2 show exploded and sectioned views, respectively, of a planar stator axial
flux machine 100 of the type disclosed in the 625 Patent and the 953 Patent. As shown in these
figures, a planar stator 102 may be placed in the gap of a magnetic circuit established by
components of a rotor. FIG. 3 shows a top view of an example planar stator 102 that may be
employed in the machine 100. As shown best in FIG. 1, the rotor may include magnets 104a,
104b and support structures 106a, 106b that together form a pair of rotor assemblies 108a, 108b
that may be attached to a shaft 110 of the rotor. As shown in FIG. 2, an outer edge 112 of the
planar stator 102 may be fixedly secured to a housing 114 (e.g., by being held between
respective sections 114a, 114b of the housing 114), whereas the rotor shaft 110 (to which the
rotor assemblies 108a, 108b are attached) may be rotatable relative to the housing 114 (e.g., via

bearings 116).

[0018] As shown in FIG. 3, the planar stator 102 may include radial traces 302. The portion of
the planar stator 102 with such radial features, i.e., the annular region extending between a radial
distance r1 (measured from a center point 304 of the planar stator 102, which coincides with the

axis of rotation of the rotor of the machine 100) and a radial distance r2 (also measured from the
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center point 304), is located within the “active” area of the machine 100, in the sense that it is
primarily responsible for the production of torque in the machine 100. The inner and outer radii
of the magnets 104 attached to the rotor of the machine 100 are typically positioned at or near the
radial distance r1 (measured from stator’s axis of rotation) and the radial distance r2 (also
measured from the stator’s axis of rotation), respectively, thus creating axially directed magnetic
flux within the annular active area. The remaining features, e.g., inner end turns 306 and outer
end turns (which may be on a different layer of the planar stator 102) radially adjacent to the
annular active area of the planar stator 102, may exist only to connect the radial traces 302 in
series and parallel combinations and convey the associated currents and voltages to terminals

308 of the planar stator 102.

[0019] In motor mode, a current density that rotates synchronously about the rotor’s axis of
rotation may be imposed on the planar stator 102 by a controller 118 (shown in FIG. 1). The
interaction of this current density with the magnetic flux in the gap from the rotor assemblies
108a, 108b leads to a torque of electromagnetic origin. The controller 118 may be operated such
that the energy conversion effected by this structure is bidirectional, in the sense that the electric
machine may absorb power from the mechanical terminals and deliver it to the electrical
terminals, or it may deliver power to the mechanical terminals. Under appropriate control, a
machine of this kind may simulate a variety of mechanical loads including components of

friction, moment of inertia, and similar.

[0020] FIG. 4 shows a schematic view of the disposition of materials in a composite structure
400 for a conventional printed circuit board with relatively high-profile traces. Such a structure
may be used, for example, to form a conventional planar stator for an axial flux machine, such as
the planar stator 102 of the axial flux machine 100 shown in FIGS. 1-3. The stack-up indicated
in FIG. 4 focusses on the interface between two layers 402a, 402b of copper-clad material (e.g., a
pre-fabricated glass-epoxy, copper sheet) and the opposing copper features 404 etched on the
two copper-clad layers. In some implementations, for example, each of the layers 402 may be
formed by etching a respective copper clad laminate (CCL) sheet, such as FR-4 CCL, to form the
copper features 404. As illustrated, each layer 402 may include a dielectric core layer 406 (e.g.,
a fiberglass cloth) to which an etched copper sheet (including the copper features 404) is adhered

(e.g., via an epoxy resin). Although not shown in FIG. 4, it should be appreciated that the
4
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opposite sides of the illustrated dielectric core layers 406 may likewise have copper sheets
(possibly etched to form additional copper features 404) adhered to them. Etched CCL sheets of
this type may be used, for example, to form the composite printed circuit board structures 500,
700 described below in connection with FIGS. 5 and 7. The copper features 404 may, for
example, correspond to radial traces 302 within an “active area” of the planar stator 102 that

extends between a first radius r1 and a second radius r2, as illustrated in FIG. 3.

