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ELECTRIC MACHINE WITH STATOR
HAVING A PLURALITY OF LEAD WIRES

EXTENDING FROM A COMMON WINDING
LAYER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. 119(e) of
U.S. provisional patent application Ser. No. 62/462,507 filed
on Feb. 23, 2017 entitled ELECTRIC MACHINE WITH
STATOR HAVING A PLURALITY OF LEAD WIRES
EXTENDING FROM A COMMON WINDING LAYER the
disclosure of which 1s hereby incorporated herein by refer-
ence.

BACKGROUND

The present invention relates to electric machines.

Electric machines are used for several different purposes
in modern vehicles. For example, electric machines are
commonly employed as starters, alternators, traction motors
and for other purposes. In these applications, the electric
machine may act as a motor, generator or be selectively
operable as either a motor or a generator.

There 1s an increasing demand for electric machines used
in vehicle applications, as well as other non-vehicular appli-
cations, for an electric machine with reduced size and
increased efliciency. Improvements in electric machine
design which allow for cost eflicient manufacture while
meeting the increasingly stringent demands of modern
vehicular applications are desirable.

FIG. 1 1s a schematic view of end turns 120 extending in
an axial direction from laminations 122 of a stator of the
prior art. Laminations 122 have a radially outer surface 124
and a radially inner surface 126 and defines a central
opening encircled by the radially inner surface 126. End
turns 120 are part of winding wires wherein that all have the
same length for a wrap of the winding regardless of which
layer in which the wrap 1s disposed. A wrap, as used herein,
refers to that portion of a winding wire that extends for 360
degrees about the stator core. After insertion of the windings
into the slots of laminations 122, the heights of end turns 120
progressively vary from a radially outermost end turn 120a,
which has the smallest height to a radially innermost end
turn 120/, which has the largest height. End turn 1204 may
be said to be 1n a first layer and end turn 120/~ may be said
to be 1n an eighth layer. The difference 1n heights of end turns
120 1s due to the circumierential distance between slots
being greater the more radially outward the winding layer 1s
disposed. Thus, the radially outermost winding layer spans
the longest circumierential distance between slots and has
the shortest length available for end turn height. Because the
radially outermost winding must have at least a minimum
end turn height in order to clear the lamination, the more
radially inward windings which span a shorter circumier-
ential length have greater end turn heights. As a result, the
heights of the radially inward layers can be excessively large
or greater than i1deal.

FIG. 2 1s a schematic view of end turns 220 extending in
an axial direction from laminations 222 of another stator of
the prior art. Laminations 222 have a radially outer surface
224 and a radially imner surface 226 and defines a central
opening encircled by the radially inner surface 226. End
turns 220 are part of windings or wires that all have diflerent
lengths so that, after insertion of the windings into the slots
of laminations 222, the heights of end turns 220 are all equal.
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2

A wrap 1n the radially outermost layer has the largest length,
and a wrap 1n the radially innermost winding has the shortest

length. Although this design 1s efficient from a winding
material perspective, having wires of different lengths
makes manufacturing more complicated and costly.

Another 1ssue with prior art windings 1s that the ends of
the windings which extend outwardly to define leads which
can be used to form an electrical connection with another
winding or an external circuit member often extend at
locations on the stator which they are diflicult to handle and
thereby increase the difliculty of manufacturing the electric
machine.

SUMMARY

The present invention provides an electric machine hav-
ing a winding pattern that enables an inexpensive manufac-
ture of a compact and eflicient electric machine which
include a plurality of leads that all extend from the same
winding layer of the stator assembly. This arrangement
facilitates the eflicient manufacture of the electric machine.

The mnvention comprises, 1n one form thereof, a multi-
phase electric machine that includes a stator operably
coupled with a rotor wherein the rotor 1s rotatable relative to
the stator. The stator including a stator core and a plurality
of windings defining a plurality of phases. The stator core
defines a plurality of axially and radially extending slots
which circumscribe the stator core and encircle a rotational
axis of the electric machine. Each of the slots defines a
plurality of layer positions located at different radial dis-
tances from the rotational axis. The plurality of windings are
mounted 1n the slots of the stator core with each phase of
plurality of phases defining a plurality of poles circumier-
entially distributed about the stator core. Each phase
includes at least three of the plurality of windings. For one
of the phases, 1n a first slot of a first pole, a first winding 1s
disposed 1n a first layer position, a second winding 1is
disposed 1n a second layer position, and a third winding 1s
disposed 1n a third layer position, the first winding defining
a first outside lead wire extending from the first slot. The
second winding defines a second outside lead wire extending
from a second slot of a second pole wherein the second
winding 1s disposed 1n the first layer position in the second
slot and the third winding 1s disposed in the second layer
position of the second slot. The third winding defines a third
outside lead wire extending from a third slot of a third pole
wherein the third winding 1s disposed in the first layer
position 1n the third slot. The first pole, the second pole, and
the third pole are adjacent to each other with the second pole
being disposed between the first and third pole and wherein
the first layer position 1s a radially outermost layer position,
the second layer position 1s disposed radially inward of the
first layer position, and the third layer position 1s disposed
radially inward of the second layer position.

