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(57) Abstract: There are disclosed winding configurations
for electric machines that employ printed circuit board (PCB)
type end winding connections to enable an automatic and
faster assembly of the electric machines. The winding config-
urations provide a compact PCB-type end winding arrange-
ment with an optimal fewer number of turns/bars in the slots
of the board to complete the loop of winding connections.
The winding configurations have application in three phase or
multiple phase inner rotor or outer rotor electric machine to-
pologies.
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WINDINGS FOR AN ELECTRIC MACHINE

Fiedd of the Invention:

{0601] The present disclosure is related to winding configurations for electrio raachines,

BACKGROUND
j0002] Stranded conductors are traditionally used for machine winding arrangements, such ag
two layer coneentric type of windings that are applied manually. Manual winding techniques
can be time consuming and inefficient,  With conventional random winding techniques for
electric machines, it has been found to be difficult to aviomate the winding process.
Furthermore, due to the high part-to~part variation, an overdesign of the machine components is
required to meet final performance measures. This requires an increass in size of the parts, an
increase in the cost of the parts, and a lower filling factor and powsr density for the windings
placed on the part. In addition, manufacturing cost is increased due to a larger number of steps
being required in the manufacturing process along with the manual manufacturing steps in

applying the windings. .

[0003] What is needed therefore s a system and method for eleciric maching windings that can
be avtomated so that the machine parts can be built throngh a robotic manufacturing process
and assembly, allowing a reduction in the size of the parts containing the windings, reducing
manufacturing costs, reduecing part-to-part variations, and providing an improved filling factor
and power density of the windings., The present disclosure is directed to a winding system and

method that addresses these needs, among others.
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SUMMARY

[0004] The present disclosure includes novel winding configurations for electric machines such
as ¢lectric motors by employing printed ciremt board (PCR) type end winding connections for
automatic and faster assembly processes, The winding configurations provide a compact PCB
end winding arrangement with an optimal fewer nuomber of turns/ars in the glots of the board to
complete the loop of winding connections. The novel winding configurations have application

in three phase or muliiple phase inner rotor or outer rotor elgctric machine topologies.

[0003] In one embodiment, the winding configuration involves multiple boards that are stacked
and define inner stots opening toward inner edges of the boards. A number of straight,
rectangular in cross-section, conductor bars are bundled into a single piece, and a bundle of bars
is placed into cach of the slots. The winding configuration includes end windings with
conductive traces connected to the ends of cach of the bars, The lengths of the bars in ¢ach of
the bundles are such that each enid of each bar in the bundle reaches a different board to |
complete the winding loop. In a specific emsbodiment, a lap winding coil-first topology achieves
the basic electromagnetic flux paths and the required aiv-gap flux density for each board with

appropriate joiing methods 1o make the joints between the bars and boards,

{0006} This summary is provided to infroduce a selection of concepts that are further described
below in the illustrative embodiments. This summary is not intended to ideatify key or essential
features of the elaimed subject matter, nor is it intended to be used as an aid in Houting the scope
of the claimed subject matter. Further embodiments, forms, objects, teatures, advantages,

aspects, and benefits shall become apparent from the following description and drawings.
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BRIEF DESCRIPTION OF THE FIGURES

[0007 FIG. 1is a schematic cross-sectional view of one embodiment of an electric maching in
which multiple pairs of boards are connected with correspouding ones of a number of bars

arranged in aligned slots along the stacked boards,

{6008} FIGS. 2A and 2B are top and bottom plan views, respectively, of a part of a winding
configuration on an exemplary board for connecting the ends of the corresponding bars that are

aligned with the board.

[0009] FIGS. 3A and 3B are top and bottoin plan views, respectively, of another embodiment
board where the rotor space 1s utilized for the winding configuration tn addition to the stator

space.
{00101 FIG. 4 is a plan view of the board with complete windings inthe stator and rotor areas.

[0011] FIG. S is an example of 4 cross-section of a board as shown in FIGs. 2A and 2B along

Jine 5-5 of Fig. 2A.

[0812] FIG. 615 a plan view of a portion of the board of FIGs. 2A and 2B showing one

embodiment of an arrangement for optimization of the winding configuration on the board.

{0013} FIG. 71s a schematic view of a two layer lap winding arrangement for an electric

machine having four poles and thirty-six slots.

[0014] FIG. 8 is a schematic diagram showing a basic beard-first end winding configuration for

connection to the conductor bars.

[0018] FIG. 9 s a schematic diagram showing the board end cownections in a board-first

winding configuration.

je0i6] FIG. 10 is a schematic showing & basic coil-first winding configuration for connecting

the conductor bars.

{8047} FIG. 11 is a schematic diagram of a complete coil-first winding configuration for an

clectric machine.

(95
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[B018] FIG 12 is a plan view of another embodiment board including the winding

configuration of FIG. 4 with a position sensor

{00191 FIGs. 134 and 138 are schematic diagrams showing a doubled sided arrangement with
spaced apart boards and the corresponding straight bars for connecting the spaced apart boards,
and a single sided board with U-shaped bars for connecting opposite parts of the single sided

board, respectively.

[0020] FIG. 14 iy a schematic cross-sectional view of g single board employing multi-layer

circuit board technology.

4
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DETAILED DESCRIPTION

[0021] Referring to FIG. 1, there Is disclosed herein an electric machine 20 thai includes a
plurality of boards 22 that include front boards 24z, 26a, 28a, 304, 32a, 34a and a plurality of
rear boards 24b, 26b, 28b, 30b, 32b, 34b. The terms “front” and “rear” are used hergin to
reference the front and rear of the electrical machine 20 as used during nominal operations, but
relative locations of the components referred to herein as being “front” or “rear” should not be
construed as limiting unless specifically noted otherwise. The boards individually and
collectively may be generally referred to herein as board(s) 22, it being understood that the any
one of combination of the front and rear boards are being referred to unless specified otherwise.
Boards 22 include a yoke area B2 that can be comprised of any suitable non-conductive
material, such as 18 used for printed circuit boards. Boards 22 glso include a connector arca 84
extending betwen the inner circumfersotial edge 56 and yokse area 82 that is comprised of
condugctive material and defines slota 58, The representative portion of the elestric machine 20
shown in FIG. 1 includes an inner rotor of 8 three phase induction type electric machine, but the
present disclosure also has application in to other permanent magnet (PM) or non-PM maching