[0021] As shown in FIG. 4, to bond the respective layers 402a, 402b together, achieve a flat
composite structure 400, and provide dielectric between the opposing copper features 404,
several layers of “prepreg” 408 may be inserted between the etched copper surfaces. “Prepreg”
is an epoxy impregnated glass fiber cloth. As illustrated, epoxy 410 from the prepreg 408 may
flow out of the high-profile contact areas into the interstitial space between the active-area traces.
Sufficient prepreg may be employed so that the interstitial space can be filled when the

composite structure 400 is compressed and bonded together.

[0022] FIG. 5 shows a schematic view of how several of copies of the composite structure 400
shown in FIG. 4 may be included in the stack-up of a typical composite printed board structure
500 with, in this example, twelve layers of conductive materials including, e.g., copper features
404.

[0023] In simplest terms, in a machine of the type shown in FIGS. 1 and 2, the rotor supports a
magnetic circuit in a rotating frame with a gap. The planar stator 102 is positioned within the
gap, and windings on the planar stator 102 link flux from the rotor. Under quiescent conditions,
the solution for the flux in the gap is essentially independent of the presence of the planar stator
102 because the materials used in the stator construction (e.g., the dielectric core layer 406, the
prepreg 408, and the epoxy 410 shown in FIGS. 4 and 5) have a magnetic permeability that is
essentially the same as free space, or “air.” Machines of more conventional construction
integrate the windings with soft magnetic material, often made from laminations of special
steels. This material participates in the magnetic circuit. However, when soft magnetic
structures are integrated with the stator in a permanent magnet brushless machine, for example,
the steel is subjected to significant time-varying magnetic flux that tends to drive a variety of loss

mechanisms in the soft magnetic material. This is one of the reasons that the materials used in
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such machines are typically made of laminated stampings that reduce the losses associated with
eddy currents in the magnetic material. There are a number of disadvantages that come with the
incorporation of soft magnetic materials in a typical steel lamination construction, including
tooling costs, winding limitations (fill factor), electrical and acoustic noise, electrical insulation

requirements, quality of motion, and thermal concerns.

[0024] An advantage is that the utilization of a core can reduce, or in some cases eliminate, the
need for economically sensitive rare earth hard magnetic materials. Additionally, and
independent of the hard magnetic materials, incorporating a core may improve some aspects of
performance in a tradeoff with others. Consider, for purposes of illustration, a lossless machine
with a transformation of electrical variables to the rotating frame — an ideally commutated
machine. In this situation, the machine is characterized by a single constant that relates torque to
current (K;) and voltage, or back EMF, to speed (K,,). In appropriate units and quantities, these
constants are equal. If the constant is made larger, a smaller current will provide a given torque,

and a lower speed will result in a given terminal voltage.

[0025] The back EMF of the machine, and the constant which relates the machine current to
torque, can be deduced by the flux linked by the turns. In particular, as a consequence of

Maxwell’s equations in the magnetoquasistatic case, turns linking a flux A contribute a voltage

d
Ve :Eﬂ,

[0026] Further, if the flux linked by the static geometry of the turns (in the stator) is changed by
virtue of the orientation of the rotor at angle 8 with respect to the stator, then the equation above

becomes

dA dé
v(0) = 0 dr

di _ .
[0027] The term ) has two components to consider in a permanent magnet machine. One

o i . . . . .
source of flux 4, contributing to —g originates with the magnets fixed in the rotor (8 being the

angle of the rotor) and the solution of the associated magnetic circuit. This is the term most
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. . . . S da.
important in the air-core machine. Another component 4, contributing to ) involves the change

of flux linked from the turns themselves. For this component, 1, = L(8), which may be thought

of as angle-dependent inductance.

6 .. . A. .
[0028] At a fixed speed, % = w, and steady-state conditions, the significance of z—g is that it

provides a relationship between speed and voltage that determines the performance

characteristics of the electric machine. This can be analyzed piece-by-piece, e.g., the voltage of

T . da o .
the winding is the superposition of the @ contributions of the components of the winding.

dA

di . . . T . .
[0029] As —5 isa function of 8, and is thus periodic, it has a Fourier series. In some cases, =
terms may be well approximated by the first term of the series. In this case, the terminal voltage

for a machine that has » poles and mechanically rotates at a frequency w can be written,
v(t) ~ K sin(nwt + 0y) w.