In some embodiments, each of the first, second and third
windings 1s respectively formed by a first wire and a second
wire connected 1n series, wherein a first end of the first wire
for the first, second and third windings respectively defines
the first outside lead wire, the second outside lead wire and
the third outside lead wire and wherein, a second end of the
first wire for the first winding defines a first interior lead
extending from a radially innermost layer position of the
second pole, a second end of the first wire for the second
winding defines a second interior lead extending from the
radially mmnermost layer position of the third pole and a
second end of the first wire for the third winding defines a
third 1nterior lead extending from the radially innermost
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layer position of a fourth pole, the fourth pole being adjacent
the third pole with the third pole disposed between the fourth
and second poles. In such embodiments, the windings of
cach phase may define at least six interior leads wherein the
first, second and third interior leads are each connected to
another interior lead extending from a radially imnermost
layer position to define a reversing end loop wherein each
reversing end loop connects a clockwise extending wire to
a counterclockwise extending wire.

In some embodiments, the one phase includes a fourth
winding, the fourth winding defining a fourth outside lead
wire extending from a fourth slot of a fourth pole, the fourth
pole being adjacent the third pole with the third pole
disposed between the fourth and second poles, the fourth
winding being disposed in the first layer position in the
fourth slot, 1n the second layer position in the third slot, 1n
the third layer position 1n the second slot and 1n the fourth
layer position 1n the first slot, the fourth layer position being
disposed radially inwardly of the third layer position.

In an embodiment having such a fourth winding, each of
the first, second, third and fourth windings may be respec-
tively formed by a first wire and a second wire connected 1n
series, wherein a first end of the first wire for the first,
second, third and fourth windings respectively defines the
first outside lead wire, the second outside lead wire, the third
outside lead wire, and the fourth outside lead wire and
wherein, a second end of the first wire for the first winding
defines a first interior lead extending from a radially inner-
most layer position of the second pole, a second end of the
first wire for the second winding defines a second interior
lead extending from the radially innermost layer position of
the third pole, a second end of the first wire for the third
winding defines a third interior lead extending from the
radially innermost layer position of the fourth pole, and the
a second end of the first wire for the fourth winding defines
a fourth interior lead extending from the radially innermost
layer position of a fifth pole, the fifth pole being adjacent the
fourth pole with the fourth pole disposed between the fifth
and third poles. In such an embodiment, the windings of
cach phase may define at least eight interior leads and the
first, second, third and fourth interior leads are each con-
nected to another interior lead extending from a radially
innermost layer position to define a reversing end loop
wherein each reversing end loop connects a clockwise
extending wire to a counterclockwise extending wire.

In some embodiments of the electric machine, each pole
1s defined by windings which are sufhlicient to fill two slots
and wherein each pole includes windings disposed in three
adjacent slots.

In some embodiments of the electric machine, each of the
first, second and third windings includes two wires con-
nected 1n series at interior leads extending from a radially
innermost layer position, each of the series connections
between the interior leads defining a reversing end loop
wherein each reversing end loop connects a clockwise
extending wire to a counterclockwise extending wire.

In some embodiments of the electric machine, each of the
first, second and third winding are formed by two wires
connected 1n series, wherein:

first and second wires extend from the first layer position

of different slots of the first pole to define outside lead
wires;

third and fourth wires are disposed in the second layer

position of the different slots of the first pole and are
extend from the first layer position of different slots of
the second pole to define outside lead wires;
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fifth and sixth wires are disposed i1n the third layer
position of the different slots of the first pole and are
disposed 1n the second layer position of the different
slots of the second pole and extend from the first layer
position of different slots of the third pole to define
outside lead wires; and

wherein the first wire forms the first outside lead wire and

one of the two wires of the first winding, the third wire
forms the second outside lead wire and one of the two
wires of the second winding, and the fifth wire forms
the third outside lead wire and one of the two wires of
the third winding.