topologies

[0022] Electric machine 20 further includes a plorality of conductor bar stacks 36, each of
which inclogdes a number of conductor bars 38, 40, 42, 44, 46, 48, Although six conductor bars
are shown in the itlustrated embodiment, more or fewer conductor bars in each conductor bar
stack 36are also contemplated. Conductor bars 38, 40, 42, 44, 46, 48 are successively shorter
in length so that the oppasite ends of sach bar are aligned with a pair of epposed boards 22.
For example, conductor bar 38 extends between opposite ends 38a, 38b, and end 384 i3
conngcted to board 24a and end 38b 18 connected to board 24b. Conductor bar 40 extends
between opposite ends 40a, 40b, and end 403 is connected to board 264 and end 40b is
connected to board 26b. Conductor bar 42 extends between opposite ends 42a, 42b, and end
42a is connected to board 28 and end 42b is connected to board 28b. Conductor bar 44
extends between opposite ends 44a, 44b, and end 444 is connected to board 302 and end 44b 1s
conngcted to board 30b. Conductor bar 46 extends between opposite ends 46a, 46b, and end
46a 15 connected to board 32a and end 46b 13 connected 10 board 32b. Conductor bar 48

extends botween opposite ends 48a, 48b, and end 48a is connected to board 34a and end 48b iy

v
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conniected to board 34b. The conductor bar stacks 36 individually and colleatively may be
generally referred to herein as bar stack(s) 36, it being understood that the any one, all or
combination of the bar stacks are being referred to unless specified otherwise, In addition, the

conductor bars 38, 40, 42, 44, 46, 48 may be generally referred to herein as bar 50,

[0023} Referring further to FlGs. 24 and 2B, there is shown top and bottom plan views of
board 22 with a winding configuration 70 including end windings 70a, 70b shown thergon in
yoke area 82, For example, board 22 in the illustrated embodiment includes a planar body 52
extending between an outer circumferantial edge 54 and an inner eircamferential edge 36.
Planar body 52 also defines a front or first surface 60 and an opposite back or second surface
62, Inner circumfersntial edge 56 includes a plurality of radially outwardly extending slots 58
extending therefrom that open at edge 56, A bar stack 36 is placed into each of the slots 58 so
that bars SO thereof connect the respective pairs of boards 24a-24b, 26a-26h, 28a-28b, 30a-30b,
32a-32b, 34a-34b to ong ancther.  In the illustrated embodiment, thisty-aix slots 3& are

provided to receive respactive ones of thirty-six bar stacks 36.

{0024] End winding 70a includes a nomber of conductive traces 72 on first surface 60 and end
winding 70b includes a mumber of conductive fraces 74 on second surface 62, Each trace 72 is
connected to an end of 4 bar 50 in a first one of the slots 38 to another bar 30 i a second one of
the slots 58, In the illustrated embodiment, fraces 72 on first surface 60 are connected to a
respective one of every other ones of the slots 58, and traces 74 on sevond surface 62 are
connected to a respective one of every other ongs of the slots 58, where adjaceut ones of the
slots in the first portion of slots 58 connected with traces 72 are separated by a slot of the

second portion of slots 58 connected with traces 74,

[6025] The bars 50 can include a rectangular cross-section with a number of bars stacked onsg
upen the other in each slot 58, In one embodiment, bars 50 in each stack are bundled together
with high temperature tape to bold the bars together. The rectangular cross-section and
bundling provides a higher fill factor in each slot 58, which enables higher torque density and
compact winding configuration to increase the volume density of the electric machine 20. Each
bar 30 also includes an L-shaped configuration at gach end thereof to facilitate connection with

the respective adjacent board 22, allowing more soldering arca and a stronger connection with



WO 2017/143328 PCT/US2017/018640

connection area 84 than would be provided by a straight bar, although the use of a straight bar
and/or a non-rectangular cross-section is not precluded in the present disclosure. The lengths
of the various bars 50 depend on the thickness of the boards 22 and the size of any gap between

the adjacent boards 22 to be connected by the bar 50

[0026] The propused connection arrangement between the bars 5O and each board 22 provides
conductive trace connection sites for the end windings 70a, 7b of winding configuration 70 on
both the upper and lower surfaces of each board 22. The length of each bar 50 is sized to
extend between the two boards 22 to be connected to one another with traces for the windings
provided on both surfaces of both of the connected boards 22, The traces can therefore be
avenly distributed and have the same configuration on the front and back surfaces of each of

the boards 22 ysed in the electric machine 20.

[0827] In FlGs. ZA and 2B, the end windings 70a, 70b of winding configuration 70 is applied
to the stator area 66 of board 22, which can be defined by the yoke 82, However, in another
embodiment of board 22, designated as 227 in FIGs. 3A and 3B, the end winding topology is
alse applied 1o the rotor area 68 of board 22°. Thus, an even move compact design for the
board 22° is possible. The traces 76 on the first surface 607 and traces 78 on second surface 62
extend from corresponding ongs of every other ones of the slots 58 to the inner circumferential
edpe 64, whicli is separated from slots 58 by rotor area 68, As discussed further below, and as
shown in FIG: 4, the pitch of the traces 76, 78 can correspond to the pitch of traces 72, 74,
which s a pitch of ten in the illustrated embodiments. The widths of traces 76, 78 and the
radius of inner circumferential edge 64 can be sized based on the required resistance to be
provided. Furthermore, since the area of traces on each board 227 is increased due to utilization
of both the stator area 66 and the rotor area 68, the number of boards 227 in the stack van be

reduced relative to & design that utilizes only the stator area,

[0028] Referring to F1G, 3, 4 cross-section of the erabodiment of board 22 in FIGs. ZA and 2B
is shown along the radius of the outer circumferential edge 54 of board 22. Board 22 includes a
number of side-by-side planar traces 72 on fizst surface 60 and a nmumber of side-by-side planar
traces 74 on second surface 62. The traces 72, 74 are sized sothat in the cross-section two

traces 72 and two traces 74 are provided in the yoke area 82. In addition, outer cirenmferential

7
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edge 54 includes edge traces 80 extending between the first and second surfaces 60, 62 that are

connected to traces 72, 74 to elecirically link the bars 50 in the slots 58 to one another.