[0030] In this equation, w is the mechanical frequency of rotation, # is the pole count of the

machine, nw is the electrical frequency, 7 is time, 6 is an angular offset, and Ksin(nwt + 8,) is
. . .. da o .
the first term of the Fourier series approximating —5 over the winding. Commutation of the

machine effectively removes the sinusoidal dependency, and exposes K—with contributions
from hard magnetic materials, the solution for the linked flux, and the 8 dependent inductance
terms — as the factor that can cause the machine to produce more voltage per unit speed, and

more torque per amp. Addition of a soft magnetic core material to an air-core machine can

dA

=5 and thus generally increase K for the machine.

increase the components contributing to

[0031] One possible way to introduce a soft magnetic core material to an air-core machine is to
replace the fiberglass substrate supporting the electrically conductive traces (e.g., the dielectric
core layer of a conventional a CCL sheet) with a soft magnetic material. This material may be
non-conductive and relatively stiff, e.g., a ceramic insulator, such as a soft ferrite. Since the
material would be exposed to time-varying magnetic fields in the course of operation of the
machine, low-loss magnetic characteristics would be desirable. To produce a circuit board

structure with a ceramic insulator or the like as the supporting substrate, a planar conductive
7
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layer (e.g., a copper layer) may be disposed on either or both surfaces of a planar sheet of the
ceramic insulator material to generate a structure similar to a CCL sheet, and such conductive
sheet(s) may then be etched, e.g., using standard printed circuit board (PCB) processes, to form

patterns for the windings of the poles of an armature and/or other conductive traces.

[0032] The properties of the families of materials that meet these criteria, such as difficulty in
machining, may mitigate towards implementations that reduce the number of layers needed to
form a planar winding structure. The winding structures disclosed in the *953 Patent,
incorporated by reference above, can be achieved in as few as two conductive layers. There may
also be advantages to using a soft magnetic material as a substrate to support the windings of a

planar stator in terms of the allowable thermal conditions.

[0033] Another possible way to introduce a soft magnetic core material to an air-core machine is
to integrate magnetic core material with a printed circuit board as part of the manufacturing
process. Such an implementation has the advantage of retaining the techniques and winding
procedures of planar stators designed for the printed circuit board processes, as well the inherent
precision and scalability associated with such processes. In some such implementations, one or
more powdered soft magnetic materials may be combined with one or more carrier materials that
are otherwise used as “fill” in the printed circuit board (e.g., a low-viscosity epoxy product) to
form a magnetic composite material. Such a magnetic composite material may thus form a soft
magnetic core, resulting in a planar armature with a dielectric substrate that supports conductive

traces and also has infegral soft magnetic material in (at least) the locations where it is needed.

[0034] FIG. 6 shows an example composite structure 600 (e.g., for use in a planar stator 102) in
which a dielectric substrate (including the dielectric core layers 406, the magnetic composite
material 602, and the prepreg 408) supports conductive traces (i.e., the copper features 404), and
in which the magnetic composite material 602 is disposed in the interstices between the copper
features 404 (e.g., corresponding to the radial traces 302 shown in FIG. 3). The composite
structure 600 can be compared to the composite structure 400 shown in FIG. 4 in which the
prepreg 408 and associated epoxy 410 is instead disposed in the interstices between the copper
features 404. Since, in the composite structure 600, these interstices are filled with the magnetic

composite material 602, the need for prepreg 408 to fill those spaces may be reduced. As such,
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in some implementations, prepreg 408 may be used only to meet the dielectric requirement of the
planar stator 102, i.e., electrical insulation between axially close copper features 404. In some
implementations, for instance, only a single layer of prepreg 408 may be disposed between the
two layers 402a, 402b of etched copper-clad material. FIG. 7 shows a schematic view of how
several of copies of the composite structure 600 shown in FIG. 6 may be included in the stack-up
of a novel composite printed board structure 700 with, in this example, twelve layers of
conductive materials, e.g., including copper features 404, and integral soft magnetic material,
e.g., the magnetic composite material 602 that is positioned in the interstices between the copper

features 404.