Such an embodiment having first through sixth wires may
be configured such that the first and second wires define
interior leads extending from radially imnnermost layer posi-
tions of slots of the second pole, the third and fourth wires
define interior leads extending from radially innermost layer
positions of slots of the third pole and the fifth and sixth
wires define interior leads extending from radially innermost
layer positions of slots of a fourth pole, the fourth pole being
adjacent the third pole with the third pole disposed between
the second and fourth poles; and wherein each of the interior
leads of the first through sixth wires are connected 1n series
to another interior lead to define a reversing end loop
wherein each reversing end loop connects a clockwise
extending wire to a counterclockwise extending wire. Such
an embodiment may be further configured such that, for each
pole not including an exterior lead wire or an interior lead,
the pole includes one slot wherein the first wire 1s 1n the first
layer position, the third wire 1s 1n the second layer position
and the fifth wire 1s 1n the third layer position and, in another
slot of the pole, the second wire 1s 1n the first layer position,
the fourth wire 1s 1n the second layer position and the sixth
wire 1s 1n the third layer position.

In some embodiments having first through sixth wires, the
one phase may also include a fourth winding formed by two
wires connected 1n series, the fourth winding defining a
fourth outside lead wire extending from a fourth slot of a
fourth pole, the fourth pole being adjacent the third pole with
the third pole disposed between the fourth and second poles,
the fourth winding being disposed 1n the first layer position
in the fourth slot, in the second layer position in the third
slot, 1n the third layer position in the second slot and 1n the
fourth layer position in the first slot, the fourth layer position
being disposed radially inwardly of the third layer position;
and wherein the windings of the one phase further include a
seventh wire and an eighth wire wherein the seventh and
eighth wires are disposed 1n the fourth layer position of the
different slots of the first pole and are disposed in the third
layer position of the different slots of the second pole and are
disposed 1n second layer position of the different slots of the
third pole and extend from the first layer position of different
slots of the fourth pole to define outside lead wires; and
wherein the seventh wire forms the fourth outside lead wire
and one of the two wires of the fourth winding. Such an
embodiment may also be configured such that the first and
second wires define interior leads extending from radially
innermost layer positions of slots of the second pole, the
third and fourth wires define interior leads extending from
radially innermost layer positions of slots of the third pole,
the fifth and sixth wires define interior leads extending from
radially innermost layer positions of slots of the fourth pole,
and the seventh and eighth wires define interior leads
extending from radially mnnermost layer positions of a fifth
pole, the fifth pole being adjacent the fourth pole with the
fourth pole disposed between the third and fifth poles; and
wherein each of the interior leads of the first through eighth
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wires are connected in series to another interior lead to
define a reversing end loop wherein each reversing end loop
connects a clockwise extending wire to a counterclockwise
extending wire.

In embodiments having first through eight wires defining
such 1nterior leads, the embodiment may be configured such
that the interior lead of the first wire 1s connected 1n series
to the interior lead of the fourth wire, the interior lead of the
second wire 1s connected 1n series to the interior lead of the
seventh wire, the interior lead of the third wire 1s connected
in series to the interior lead of the sixth wire and the 1nterior
lead of the fifth wire 1s connected 1n series to the interior lead
of the eight wire. Such an embodiment may also be config-
ured such that, for each pole not including an exterior lead
wire or an interior lead, the pole includes one slot wherein
the first wire 1s 1n the first layer position, the third wire 1s in
the second layer position, the fifth wire 1s in the third layer
position and the seventh wire 1s 1n the fourth layer position
and, 1n another slot of the pole, the second wire 1s 1n the first
layer position, the fourth wire 1s 1n the second layer position,
the sixth wire 1s 1n the third layer position and the eighth
wire 1s 1n the fourth layer position. Such embodiments may
be further configured such that each pole i1s defined by
windings which are suihlicient to fill two slots and wherein
cach pole includes windings disposed in three adjacent slots.
Such embodiments may be still further configured such that
cach of the first through eighth wires by itself does not
provide an electrically balanced winding, but each of the
first through fourth windings provides an electrically bal-
anced winding.