[002%] Thewinding configuration 70 disclosed herein allows for optimization of the active
material which is used in the traces of board 22, The traces 72, 74 are made from copper and/or
aluminum, but the present diselosure has application with any material for conductive traces that
is capable of carrying nominal current.  Optimization of the roateral amount of the traces

allows for reduced cost.
6030} In FIG. 6 the angle 85 depends on the pitch and is deseribed by equation (1) as follows:
(1 By = 360 x &
() 3 = OU e
where Yy is the pitch mumnber and S 18 the number of slots 38, For the representative design of
FIGs. 2A and 2B, Y,is 10 and 8 is 36

[0031] As shownin FIG. 6, the traces 72 start {from an inner radius Riat the outer end of the
respective slot 58 and end at an outer radius Ry at outer circurnferential edge 54, A point P in

the trace 72 from point 1o potat 3 is represented by equations (2) and (3):

2) Ry = {Ry + (Ry + Ry) 2] cos 0,
g

4 w (R ) ) ¢

3) Rpy = (Ry+ (R, + Ry) ) sin @,

[0032] Tangentially each trace at radius Ry has an angular width of 2 ¥ 360/8 degrees. The

trace width is defined by d as shown in FIG. § and is determined by equation (@)

Q)
. : ot (RE...@} . (2 . jéf{) & . - 2 4 (Ry~Ru)A) (2 . ?.EE) 2 R
= . 1 "”“;7; CO5 b 1 mep jbln 3 1
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[0033] The cross sectional area of each trace A, is defined by the following equation:
(5) Ardxw
whers W is the trace thickness and d is the width of the trace.

[0034] The nominal curvent in the bar 50 is determined while designing the electromagnetics of
the electric machine 20, The same bar current flows through the connected trace 72, 74 on the
board 22. The trace cross section and lengih defines the resistance and the resistive loss due to
the current. With a fixed board thickness, the. cross section A is higher with a higher outer
radius Ry of the board 22, For a fixed inner rading Ry, the lower the cuter radius Ry is, the lower
the cost and the required active material for board 22 is. The selection of outer radius Ryis
determined based ou the required end winding resistance, which depends on the cross section

As

[00358] The winding configuration 70 for electric machine 20 disclosed herein can be divided
into parts that can be installed following some predefined controlled steps. For example, the
winding configuration 70 can be divided inte two parts, with a first pézrt‘ jnchuding the bar stacks
36 that each include a number of bars 50 bundled into a single unit. A ssparate bar stack 36 is
placed into each of the slots 538 of the beards 22, The second part of the winding configuration
70 ingludes the end windings 70a, 70b and traces 72, 74 on each of the boards 22 that provide
the end winding connections. The number of traces 72, 74 in the end windings 708, 70b on each
board 22 depends on the board design, the number of slots 58, and the number of bars 50 in each

bar stack 36

[0036] The winding configuration 70 is designed such that all of the bars 50 are connected with
uniformly distributed phase impedance. The winding configuration 70 also provides two layers
of connection fraces on each board 22 to complete all the connections to provide maximum
utilization of the yolk area on both front and back surfaces of each board 22. For the proposed

end winding configuration 70, the topology provides maximum space and conductive material

9
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utilization and is more compact to utilize the available space more efficiently than concentric

winding arrangements.

{6637} FIG. 7 presents a basic view of a two layer lapped end winding arvangenient of winding
configuration 70 for a four pole, thirty-six slot, three phase induction type elactric machine, The
individual slots 58 are identified numerieally as slots 101, 102, 103, 110, 111, 112, 119 120,
121, 128, 129, 130, ., defining respective ones of four phase clusters of the first phase of the
electric machine, it being understood that not all thirty-six slots are shown and that the phase
clusters of the second and third phases are not shown in FIG. 7. As can be seen with respect to
end winding 70a, trace 72 defines a pattern with a first running direction extending around a first
phase cluster 86 and a second phase cluster 88, and a second running divection that extends
around third phase cluster 90 and second phase cluster 88, and then changes to the first running
direction arcund thivd phase cluster 90 and fourth phase cluster 92, and then changes back to the
second runming direction around the fourth phase chuster and the first phase cluster, As a result,
each of the phase clusters 86, &8, 90, 92 and the hars in the respective slots thereof are lap wound

with the adjacent phase cluster by the end winding 70a and frace 72,

[GU38] In the ilfusiraied embodiment, for the fivst running direction, trace 72 extends fror a first
side of slot 101 along yoks area 82 of board 22 to an opposite second side of slot 110, and then
front the second side of slot 110 along the connector area 84 opposite yoke area 82 to the firat
side of slot 102, and then along the first side of slot 102 to yoke area 82, and along voke ares 82
to the second side of slot 111, and along the second side of slot 111 to connector area 84, and
along connector area 84 to the first side of slot 103, and along the frst side of slot 103 to yoke
area 82, and along yoke area 82 to the secound side of slot 112, and along the second side of slot
112 to connector area 84. Trace 72 then extends in the first direction along connector arga 84 to
the second side of slot 121 for providing a lap winding in the second running direction, In the
second ranning divection trace 80 extends along the second side of slot 121 to yoke area 82, and
atong yoke area 82 to the first side of slot 112, The trace 72 continues in this pattern in the
second munning direction back to the first side of slot 110, and then extends from slot 110 to the
fivst side of slot 119 to repeat the fivst running direction pattern. Thus, in each running direction
trace 72 encompasses the number slots in the pitch {ten in the lustrated embodiment) and rans

around each of the adjacent stots for the corresponding phase before reversing direction.

10
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[0039] Various connection arrangements between the end windings 70a, 70b and bars 50 are
contemplated. A first board-first type counection arrangement is shown in FIG. 8§ that utilizes
another embodiment winding configuration 150, In FIG, 8 all the bars 50 with same height are
conngected through the corresponding boards 22 with a trace 152, FIG. 8 presents a simple view
of this first arrangement, where the first bar 50 jn slot 101 s connected through the respective
boards 22 (such as boards 24a-24b discussed above) by trace 152, For example, trace 152 15
connected to a first end of bar 50 in slot 101 of a first phase cluster at a first board 24a and then
trace 152 s connected to second board 24b at a second end of bar 50. Trace 152 runs on a
surface of board 24b 1o a second bar 507 of the next phase cluster in another slot 110, and then is
connected back to first board 24a through the second bar 507 in slot 110, where the pattern then
repeats for connection to third har 50° in the frst slot of the third phase closter. Trace 152
theretore conuects the first of the bars 50 in phase clusters of the first phase, and then the second
bars of the phase clusters of the {irst phase, and so on until sach bar of each phase cluster in the

first phase is connected, This patiern 1s repeated for each of the second and third phases.