[0035] As noted above, FIG. 3 shows a top view of a typical a planar stator 102 including traces
forming stator windings. The active area of the planar stator 102, which is where the rotor axial
flux is imposed, is described by an annulus between radii r;and r,. As shown, the active area of
the planar stator 102 may include the radial traces 302. In some implementations, the magnetic
composite material 602 described herein may be placed only within this active area, e.g., in the
interstices between the radial traces 302. In other implementations, the magnetic composite

material 602 may additionally or alternatively be placed in other regions of the planar stator 102.

[0036] Powdered soft magnetic materials are widely available for the manufacture of
components, such as chokes, inductors, and transformers. Examples of products formed using
such powdered soft magnetic materials include Kool Mu (sendust), MPP (molypermalloy), Kool My
MAX, Kool Mu Hf, Edge , High Flux, XFlux, and 75-Series, all available from Magnetics, which has
headquarters in Pittsburg, PA. In these conventional applications, the powders are often sintered
or bonded to form cores, either with embedded wires or as forms around which wires can be
wound. Powdered soft magnetic materials of this type are available from a number of sources.
Examples include 40337 Iron powder, 00170 Iron powder, and 10214 Iron powder, available

from Alfa Aesar (part of Thermo Fisher Scientific) of Tewksbury, Massachusetts.

[0037] Eddy current losses in components that include such powdered soft magnetic materials
can be controlled via particle size because the interfaces between conductive grains can be made
sparse, i.e., so that the particles tend not to form larger conductive networks. Magnetic losses

decrease with particle size as well, relative to a bulk sample of the same material, as the
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collection of grains approximates individual domains with fewer domain-to-domain interactions.
As the material particle size becomes extraordinarily small (nano-scale, e.g., between 1 and 100
nanometers), new effects may be apparent. These effects are generally beneficial from the
magnetic point of view, but may present challenges from the point of view of handling, mixing,

and reactivity with materials for integration in the printed circuit board environment.

[0038] In some implementations, to introduce powdered soft magnetic materials, such as those
identified above, into printed circuit board stators, a procedure may be used in which one or
more such soft magnetic powders are mixed with one or more low-viscosity epoxy products
compatible with printed circuit board materials and processes to form a magnetic composite
material 602, as described above. In some implementations, soft magnet powder(s) having an
optimal magnetic particle size for a given application may be selected and/or such soft magnetic
powder(s) may be screened to control the size of the magnetic particles that are used. In some
implementations, for example, magnetic powder(s) having an average magnetic particle size
(e.g., diameter) of 1 micrometer (um), or 2 um, or 5 um, or 10 um, or 20 um, or 50 um, or 100
um may be employed. Further in some implementations, such magnetic powder(s) may
additionally or alternatively be screened such that the maximum size (e.g., diameter) of the
magnetic particles they contain is less than 100 um, or less than 50 um, or less than 20 um, or
less than 10 um, or less than 5 um, or less than 2 um, or less than 1 um. As noted above, eddy
current losses in these materials can be managed by controlling the size of the soft magnetic
particles so as to cause the interfaces between individual particles to become sufficiently sparse.
Further, by keeping the magnetic particles suftficiently small and/or sparse, the magnetic
composite material 602 can be made non-conductive in the bulk, even though individual
magnetic particles might themselves be conductive in some implementations. The magnetic
composite material 602 may thus serve as an insulator between individual conductive traces 302,

404 of a planar stator 102.