BRIEF DESCRIPTION OF THE DRAWINGS

The above mentioned and other features of this invention,
and the manner of attaining them, will become more appar-
ent and the mmvention itself will be better understood by
reference to the following description of an embodiment of
the invention taken in conjunction with the accompanying
drawings, wherein:

FIG. 1 1s a schematic view of the end turns of a prior art
stator.

FIG. 2 1s a schematic view of the end turns of another
prior art stator.

FIG. 3 1s a schematic view of the end turns of a stator with
an 1improved winding pattern.

FIG. 4 1s a chart of the lengths of the wires and wire
segments of the stator of FIG. 3.

FIG. § 1s a winding diagram of the stator of FIG. 3.

FIG. 6 1s a cross sectional view of an electric machine.

FIG. 7 1s a top view of a stator diagram 1illustrating the
arrangement of the wires of the stator of FIG. 3.

FIG. 8 1s a detail view of a portion of the stator diagram
of FIG. 7.

FIG. 9A 1s a diagram of a linear magazine load for one
phase of the stator of FIG. 3.

FIG. 9B 1s a diagram of a linear magazine load for three
phases of a stator of FIG. 3.

Corresponding reference characters indicate correspond-
ing parts throughout the several views. Although the exem-
plification set out herein 1illustrates an embodiment of the
invention, 1n one form, the embodiment disclosed below 1s
not mtended to be exhaustive or to be construed as limiting
the scope of the mnvention to the precise form disclosed.

DETAILED DESCRIPTION

FIG. 3 1s a schematic view of the end turns 320 extending
in an axial direction 321 from laminations 322 of a stator
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having an eflicient end turn configuration. Laminations 322
have a radially outer surface 324 and a radially inner surface
326. End turns 320 are part of winding wires wherein the
winding wires all have the same length.

During assembly, the winding wires may be bent 1n a
fixture (not shown) at precise points along their lengths and
thereby provided with end turns 320 before being inserted
into the slots of laminations 322. After insertion of the
windings 1nto the slots of laminations 322, the heights of end
turns 320 have two groups or tiers, including an outer group
328 encompassing layers 1-4, and an inner group 330
encompassing layers 5-8. Within group 328, an outermost
end turn 320 1n layer 1 has the smallest height, and an
innermost end turn 320 1n layer 4 has the largest height.
Similarly, within group 330, an outermost end turn 320 1n
layer 5 has the smallest height, and an 1nnermost end turn
320 in layer 8 has the largest height.

FIG. 4 schematically depicts the lengths of the wires and
wire segments of the stator of FIG. 3 with the wires laid out
in a linear length without any bends. The stator includes
eight wires A-H, with wires A and D being connected 1n
series to form a first winding; wires B and G being con-
nected 1n series to form a second winding; wires C and F
being connected 1n series to form a third winding; and wires
E and H being connected 1n series to form a fourth winding,.
Each wire A-H defines two full 360 degree wraps around the
stator.

Each wire has an equal total linear length of 2x+y,
including a wire segment v having a linear length of x+y,
and a wire segment W having a linear length of x. Each of
these two segments correspond to one full 360 degree wrap
about the stator. In other words, each of the wire segments
v forms a 360 degree wrap and each of the wire segments
w forms a 360 degree wrap.

As shown 1n the winding diagram of FIG. 5, the longer
wire segments v are primarily in either layer 1, 2, 3 or 4,
and the shorter wire segments W are primarily in either
layer 5, 6, 7 or 8. That 1s, most of the length of each of the
longer wire segments v i1s in either layer 1, 2, 3 or 4, and
most of the length of each of the shorter wire segments w is
in either layer 5, 6, 7 or 8. As shown 1n FIG. 3, layer 1 1s the
radially outermost layer, and layer 8 1s the radially innermost
layer. As also shown 1n FIG. 3, each of layers 1-4 1s farther
radially outward than each of layers 5-8.