{6040} In FI1G. 9 there is shown another embodiment winding configuration 160 for a board-
first connection of a first phase of the four pole, thirty-six slot arrangement, Winding
configuration 160 includes end winding 162 extending between bars 50 in the slots 101-136.
In the diagram of FIG. 9, slots 101103, 110-112, 119-121, 128130 are associated with the
bars of the four first phase clusters for the first or @ phase, the adjacent sets of three slots are
for the second or b phase, and the third sets of three slots are for the third or ¢ phase. The end
winding 162 and cross-over connections 164 for the second and third phases are similar to the

illustrated arrangement for the first phase.

[8041] In the first phase, trace 162a connects bars in slots 101 and 110, trace 162b connects
bars in slots 103, 112, and trace 162¢ connects bars in slots 1717, 1200 Trace 162d conngets
bars in slots 119, 128 and trace 162¢ connects bars in slots 121, 130, Trace 162f connects bars
in slots 129, 102. There are six cross-overs 164a, 164b, 164c, 164d, 164e, 1641 of the traces
162 that cross~connect the bars to one another as shown. The nomber of cross-overs: 164 can
be reduced with electric machines 20 having an even number of slots per pole. With this
board-first tap winding topology the utilization of the yolk area for each hoard 22 1s uniform,

The achievable phase resistance is the minimum with the lap winding configuration 160,

1%
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[0042] In another embaodiment a connection arrangement for the end windings and the bars 50
is shown in FIGs 10-11 which provides a coil-first type of connection. With the coil-first
connestion arrangement, another embodiment winding configuration 170 is employed. The
winding configuration 170 in FIG. 10 includes an end winding 172 with traces that connect all
the bars 50 of the first phase cluster of the first phase to all the bars 50 in the second phase
cluster, and then all the bars in the second phase cluster to all the bars in the third phase cluster,
and so on. For example, end winding 172 includes traces that extend from an end of first bar
50a in slot 101 to an end of fivst bar 530a” 1 slot 110, and from an opposite end of first bar $0a’
toan end of second bar SOb in slot 102, and from an opposite end from second bar 50b fo an
end of second bar 50b” in slot 111, and from an opposite end of second bar 50b° to an end of
bar 50¢ in slot 103, and from an opposite end of bar 50¢ to third bar 50¢” in slot 112, and then
to the first bar in the next phase cluster where the pattern repeats. Thus, trace 172 completes
the loop for the first phase cluster of the fivst phase between the paired boards 22, and then is
repeated for the second, third and fourth phase clusters of the first phase. The pattern is

repeated for each of the phase clusters of the second and third phases, such as shown in FIG 11,

[06843] The coil-first connection allows each of the boards 22 in the stack to have the same
design. Ta avoid any manufacturing steps for making the phase neutral conngetion, one extra
board 22 van be added that includes the other low pitch traces required to make the connection.
The added board 22 also requires corresponding bars 58 of appropriate length. Depending on
the assoctated cost, this connection can potentially be done manually to avoid the extra height

needed for adding another board.

[0044] Referring now to FIG. 11, there is shown a complete winding configuration 170 for a
coil-first connection of one embodiment of the eleciric machine 200 In the illustrated
embodiment, there are two hundred and spxteen bars (thirty~-six bar stacks of six bars each) and,
since each end of each bar is conngcted to a board, four hundred and thirty-two junctions among
the bary and the boards 24a-34b for a three phase, four pole, thirty-six slot electric machine 20.
In particular, slots 101-103, 110-112, 119121, 128-130 comprise the chusters of phase slots for
poles Al-A4 of phase ¢, respectively.  Slots 104-106, 113-115, 122-124, 13 'I.~1.'53'con'1prise
clusters of phase clots for poles B1-B4 of phase 4, and slots 107-109, 116-118, 125-127, 134.

136 comprise the cluster of phase slots for poles 1404 of phase ¢
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[00453] In the illustrated embodiment, the odd numbered traces follow a clockwise running
direction on a first side of the boards and the even numbered traces follow a counterclockwise
runiing direction on a second surface of the boards. This pattern has the advantage to
optimize the conductive surface on both the first and second surfaces of each of the boards 22
and to distribute the traces on the first and second surfaces of each of the boards 22, 1In the
iltustrated embodiment, thirty-six slots are shown, but other embodiments contemplate more or
fewer slots. Each cluster of phase slots comprises an odd number of slots, which are three in
this design. For a forty-eight slot maching, each phase cluster includes four slots, The
proposed winding configuration 170 1s applicable 1o clectric machines with odd and even
numbers of phase clusters, Winding contiguration 170 is evenly distributed in all divections

and does not change the flux in the air~gap region,

{0046] The bar stacks 36 include bars 50 with opposite ends engaged to the respective boards
22 so that the board-to-bar junctions are accessible on the front and back surfaces of each
board 22. To facilitate the accessibility of all the board-to-bar junctions, each bar 50 in each
slot 58 need not be jomed to the individual board separately. Rather, the number of boards 22
should be equal to the number of bars 50 1o each slot 58 and the height of the bars 50 in each
slot 58 are matched to reach to their corresponding pair of boards 22, Each beard 22 includes
trages on its first and second surfaces with the traces evenly distributed thereon for sach board

22,

{00471 As further shown in FIG. 4, the winding distribution of the conductors in the fivst
{(front in FIG. 11) and second (back in FIG. 11) of a board 22 is evenly distributed. The two
traces 72, 74 in the yoke area eater in every other ove of the slots 38, with traces 72 on the
yoke arga entering every other one of slots 58 and traces 74 on the back surface entering the
pther slots 58, The traces 72, 74 enter each slot 58 at an angle that depends on the slot pitch
and volk thickness. A slot 58 which has a trace 72 entering in the front surface of the board 22
does not have a trace 74 entering it at the back surface. This pattern is same for all the boards
having the frout swrface traces 72, The back surface traces 74 have a similar design which
completes the connection between the winding pitch. For the thirty-six slot, four pole design,
therg are elghteen traces on sach of the front and back surfaces that connect the thirty-six bar

stacks 36 for each loop of the winding configuration.
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[0048] Referring to FIG. 12, the proposed winding counfigurations discussed hersin can be
integrated with a position sensing component for machioe topologies where a position sensor is
necessary ot desired. For example, board 227 includes a position sensor 200, A position sensor
could also be integrated in the single board arrangement discussed below. In Figure 12, it is
shown that the inner radial section 202 adjacent the inner circumferential edge 64 has the
position sensor electronics integrated therein. This inner radial section 202 can include, for
example, a position sensor 202 that is configured to count the position as a finite digital step or
an anglog sinusoidal signal, The position sensor 202 can be integrated with the end winding
configuration but is not limited to such, and may include Hall Effect, resolver type, inductive
coupling, eddy current, optical receivers, reflected gray decoding, and other types of position

SCNSOLS.