[0039] An example of a low-viscosity epoxy product that may be mixed with such magnetic
powder(s) to form a magnetic composite material 602 is the EMP110 Photoimageable
Soldermask available from Electa Polymers Ltd. of Kent, England. Such a magnetic composite
material 602 may then be dispensed with standard processes into volumes in the printed circuit

board (e.g., in in the interstices between copper features 404) that would otherwise be filled with
10
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other materials (e.g., layers of prepreg 408 and/or epoxy 410) in the process of manufacture. The
result of this approach is a composite printed circuit board structure, e.g., the composite printed
board structure 700 shown in FIG. 7, that incorporates low-loss magnetic material, e.g., the

magnetic composite material 602.

[0040] In some implementations, to make a planar composite stator integrating one or more
powdered soft magnetic materials in the interstices between traces, e.g., the radial traces 302
shown in FIG. 3, there are two principle steps that may be employed in the processing of one of
the copper clad repeat units, e.g., one of the layers 402 shown in FIG. 6, of the assembly. A first
such step may be to place the soft magnetic material, e.g., the magnetic composite material 602,
in the desired locations, and to place a non-magnetic filler material in the locations where
magnetic material is not wanted. An example of non-magnetic filler materials suitable for this
purpose is the EMP110 Photoimageable Soldermask noted above. In the construction of a planar
armature, it may be desirable to confine the soft magnetic material, e.g., the magnetic composite
material 602, to the active area of the stator (between r1 and 12 in FIG. 3) in which the
interaction with the rotor is significant. A second such step may be to planarize the layers 402 so
they may be “stacked” with uniform results. Permutations of the techniques described for these

steps may have similar results.

[0041] In some embodiments, individual CCL sheets, e.g., FR-4 CCL panels, may be etched
with the desired winding pattern, as would be done for a conventional planar stator, e.g., a planar
stator of the type described in the 625 and "953 Patents incorporated by reference above. A
mixture of one or more epoxies and one or more powdered soft magnetic materials, e.g., the
magnetic composite material 602 described above, may then be screened or placed via a
computer controlled dispenser onto the active areas of the etched CCL sheets, e.g., between the
copper features 404 forming the radial traces 302 of the planar stator 102 shown in FIG. 3. In
some implementations, the magnetic composite material 602 may be excluded from the areas in
which it is not desired, e.g., outside the active area of the planar stator 102, by depositing and
partially curing a non-magnetic filler material in these areas prior to depositing the magnetic
composite material 602 on the etched CCL sheets. The uncured material may then be
mechanically leveled, for example, with a doctor blade. As a result of these processes, some

material may lie on the copper traces and may extend beyond the level of the trace tops.
11
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[0042] In other embodiments, individual CCL sheets, e.g., FR-4 CCL panels, may first be etched
with an initial pattern so as to leave voids at desired locations for subsequently introduced
magnetic material. A mixture of one or more epoxies and one or more powdered soft magnetic
materials, e.g., the magnetic composite material 602 described above, may then be screened,
computer dispensed, or dispensed in bulk onto the initially etched CCL sheets and leveled, for
example, with a doctor blade. As a result of these processes, some material may lie on the
portions of the copper of the CCL sheets that will form the traces for the planar stator 102. A
subsequent etch of the remaining pattern may produce the interstices and voids required for the
stator circuit traces that are not desired to be filled with magnetic material. Such voids may then
be filled with a non-magnetic filler material, e.g., of the type described above. The sequence of

these etch and fill steps may be interchanged in some implementations.

[0043] Following the steps above, excess non-magnetic fill material may need to be removed to
allow the assembly of a uniform sequence of layers 402. Since the copper traces for the planar
stator 102 may be described accurately by the Gerber code used to prepare CCL sheets with a
pattern of traces, in some implementations, the same code may be translated to a control
sequence for a laser that can oblate the magnetic composite material 602 and level the surface.
An appropriate laser for this process may be effective at removing epoxy materials, e.g., the
magnetic composite material 602 or the non-magnetic fill material described above, but may be
stopped by the underlying copper trace. Such lasers are employed in standard PCB
manufacturing to make connections to inner layers in printed circuit boards. In other
implementations, the magnetic composite material 602 and/or the non-magnetic fill material may
instead be brought to a state of cure where it is possible to economically and effectively planarize

the layer mechanically to remove excess material.