Turning to FIG. 3, 1t can be seen that the winding wire end
heights increase from layer 1 to layer 4. This 1s because each
winding wire end 1n layers 1-4 for a single 360 degree wrap
of the winding wire about the stator core 1s formed from a
respective wire segment v, wherein each wire segment
v has a same length, but the distance that the wire end spans
decreases from layer 1 to layer 4 due to the smaller circum-
ferential distances associated with more radially inward
layers. Beginming with layer S, the wire end height drops
back down to the same height as layer 1 due to each 360
degree wrap of the winding wire predominately disposed 1n
layers 3-8 being formed from a respective one of the shorter,
but equal-length wire segments w . However, the winding
wire end heights increase from layer 5 to layer 8, just as they
do from layer 1 to layer 4, due to the smaller circumierential
distances associated with more radially inward layers. A
comparison of FIGS. 1 and 3 illustrates that the present
invention advantageously provides a lower maximum wire
end height than does the prior art stator of FIG. 1 wherein
every wrap, regardless of layer, 1s formed by a wire segment
of equal length. Further advantageously, the present inven-
tion provides wires A-H of equal lengths, which simplifies
manufacturing, although each wire A-H includes two wire
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segments U and W of unequal lengths. Also advantageous
1s that each wire A-H has its end turns formed in the same
11g whereby all of the wires A through H are interchangeable
in the manufacturing process. It 1s noted that the shifting
between layers for each of the wires may differ, however,
this 1s accounted for when loading the wires 1n a linear
magazine before then forming the arranged wires into a
cylinder and 1nserting them into the slots of the stator. These
manufacturing etliciencies compare favorably to the prior art
stator of FIG. 2.

With regard to FIG. §, 1t 1s also noted that the difference
in length between the wraps formed by segments v and the
wraps formed by segments W is due to the different wraps
having different length end turns formed therein. When
forming the wires 1n a jig, the longer end turns may take the
form of either wider or taller end turns. When 1nserting the
wires 1n the stator core, the wires may be subject to turther
bending with the longer length of the end turns in the outer
radial layers being able to account for the larger circumier-
ential distance between slots of the outer radial layers. In the
illustrated embodiment, the end turns of the wrap having a
longer length are taller than the end turns of the other wrap
aiter the wire has been bent 1n the jig to form the end turns.

Once the wires the illustrated embodiment have been
installed 1in the stator, however, the end turns of each
individual wire have an equal height. For example, wires A
and B have their longer wire segments ¢ forming a 360
degree wrap in layer 1 and their shorter wire segments
w forming a 360 degree wrap in layer 5. Similarly, wires C
and D have their longer wire segments v forming a 360
degree wrap in layer 2 and their shorter wire segments
w forming a 360 degree wrap in layer 6; wires E and F have
their longer wire segments ¢ forming a 360 degree wrap in
layer 3 and their shorter wire segments w forming a 360
degree wrap 1n layer 7; and wires G and H have their longer
wire segments v forming a 360 degree wrap 1n layer 4 and
their shorter wire segments W forming a 360 degree wrap in
layer 8.

This exemplary winding pattern provides an electrically
balanced stator and further described below with the aid of
FIGS. 5-8. FIG. $ 1llustrates eight separate wires A, B, C, D,
E, F, G and H wherein wires A and B share an identical
winding diagram; wires C and D share an identical winding
diagram; wires E and F share an 1dentical winding diagram;
and wires G and H share an identical winding diagram.
Moreover, as mentioned above, wire A 1s connected 1n series
with wire D to form a first winding; wire B 1s connected in
series with wire G to form a second winding; wire C 1s
connected 1n series with wire F to form a third winding; and
wire E 1s connected 1n series with wire H to form a fourth
winding. Each of wires A-G includes two wraps. That 1s,
each of wires A-H circumscribes the stator twice. The first,
second, third and fourth windings are then connected in
parallel to form one phase of electric machine 20 (FIG. 6).
Electric machine 20 1s a three-phase electric machine, and
thus two additional phases having the same winding
arrangement as that formed by wires A-H are also employed
with electric machine 20.

In the 1llustrated embodiment, electric machine 20 1s an
automotive hybrid motor capable of operating as a motor or
as a generator, however, alternative embodiments may take
the form of an electric machine that 1s solely operable as a
motor or solely operable as a generator. Electric machine 20
includes a rotor 22 mounted on a shait 24 which both rotate
relative to stator 26 and define a rotational axis 23 of electric
machine 20. Stator 26 has a stator core 28 and a plurality of
windings 30. Stator core 28 1s formed out of a stack of
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laminations 322 and defines a plurality of slots 32 (FIG. 8).
Windings 30 include axially extending segments 34 that are
disposed within slots 32 and end turns 320 with each end
turn 320 connecting a pair of slot segments 34.

The 1illustrated embodiment 1s a three-phase electric
machine with four turns or wraps per winding. Additionally,
cach phase includes four windings arranged 1n parallel. In
other words, each winding extends about the full circum-
ference of the stator core four times and there are four such
windings for each phase. To achieve this arrangement, two
separate wires or filars are used for each winding whereby
a total of sixteen separate wraps are employed for each

phase. Each of the individual wires A-H form two turns
about the stator and 1s connected in series with another one
of the wires A-H to thereby form one of the four windings
of each phase. For example, wire A 1s connected in series
with wire D to form one of the four windings.