[0049] Totegrating an inductive type position sensor 202 in the board 2277 also enables real tirne
end-of-line (EOQL) calibration of sccentricity and alignment of the electric maching. While
mounting the rotor there is always some gecentricity within a tolerance band. With the position
sensor signals it 15 possible to measure the eccentricity. During the assembly process, the system
can provide feedback via position sensor 202 to guide the bearing placemient and automate the
assembly process with a finer precision, Rt is also possible to establish communication of the
position sensor 202 with external calibrator and alignment tools to provide feedback on the

alignment process and to aufornate the alignment itself

{00501 Refewing to FIGs. 13A and 13B, there is shown an exploded schematic view of boards
and bars stacks for connection with the board(s}. FIG. 134 is similar to the arrangements
discussed above, in which each bar stack 36a, 36b, 36¢ 36d includes a number of bars 50 of

varying length for connection at opposite ends thereof to paired ones of boards 24a-24b, ete,

{80581} In contrast, in FIG. 138 a board 24 is provided for conngetion with a fiest U-shaped bar
stack 36a° and g second U-shaped bar stack 36b°. Each bar stack 36g°, 36b 1ncludes a number
of bars of varying length for connection with the board 24, In the illustrated embodiment, thres
bars 30" arein each U-shaped bar stack, so three boards would be provided for conngction to the
upper ends of the different height bars 50 in each bar stack 36a’, 36b". Bars 507 include

opposite tegs 50a" and 50b°, and the lower ends of sach leg 50a°, 50b° is connected by a cross-
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connector 317 so that opposite sides of the board 24 can be connected to the upper ends of the bar
50", With the U-shapsed bars 50" it is possible to avoid board connections at one side of the

electric machine.

[8052] Referting to FIG. 14, the winding configurations disclosed berein can also be applied to a
single, multi-layer board 720, With multiple layers 222a, 222b in a single board 229, it is possible to
avold multiple boards 22 such as shown in Figure 1 and Figure 13A. With multiple conductive
layers 2224 and non-condnctive layers 222b between the couductive layers 222a, and the use of
internal eleatrical connections between the conductive layers 2228, it 18 possible 1o simphify the
destgn having all the conductive bars of the same height. For example, the bars 50 can reach to the
first conductive layver and the comnection to other layers will be made through interual wvia
connections, The single, multi-layer board 220 is the most compact and simple in terms of

assembly.

[0053] The external layers 224 of the single board 220 can include power electronic components
226 which enable an integrated drive with the end windings on the electric maching  In this
embodiment, the internal conductive laysrs 222a and intemnal connections provide a connection
from the bars aud windings on the end of the board 220 to the power slectronic components 226,
Clomponents 226 may include the drive and associated power electronics, including the controls,
communications, powser supply, power generation ete. The onboard power electromics also

support multi-level inverters with series or parallel cascaded multi-phase machine fopology.

[0084] The proposed winding configurations herein are applicable to all applications where
random winding methods are used, and can be an alternative to form wound applications up to
the current carrying capacity of boards 22, 220 which employ printed circuit board technology
for the iraces and winding connections, Applications in high pawer technological areas are
contemplated with replacement of the boards 22, 220 with bus bars. Furthermore, as discussed
above, the winding configurations are not imited fo stator applications, but can also be employed

with rotor applications.

8055F  The proposed winding configurations facilitate automation of the winding formin
. PIof & & :
process and elimination of manually applied windings, providing faster manufactaring and Jower

manufacturing cost.  Therefore, the boards 22 can be built through a robotic manufacturing
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process and assembly, eliminating at least some manual steps in the manutacturing process and
reducing the mumber of manufacturing stepe. In addition, the precision jn the winding
configoration and its high density application allows the size of the electric machine components
to be reduced, providing a conypact architecture with a higher filling factor and increased power
density. In addition, part-to-part variation s reduced, reducing the need for over-design to meet
performance requitements gnd providing a confrolled thermal design.  The ability to more
accurately predict performance allows cost savings in the design. With the proposed automated
manufacturing method having a known geometry and thermal design, it is possible fo estimate

the lifetime more accurately,

[6056] In addition, since the geometry of the winding configuration is precisely controlled
during manufacturing, it is possible to achieve less variation in torque ripple.  This enables
potential feasibility in bigh performiance applications space.  Furthermore, the beariug placement
and sccentricity control can be automated with real time feedback control using onboard

magnetic, inductive or ophical sensors.

{00587} Various aspects of the present disclosure are contemplated, According to ong aspect, an
electric machive includes at least one board including » yoke aren of non~conductive material
around a connegtor area. The board includes a first surface and an opposite second surface, and
the first and second surfaces extend from an inner circomferential edge of the at least one board
to an outer ciroumferential edge of the at least one board. The electric machine also includes a
plurality of stots in the connector arca that open toward the inner circwmnferential edge and at
least one conductor bar in each of the slots. Each of the at least one conductor bars extends from
the slot for connection to one of a second board and avother conductor bar extending from an
opposite slot of the at least one board. The electric machine also includes a winding
configuration including a first end winding in the yoke area on the first surface, the first end
winding extending from respective ones of  first portion of the slots 1o the outer circumferential
edge. The winding configuration further includes a second end winding in the voke area on the
second surface, and the second end winding extending from respective ones of a second porfion
of the stots to the outer circumferential edge. Each of the first and the second end windings is

slectrically connected to the conductor bars in the plurality of slots,
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{00581 In one embodiment, the outer circumifvrential edge includes an outer conductive trace
thereon, T a refinement of this embodiment, cach of the first and second end windings on the

first and second surfaces 15 connected to the outer conductive trace.