[0044] The techniques disclosed herein can also be applied to make planar printed circuit board
armatures that are thinner as compared to equivalent stators made using conventional techniques.
This result may be achieved, for example, by filling the interstitial gaps with epoxy, rather than
epoxy loaded with magnetic material. Similar steps to level the surface and remove excess
material may be used in such implementations. A reduced number of layers of pre-impregnated

cloth, e.g., the prepreg 408 described above, can then be used in the stack up.
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[0045] Features and Benefits of Integrating Soft Magnetic Core Materials

[0046] The integration of core material in an electric machine has a number of benefits, some of
which have been previous noted. In particular, the construction here can be automated in
construction of the PCB, in contrast to methods that require placing discrete magnetic cores in
slots and/or holes in the PCB. The magnetic material may be effectively secured in the PCB

matrix.

[0047] In a motor application, the presence of core material may allow substitution of lesser
grade magnets and/or the use of less magnetic material relative to a similar air-core design.
Tradeoffs in quality of motion, harmonics and other motor parameters may also be involved.

The presence of core material may allow more effective use of armature reaction, for example, in

field weakening applications.

[0048] A down side of the technique is that, unlike an air core machine, there is a magnetic force
of attraction between the stator and rotor under quiescent conditions. In the center of the gap, the
magnetic material filled stator may be at an unstable equilibrium point. This may require, for

example, stator geometries that are inherently stiffer relative to air-core designs.

[0049] There are numerous market opportunities for motors and generators that work well with

inexpensive magnets or where very high torque density is needed.

[0050] The benefits of the incorporation of magnetic material described here may apply to other
kinds of electromagnetic devices and circuit elements. For example, inductors, transformers,
inductive sensors, and energy harvesting devices with PCB traces windings may benefit from

embedded core materials.

[0051] The technique of filling the interstitial gaps with soft magnetic material may also be
employed to make a printed circuit boards (including planar armatures) with high-profile copper
features with reduced over-all thickness. This has been reduced to practice. In a typical sample,
a stator with conventional stack-up and construction with a thickness of 0.0920 inches was
remade using this process, resulting in a thickness of 0.0695 inches. Reduced stator thickness

may convey a variety of closely linked machine performance tradeoffs and benefits, including
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reduced magnet usage, higher efficiency, increased performance, reduction in losses, and/or

enhanced thermal performance.

[0052] FIG. 8 is a cross section view of a sample from a planar stator, with six conductive layers,
showing the deposition of a magnetic composite material 602. The magnetic composite material
602 used to fill the interstices between radial traces 302 was formed using a powdered soft
magnetic material that was screened to a maximum size of 25 um and then mixed with a low-
viscosity epoxy product, as described above. The areas including magnetic particles and the
epoxy matrix in which such particles are secured are evident. In this prototype, the thickness of
the prepreg 408 was not reduced to the extent possible. If this had been done, it would have
substantially increased the relative content of magnetic composite material 602 between the

radial traces 302.

[0053] Having thus described several aspects of at least one embodiment, it is to be appreciated
that various alterations, modifications, and improvements will readily occur to those skilled in
the art. Such alterations, modifications, and improvements are intended to be part of this
disclosure, and are intended to be within the spirit and scope of the disclosure. Accordingly, the

foregoing description and drawings are by way of example only.

[0054] Various aspects of the present disclosure may be used alone, in combination, or in a
variety of arrangements not specifically discussed in the embodiments described in the foregoing
and is therefore not limited in this application to the details and arrangement of components set
forth in the foregoing description or illustrated in the drawings. For example, aspects described
in one embodiment may be combined in any manner with aspects described in other

embodiments.

[0055] Also, the disclosed aspects may be embodied as a method, of which an example has been
provided. The acts performed as part of the method may be ordered in any suitable way.

Accordingly, embodiments may be constructed in which acts are performed in an order different
than illustrated, which may include performing some acts simultaneously, even though shown as

sequential acts in illustrative embodiments.
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[0056] Use of ordinal terms such as “first,” “second,” “third,” etc. in the claims to modify a

claim element does not by itself connote any priority, precedence or order of one claim element
over another or the temporal order in which acts of a method are performed, but are used merely
as labels to distinguish one claimed element having a certain name from another element having

a same name (but for use of the ordinal term) to distinguish the claim elements.