One parameter that may be used to describe a winding
arrangement 1s slots per pole per phase. This i1s equal to the
number of slots per pole 1n each slot group of the winding
if each such slot were filled solely by windings of one phase.
For example, 1n the illustrated embodiment, there are 16 slot
segments 1 each pole and each slot holds 8 slot segments.
Theretore, the 1llustrated arrangement has two slots per pole
per phase. The 1llustrated embodiment, however, has what 1s
known as a phase shift and some slots hold slot segments of
two different phases.

The use such phase shifting can reduce what 1s known as
the skin effect. As a general rule, when the conductors 1n a
particular slot carry different phase currents, the skin effect
in such conductors will be less than if all of the conductors
in the slot carried the same phase current. While such phase
shifting reduces the skin eflect, the use of such phase
shifting can make 1t more dificult to electrically balance the
windings.

To avoid or minimize a re-circulating current in the
winding, 1t 1s desirable for the winding to be electrically
balanced. This 1s particularly true for a winding having a
plurality of wires connected in parallel.

The 1llustrated embodiment provides a stator winding
pattern which provides a stator with phase shifting and
windings arranged in parallel for each phase. As mentioned
above, the illustrated winding pattern includes four turns and
four separate windings for each phase. The pattern has
enough slot segments to fill two slots per pole per phase, but
the windings occupy three physical slots for each pole or slot
group. In each slot group, the center slot has eight conduc-
tors which are all from the same phase. The two outer slots
cach have four conductors from one phase and four addi-
tional conductors from a different phase. To electrically
balance the stator, each slot of the slot group needs to have
an equal number of conductors from each of the four
windings. It 1s also desirable for each of the different radial
layers to have an equal number of conductors from each of
the four windings. This radial balancing, however, 1s less
important than the balancing between slots. The exemplary
winding pattern can be used to provide an electrically
balanced stator and 1s further described below with the aid
of FIGS. 5, 7 and 8. While such electrical balancing 1s often
beneficial, 1t 1s not necessary for all embodiments of the
winding arrangement taught herein.

As can be seen 1 FIG. 7, each phase of the stator
assembly defines 24 poles, 1.e., poles P1 through P24, with
cach pole occupying three physical slots 32 in the stator
core. Fight wires fit within each axially extending stator slot
32. As used herein, the radially outermost wire 1s 1n layer 1,
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layer 2 being the next radially inward wire position and so
on with the radially innermost wire position being layer 8.

As can also be seen 1n FIG. 7, as well as FIG. 8, each of
the poles occupies a group of three slots wherein the central
slot 1s completely filled with windings (eight windings in the
illustrated embodiment) and two outer slots that are only
half filled with windings from a particular phase (four
windings 1n the illustrated embodiment) to thereby form a
4-8-4 winding pattern. As used herein, and as labelled 1n

FIG. 8 for pole P21 and pole P4, for the three slots occupied
by each pole, the most counterclockwise slot 1s labelled slot
AA, the center slot 1s BB and the most clockwise slot 1s CC.
In other words, starting at the outer slot on the counterclock-
wise side of each pole and moving clockwise, the slots are

referred to as slot AA, slot BB, and slot CC with slot BB

forming the central slot and slots AA and CC forming the
outer slots.

The distance between slot AA of one pole and slot AA of
the adjacent poles 1s 6 slots. Similarly, the distance between
slot BB of one pole and slot BB of the adjacent poles 1s 6
slots and the distance between slot CC of one pole and slot
CC of the adjacent poles 1s 6 slots. This distance between
corresponding slots of the slot groups forming adjacent
poles defines the standard pitch of the electric machine. In
the 1llustrated embodiment, the standard pitch 1s 6 slots.

Returning to FIG. 5, the winding diagram labels any pitch
between slot segments that 1s non-standard. In this embodi-
ment, the end loops forming the non-standard pitches are
located at a same axial end of the stator. It 1s also noted that
the winding diagram of FIG. § also indicates in which layer
position the wires are located. As can be seen 1n FIG. 5, each
wire includes one end loop having a pitch of 7 with all of the
other end loops having a standard pitch of 6. The non-
standard end loop will shift the winding from one of slots
AA, BB or CC to another one of these slots as will be
recognized by those having ordinary skill in the art. This
type of non-standard end loop 1s often referred to as a phase
shift end loop and can be done to electrical balance the
windings.