[0059] Tu another embodiment, the at least one board includes a number of boards and the at
least one conductor bar includes a corresponding number of conductor bars stacked in each of
the slots, In a refinement of this embodiment, cach of the number of conductor bars in the stack
includes a different length extending between opposite ends thereof for connection with paired
ones of the number of boards. In a further refinement, each of the opposite ends of the conductor
bars is L-shaped for connection with an adjacent one of the number of boards in the connector

area thereof.

[0066] In another embodiment, the electiic machine includes a position sensor adjacent the inner
circamferential edge. In yet another ersbodiment; the at least one conductor bar is U-shaped and
includes a cross leg connected to another portion of the conducior bar extending from the
opposite stot of the at least one beard, In another embodiment, the ar least one board includes a
single board with multiple conductive layers between the first and sscond surfaces, the

conductive layers being separated {rom one another by non~conductive layers.

{00611 In another embodiment, adjacent slots in the first portion of the slots are separated by one
of the slots in the second portion of the slots. In a further embodiment, in a cross-section of the
at least one board along a radius thereof, the first end winding includgs first and second
conductive traces in the yoke area on the first surface and the second end winding includes third

and fourth conductive traces in the yoke area on the second surface,

[0062] In still another erabodiment, the at least one board includes a rotor portion extending
between the slots and the inner circumferential edge, and the winding configuration further
ingludes a first plurality of conductive traces across the rotor poniton on the first surface of the at
least one board. The first plurality of conductive traces extend from respective ones of the first
portion of the slots to the Tmwer circumferential edge, and the winding configuration further
includes a second phlurality of conductive trace across the rotor portion on the second surface of
the at least one board. The second plurality of conductive traces extends from respective ones

the second portion of the slots to the inner cireumierential edge.
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[0063] In another smbodiment, the slectrical machive is a multiple phase induction motor and
the plurality of slots and the conductor bars in the slots form groups of at least a first phase
claster, a second phase cluster and a third phase cluster for each of the multiple phases of the
motor. The first phase cluster of a first phase is separated fronm the second phase cluster of the
first phase by the first phase clusters of the other ones of the multiple phases, and the second
phase cluster of the first phase is separated {rom the third phase cluster of the first phase by the

second phase clusters of the other ones of the multiple phases.

[0064] In a refinement of this embodiment, a number of phase clusters for each of the multiple
phases corresponds to a number of poles of the induction motor. o another refinement, the
winding configuration further includes end windings configured to connect a first end of a first
conductor bar in the ﬁrsi phase cluster to a first end of a first bar of the second phase cluster, a
second end of the ficst bar of the second phase cluster to a second end of a first bar in the third
phase cluster, a first end of a second bar in the first phase cluster to a first end ot a secound bar in
the second phase cluster, and a second end of the second bar in the second phase cluster to a

second end of a second bar in the third phase cluster.

[8065] In another refinement, the winding configuration includes end windings configured fo
connect: a fivst end of a first bar in the first phase cluster to a first end of a first bar of the second
phase cluster, a second end of the first bar of the second phase cluster to a second end of a
second bar of the first phase cluster, a first end of the second bar of the first phase clugter to «
first end of a second bar of the second phase cluster, a second end of the second bar of the
second phase cluster to a second end of a third bar of the first phase cluster, and a first end of the

third bar of the first phase cluster to a first end of a thivd bar of the second phase cluster.

{6066] According to another aspect, an ¢lectric motor includes a stator with a plurality of slots
defining a plurality of pole clusters for each phase of the electrical maching and a winding
configuration on the stator with a plorality of overlapping end windings. A first ong of the
plurality of overlgpping end windings roog in & first direction to lap a fivst pole cluster of a first
phase of the electric motor with a second pole clustsr of the first phase. A second one of the
plurality of overlapping end windings runs in a second direction opposite the first dirsction to lap

a third pole cluster of the fivst phase with the second pole cluster. A third one of the plurality of
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overlapping end windings runs in the first direction to lap the third pole cluster with a fourth pole

cluster of the first phase,

{0887 In one embodiment, the electric motor includes a conductive bar i each of the plurality
of slots, and a first end of the conductive bar is connected fo the stator and an opposite second
end of the conductive bar is connected to a second stator. In a refinement of this embodiment,
the second stator includes a second winding configuration that is the yame as the winding

configuration on the stator.

{0068} In another aspect, an electric motor includes at least one board with a plurality of slots,
the plurality of slots defining al least two phase clusters for each phase of the electrical maching,
The at least two phase clusters in each phase ave separated by one of the phase clusters of each
the other pbases. The motor includes at least one conductor bat in respective ones of the
plurality of slots and a winding configuration on the stator, The winding configuration includes
a first end winding connecting a first phase cluster of a first phase to g second phase cluster of
the first phase, a second end winding overlapping the first end winding and connecting a first
phase cluster of a second phase to a second phase cluster of the second phase, and a thisd end
winding overlapping the first and secoud end windings, the third end winding connecting 2 first

phase cluster ot a third phase to a second phuse cluster of the third phase,

[0063] In one embodiment, the at teast ong board inchudes a plurality of boards and the at least
one conductor bar inclodes a plurality of conductor bars positioned in aligned slots of the
plarality of boards to connect patved boards to one another,  In another embodiment, each of the
first, second and third end windings includes conductive traces on opposite first and second

surfaces of the at least one board.

[0670] In yet another embodiment, the af Jeast one board includes a planar body extending
between an inner circumiferential edge and an outer circumferential edge. The at least one board
includes a yoke area of non-conductive material adjacent the outer circumferential edge and a
connector area between the yoke area and the inner circumferential edge, and the connector area

is comprised of conductive material and the pluraiity of slots are defined in the connector area,
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{0073} As used herein the term “configured” should be interpreted to mean that the identified
clements, components, or other subject matter are selected, created, tmplemented, utilized,
designed, modified, adjusted and/or imended to perform the indicated action and/or to perform,

operata, behave and/or react in the indicated manner,

[0072] It 1a believed that the disclosure set forth herein encompasses muliiple distinet inventions
with independent utility. While each of these inventions has been disclosed in its preferred forn,
the specific embodiments thereof ag disclosed and iHustrated herein are not to be considered in a
fimiting senge ag numerous varigtions are possible: The subject matter of the disclosure includes
all novel and non-obvious combinations and subcombinations of the various elements, features,
functions and/or properties disclosed herein.  Similarly, recitation of "a)* "a first" or “the”
element, or the equivalent thereof, should be understood to tnclude incorporation of one or more
such elements, neither requiring nor excluding two or more such elements, unless the context