[0057] Also, the phraseology and terminology used herein is used for the purpose of description

and should not be regarded as limiting. The use of “including,” “comprising,” or “having,”
“containing,” “involving,” and variations thereof herein, is meant to encompass the items listed

thereafter and equivalents thereof as well as additional items.

[0058] What is claimed is:
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CLAIMS
1. A planar armature for an axial flux machine, the planar armature comprising:

a dielectric substrate including at least a first portion that is adapted to be positioned
within an annular active area of the axial flux machine, wherein at least the first portion
comprises a soft magnetic material; and

conductive traces supported by the dielectric substrate, the conductive traces forming

windings for a least one pole of the planar armature.

2. The planar armature of claim 1, wherein at least the first portion comprises a magnetic
composite material including particles of a soft magnetic material embedded within a non-

conductive carrier material.

2

3. The planar armature of claim 2, wherein the soft magnetic material comprises a powdered

soft magnetic material.

4, The planar armature of claim 2 or claim 3, wherein the non-conductive carrier material

comprises an epoxy.

5. The planar armature of any of claims 2-4, wherein a maximum diameter of the particles is

50 micrometers or less.

6. The planar armature of any of claims 2-5, wherein at least a portion of the magnetic

composite material is disposed within etched regions of a copper clad laminate sheet.

7. The planar armature of any of claims 2-6, wherein the magnetic composite material is

embedded axially between dielectric layers and radially between the conductive traces.

8. The planar armature of claim 1, wherein the dielectric substrate comprises a ceramic.

9. The planar armature of claim 8, wherein the ceramic comprise a soft ferrite.
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10. A printed circuit board, comprising:
a dielectric substrate; and
conductive traces supported by the dielectric substrate;
wherein at least a first portion of the dielectric substrate comprises a soft magnetic

material.

11. The printed circuit board of claim 10, wherein at least the first portion comprises a
magnetic composite material including particles of a soft magnetic material embedded within a

non-conductive carrier material.

12. The printed circuit board of claim 11, wherein the soft magnetic material comprises a

powdered soft magnetic material.

13. The printed circuit board of claim 11 or claim 12, wherein the non-conductive carrier

material comprises an epoxy.

14. The printed circuit board of any of claims 11-13, wherein a maximum diameter of the

particles is 50 micrometers or less.

15.  The printed circuit board of any of claims 11-14, wherein at least a portion of the

magnetic composite material is disposed within etched regions of a copper clad laminate sheet.

16. The printed circuit board of any of claims 11-15, wherein:

the printed circuit board is configured to operate as a planar armature for an axial flux
machine; and

the magnetic composite material is embedded axially between dielectric layers and
radially between at least a first pair of conductive traces located within an active area of the axial

flux machine.

17.  The printed circuit board of any of claims 10-16, wherein:
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the printed circuit board is configured to operate as a planar armature for an axial flux
machine; and

the soft magnetic material is embedded axially between dielectric layers and radially
between at least a first pair of conductive traces located within an active area of the axial flux

machine.

18.  The printed circuit board of claim 10, wherein the dielectric substrate comprises a

ceramic.

19.  The printed circuit board of claim 18, wherein the ceramic comprise a soft ferrite.

20. A method for forming a planar armature for an axial flux machine, the method
comprising:

forming conductive traces on a dielectric substrate, the conductive traces forming
windings for a least one pole of the planar armature; and

filling interstitial gaps between the conductive traces with at least one epoxy material in

which soft magnetic material is embedded.

21. The method of claim 20, wherein filling the interstitial gaps comprises;

filling first interstitial gaps located between first conductive traces within an active area
of the axial flux machine with a first epoxy material in which soft magnetic material is
embedded; and

filling second interstitial gaps located between second conductive traces outside the

active area with a second epoxy material that is free of the soft magnetic material.
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