As most easily seen 1n FIGS. 7 and 8, the windings 1n slot
AA are positioned 1n the radial outermost layers, 1.e., layers
1-4, while the windings i slot CC are positioned in the
radial mnermost layers, 1.e., layers 5-8. Because all of the
phases have this same pattern, slot AA of one phase corre-
sponds to and overlaps with slot CC of an adjacent phase,
resulting in the outer slots being completely filled with eight
windings. FIGS. 7 and 8 illustrate the windings of only one
phase except for the space between poles P3 and P4 of FIG.
8. This portion of FIG. 8 illustrates the location of the
windings from a second phase (indicated by filled-in
squares) and the location of the windings from a third phase
(indicated by the hollow circles). This clearly shows how the
outer slots of each phase overlap such that each outer slot
includes windings from two different phases.

It 1s further noted that while the outer slots of the
1llustrated embodiment have windings wherein the windings
from one phase are all positioned in the radially outermost
layers and the windings from the other phase are all posi-
tioned 1n the radially innermost layers, other configurations
are also possible. For example, the windings from the
different phases could alternate. In the illustrated embodi-
ment, this could be achieved by inserting windings from a
same phase 1n layers 1, 3, S and 7 1n slot AA and 1n layers
2.4, 6 and 8 1n slot CC. Such an arrangement, however, may
be more dithicult to manufacture than the illustrated embodi-
ment and could require a more complex winding pattern.
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To control the position of the windings in the pole slots,
special non-standard pitch end loops referred to herein as
phase shift end loops are used. The phase shift end loops are
all one slot greater than the standard pitch end loops 1n the
illustrated embodiment and thereby shift the wire from an
AA slot to a BB slot or from a BB slot to a CC slot.

For example, 1n FIG. 5, at the point where wires A, B, C,
D, E, F, G and H transition between layer 4 and layer 5, the
end loops have a 7-pitch end loop that function as phase shift
end loops. In other words, when the windings shift between
layer 4 and layer 5 the wires are also shifting between filling
the two most counterclockwise slots of each pole (AA and

BB) to filling the two most clockwise slots (BB and CC) of
cach pole. This 1s also seen 1n FIG. 8 wherein at pole 21 1n
layer 4, wire G 1s 1n slot AA and wire H 1s 1n slot BB. As a
result of the 7-pitch phase shift end loops, wire GG 1s 1n slot
BB and wire H 1s slot CC at pole P22 1n layer 5. In the
illustrated example, these phase shift end loops occur at the
point where the windings transition from layer 4 to layer S.
This 1s necessary to maintain the pattern wherein the wind-
ings are 1n slots AA and BB 1n layers 1-4 and are 1n slots BB
and CC 1n layers 4-8. If an alternating pattern were
employed for the two different phases 1n the outer slots, a
larger number of phase shift end loops would be required. It
1s also noted that the phase shift end loops having a pitch
other than 7 could be employed. For example, a 9 pitch end
loop would move a winding from slot AA to slot CC, and
end loops having a pitch of 5 or 6 could move a winding 1n
the opposite direction.

To provide an electrically balanced winding pattern, each
of the parallel windings needs to be 1n central slot BB an
equal number of times and needs to be 1n each outer slot AA,
CC, an equal number of times. For the illustrated embodi-
ment, the fill ratio between the central slot BB and the outer
slots AA, CC 1s 2:1 and, thus, each winding needs to be
disposed 1n the central slot twice as many times as 1t 1s
disposed 1n outer slot AA and 1t needs to be 1n outer slot CC
the same number of times that 1s in outer slot AA. For a
stator having more slots per pole per phase, the same general
principles apply for the parallel wires to be electrically
balanced.

While the described phase change end loops are used to
electrically balance the windings, 1t 1s noted that the wires A,
B, C, D, E, F, G and H are not individually electrically
balanced but once they are serially connected in pairs, the
four resulting parallel windings are electrically balanced. In
other words, each winding 1s formed by a series connection
between two 1ndividually unbalanced wires to form a bal-
anced winding.