>

clearly indicates otherwise.  As used herein, the terms “having”, “containing”, “inchuding”,
“comprising” and the like are open ended terms that indicate the presence of stated elements or

features, but do not preciude additional elements or features,

{00731 Applicant reserves the dght to submit ¢laims directed to certain combinations and
subcodmbinations: that are directed to one of the disclosed inventions and are believed to be
novel and non-obvious. Inventions entbodied in other combinations and sabcombinations of
features, functions, elements and/or properties may be claimed through amendment of those
claims or presentation of new claims in that or a related application.  Such amended or new
claims, whether they are directed to a different invention or dirgcted to the same invention,
whather different, broader, narrower or equal in scope to the original claims, are also regarded as

included within the subject matter of the inventions of the present disclosurs,
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What is claimed is:

1. An electric machine, comprising

at least one board including a yoke area of non-condugtive material around a conngctor arga,
the board including a first surface and an opposite second surface, the fivst and second surfaces
extending from an inner ciroumferential edge of the at least one board to an outer circumferential
edge of the at least one board;

a plurality of slots in the connector area that open toward the Inner circumferential edge;

at least ong condugtor bar in each of the slots, each of the at least one conductor bars
extending from the slot for connection to one of a second board and another conductor bar
extending from an opposite slot of the at least one board; and

a winding configuration including a first end winding in the yoke area on the first surface,
the first end winding extending from respective ones of a first portion of the slots to the cuter
circumferential edge, the winding configuration further incloding a second end winding in the
yoke area on the second surface, the second end winding extending from respective ones of a
second portion of the slots to the outer circumferential edge, wherein each of the first and the

second snd windings is electrically connected 1o the conductor bars in the plurality of slots.

2. The electric machine of claim 1, wherein the outer circumferential edge includes an outer

conductive trace therson,

3. The electric machine of elaim 2, wherein each of the first and second end windings on the

first and second surfaces 18 connected to the outer conductive trace.

4. The eleciric machine of claim 1, wherein the at least one board includes a number of
boards and the at least one conductor bar includes a corresponding number of conductor barg

stacked in each of the slots:

5. The electric machine of clatm 4, wherein each of the number of conductor bars in the
stack includes @ different length extending between opposite ends thereof for connection with

paired ones of the number of boards.
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6. The electric machine of clain 5, whergin ¢ach of the opposite ends of the conductor bars
is L-shaped for comiection with an adjacent one of the numeber of boards in the connector area

thereof

7. The electric machine of claim 1, further comprising a position sensor adjacent the inner

circumferential edge.

8. The electric machine of claim 1, wherein the at feast one conductor bar is U-shaped and
includes. a cross leg connected to another portion of the conductor bar extending from the

oppesite stot of the at least one board.

9. The electric machine of claim 1, whergin the at least one board ncludes a single board
with multiple conductive Tayers between the first and second surfaces, the conductive layers

being separated from one another by non-condugtive Jayers.

10, The electric machine of claim I, wherein adjacent slots in the first portion of the slots are

separated by one of the slots in the second portion of the slots.

11, The electric machine of claim 1, wherein in a cross-section of the at least one board glong
a rading thereof, the first end winding includes first and second conductive trages in the voke
area on the first surface and the second end winding includes third and fourth conductive traces

in the yoke area on the second surface,

12, The electric machine of claim 1, wherein the af least one hoard includes g rotor portion
extending between the slots and the inner circomferential edge, and the winding configuration
further includes a first plurality of conductive traces across the rotor portion on the first surface
of the at least one board, the first plurality of conductive fraces extending from respective ones of
the first portion of the slols to the inner circumtersntial adge, the winding contiguration further
including a second plurality of conductive trace across the rotor portion on the second surfacs of
the at least one board, the second plurality of conductive traces extending from respective ones

the second portion of the slots to the inner circumferential edge.
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13. The electric machine of claim I, wherein the electrical machine is a multiple phase
induction motor and the plurality of slots and the conductor bars in the slots form groups of at
least a first phase cluster, a second phase cluster and a third phase cluster for each of the multiple
phases of the motor, wherein the first phase cluster of & firat phase is sgparated from the second
phase cluster of the first phase by the first phase clusters of the other ones of the multiple phases,
and further wherein the second phase cluster of the first phase is separated from the third phase

cluster of the first phase by the second phase clusters of the other ones of the multiple phases.

14 The electric machine of claim 13, wherein a number of phase clusters for each of the

multiple phases corresponds to a number of poles of the induction motor.

15, The electrical machive of claim 13, wherein the winding contiguration further includes

end windings configured to connect:

a first end of a first conductor bar in the first phase claster to a first end of a first bar of
the second phase cluster;

# second end of the first bar of the second phase cluster to a second end of a first bar in
the third phase cluster;

a first end of & second bar in the first phase cluster to a first end of a second bar in the
second phase ¢laster; and

a second end of the second bar in the second phase cluster to a second end of a second

bar in the third phase chaster.

16, The egleetrical machine of claim 13, wherein the winding configuration jncludes end
windings configured 1o connect;
a first end of'a first bar in the first phase cluster to a first end of a first bar of the second
phase cluster;
a second end of the fivst bar of the second phase cluster to a second end of a second bar of
the first phase cluster;
a first end of the second bar of the first phiase cluster to a fivst end of a second bar of the

second phase chuster;
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a second end of the second bar of the second phase cluster to a second end of a third bar
of the firgt phase cluster; and
a first #nd of the third bar of the first phase cluster to a first end of a third bar of the

second phase cluster.

17. An electric maotor, comprising;

a stator with a plurality of slots defining a plurality of pole clusters for each phase of the
electrical maching; and

a winding configuration on the stator with a plurality of overlapping end windings,
wherein a first ove of the plurality of overlapping end windings runs in a first divection to lap a
first pole clusier of a first phase of the electtic motor with a second pale cluster of the first phase,
and further whergin a second one of the plurality of overlapping end windings runs in 8 second
direction opposite the first direction to lap a third pole cluster of the first phase with the second
pole cluster, and further wherein a third one of the plurality of overlapping end windings runs in

the first direction to lap the third pole cluster with a fourth pole cluster of the first phase.

18. The electric motor of claim 17, further comprising a conductive bar in each of the
plurality of slots, wherein a first end of the conductive bar is connscted to the stator and an

opposite second end of the conductive baris connected to a second stator,

19. The electric motor of claim 18, wherein the second stator includes a second winding

configuration that is the same as the winding configuration on the stator.

20, An electric motor, compsising
at least one board with a plurality of slots, the plarality of slots defining at teast two phase
clusters for each phase of the electrical machine, wherein the at least two phase clusters in each
phase are separated by one of the phase clusters of gach the other phases;
at least one conductor bar in respective ones of the plurality of slots;
a winding configuration on the stator, the winding configuration including:
a first end winding connecting a first phase cluster of a first phase fo g second phase

cluster of the first phase;
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a second end winding overlapping the first end winding and connecting a first phase
cluster of a second phase to a second phase cluster of the second phase; and

a third end winding overlapping the first and second end windings, the third end
winding connecting a first phase cluster of a third phase to a second phase clugter of the third

phase.

21. The electtic motor of claim 20, wherein the at least one board includes a plutality of
boards and the at least one conductor bar tucludes a plurality of condustor bars positioned in

aligned slots of the plurality of boards to connect paired boeards to one another.

22, The electrical machine of claim 20, wherein each of the first, second and third end
windings includes conductive traces on opposite first and second sarfaces of the at least one

board.

23. The electrical machine of claira 20, wherein the at least oue board ncludes a planar body
extending between an inner circumfersntial edge and an outer circumferential edge, wherein the
at least one hoard includes a yoke area of non~conductive material adjacent the outer
ciroumferential edge and a connector area between the yoke area and the wner gircumfergntial
edge, whergin the connector area is comprised of conductive material and the plurality of slots

are defined in the connector area.
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. I:l Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. I:I Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet.

1. I:] As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. % No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-16

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.
|:| The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 20135)



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US17/18640

A. CLASSIFICATION OF SUBJECT MATTER
IPC - HO02K 3/48; HO1F 3/00, 7/08, 41/02, 41/061 (2017.01)
CPC - HO2K 3/48; HO1F 3/00, 7/08, 41/02, 41/061

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 4,584,497 A (BUTMAN, T. et al.) April 22, 1986; figures 4 & 7-8; column 4, lines 27-58; 1-16
column 5, line 50 to column 6, line 27
A US 2013/0118002 A1 (BURKE, F. et al.) May 16, 2013; figures 1 & 3; paragraphs [0014-0017] |1-16
A US 2005/0057111 A1 (HAN, S. et al.) March 17, 2005; figure 4; paragraphs [0045-0047] 1-16

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

02 June 2017 (02.06.2017)

Date of mailing of the international search report

15 JUN 2017

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 671-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.
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-***-Continued from Box Il-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group I: Claims 1-16 are directed towards an electric machine including a yoke area of non-conductive material.

Group II: Claims 17-19 are directed towards an electric motor comprising a stator with a plurality of slots defining a plurality of pole
clusters for each phase of the electrical machine.

Group |lI: Claims 20-23 are directed towards an electric motor comprising a third winding overlapping a first and second end windings.

The inventions listed as Groups I-11l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: The special technical features of Group |
include at least a yoke area of non-conductive material around a connector area, the board including a first surface and an opposite
second surface, the first and second surfaces extending from an inner circumferential edge of the at least one board to an outer
circumferential edge of the at least one board; each of the at least one conductor bars extending from the slot for connection to one of a
second board and another conductor bar extending from an opposite slot of the at least one board; a first end winding in the yoke area
on the first surface, the first end winding extending from respective ones of a first portion of the slots to the outer circumferential edge,
the winding configuration further including a second end winding in the yoke area on the second surface, the second end winding
extending front respective ones of a second portion of the slots to the outer circumferential edge, wherein each of the first and the
second end windings is electrically connected to the conductor bars in the plurality of slots, which are not present in Groups lI-Ill. The
special technical features of Group |l include at least a stator with a plurality of slots defining a plurality of pole clusters for each phase of
the electrical machine; wherein a first one of the plurality of overlapping end windings runs in a first direction to lap a first pole cluster of a
first phase of the electric motor with a second pole cluster of the first phase, and further wherein a second one of the plurality of
overlapping end windings runs in a second direction opposite the first direction to lap a third pole cluster of the first phase with the
second pole cluster, and further wherein a third one of the plurality of overlapping end windings runs in the first direction to lap the third
pole cluster with a fourth pole cluster of the first phase, which are not present in Groups | and lll. The special technical features of Group
lil include at least wherein the at least two phase clusters in each phase are separated by one of the phase clusters of each the other
phases; a first end winding connecting a first phase cluster of a first phase to a second phase cluster of the first phase; a second end
winding overlapping the first end winding and connecting a first phase cluster of a second phase to a second phase cluster of the second
phase; and a third end winding overlapping the first and second end windings, the third end winding connecting a first phase cluster of a
third phase to a second phase cluster of the third phase, which are not present in Groups I-Il.

The common technical features shared by Groups I-1ll are an electric motor comprising: at least one board; at least one conductor bar in
each of a plurality of slots; a plurality of pole clusters; and a winding configuration with a plurality of overlapping end windings. However,
these common features are previously disclosed by US 2014/0306565 A1 (JAMES) in view of US 2012/0299401 A1 (PRUCHER).
James discloses an electric motor (an electric motor design; Abstract) comprising: at least one board (use of multilayer printed circuit
boards; Abstract); at least one conductor bar in each of a plurality of slots (conducting bars embedded in slots; para {0014]); a plurality of
pole clusters (the current flowing in the squirrel cage, down one group of bars and back in the adjacent group, makes a loop that
establishes magnetic fields in the rotor core with north and south poles; para [0024]). However, James does not specifically disclose a
winding configuration with a plurality of overlapping end windings. Prucher discloses an electric motor comprising a winding configuration
with a plurality of overlapping end windings (windings disposed around the stator spaced side-by-side in an overlapped relation; Abstract
and para [0019]). It would have been obvious to one of ordinary skill in the art, at the time the invention was made, to modify the motor of
James to include overlapping windings, as taught by Prucher, because it allows for closer packing of the working conductors.

Since the common technical features are previously disclosed by James in view of Prucher, these common features are not special and
so Groups I-lIt lack unity.

Form PCT/ISA/210 (extra sheet) (January 2015)
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