The wires are connected together at their interior or finish
ends, the finish ends are identified 1n FIG. 8 by the circled
letters 1n layer 8. As indicated by the connecting lines 342
in FIG. 8, the end of wire A extending from layer 8 at pole
P24 1s connected 1n series with the end of wire D extending
from layer 8 at pole P23; the end of wire B extending from
layer 8 at pole P24 1s connected in series with the end of wire
G extending from layer 8 at pole P21; the end of wire C
extending from layer 8 at pole P23 1s connected 1n series
with the end of wire F extending from layer 8 at pole P22;
and the end of wire E extending from layer 8 at pole P22 1s
connected 1n series with the end of wire H extending from
layer 8 at pole P21. It 1s further noted that in the i1llustrated
embodiment, each of the series connections, 1.e., between A
and D, between B and G, between C and F, and between E
and H, 1s also a reversing connection with one of the wires
extending 1n a clockwise direction about the stator from the
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series connection and the other wire extending 1n a coun-
terclockwise direction about the stator from the series con-
nection.

The exterior or start leads 340 of each of the wires are
indicated in FIG. 8 by the circled letters in layer 1 and are

found at poles P22, P23, P24 and P1. The start leads are

connected with an external circuit member. The external
circuit member may be a neutral connection, a regulator,
inverter or other circuit member depending upon the appli-
cation for which the electric machine will be used. The start
leads of the A and B wires both extend from layer 1 of pole
P1 with wire A being 1n slot AA of pole P1 and wire B being

in slot BB of pole P1, the start leads of the E and F wires
both extend from layer 1 of pole P23 with wire E being in

slot AA of pole P23 and wire F being 1n slot BB of pole P23.
Similarly, the start leads of the C and D wires both extend
from layer 1 of pole P24 with wire C being in slot AA of pole
P24 and wire D being 1n slot BB of pole P24, the start leads
of the G and H wires both extend from layer 1 of pole P22
with wire G being 1n slot AA of pole P22 and wire H being
in slot BB of pole P22. In the illustrated embodiment, these
external start leads are intended to be connected such that
they form four parallel windings per phase. The windings
including a first winding (formed by the series connected
pair of wires A and D), a second winding (formed by the
series connected pair of wires B and G), a third winding
(formed by the series connected pair of wires E and H), and

a fourth winding (formed by the series connected pair of
wires C and F).

As shown 1n slot AA of pole P1 in FIG. 8, wire A 1s
disposed 1n the first layer position, wire C 1s disposed 1n the
second layer position, wire E 1s disposed 1n the third layer
position and wire G 1s disposed 1n the fourth layer position.
Wire A includes an outside lead wire 340 extending from
slot AA 1n pole P1. Wire C includes an outside lead wire 340
extending from slot AA in pole P24. Wire E includes an
outside lead wire 340 extending from slot AA 1n pole P23.
Wire G 1ncludes an outside lead wire 340 extending from
slot AA 1n pole P22. Poles P1, P24, P23 and P22 are
consecutive and adjacent to each other.

As can also be seen 1n FIG. 8 and similar to slot AA, 1n
slot BB of pole P1, wire B 1s disposed in the first layer
position, wire D 1s disposed in the second layer position,
wire F 1s disposed 1n the third layer position and wire H 1s
disposed 1n the fourth layer position. Wire B includes an
outside lead wire 340 extending from slot BB 1n pole P1.
Wire D includes an outside lead wire 340 extending from
slot BB 1n pole P24. Wire F includes an outside lead wire
340 extending from slot BB 1n pole P23. Wire H includes an
outside lead wire 340 extending from slot BB 1n pole P22.
Poles P1, P24, P23 and P22 are consecutive and adjacent to
each other.

At pole P1, 1n slots AA and BB, wires A and B are in the
first layer position, wires C and D are in the second layer
position, wires E and F are in the third layer position and
wires G and H are 1n the fourth layer position. As mentioned
above, outside leads 340 for wires A and B are in pole P1,
outside leads 340 for wires C and D are in pole P24. Outside
leads 340 for wires E and F are in pole P23. Outside leads
for wires G and H are 1n pole P22. Each of the outside lead
wires 340 are located 1n layer 1.

In pole P24, 1n slots AA and BB wires A and B are 1n the
fourth layer position, wires C and D are in the first layer
position, wires E and F are 1n the second layer position, and
wires G and H are in the third layer position. In pole P23, in
slots AA and BB wires A and B are i1n the third layer
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position, wires C and D are 1n the fourth layer position, wires
E and F are 1n the first layer position, and wires G and H are
in the second layer position.

This arrangement has wires G and H 1n the first layer
position of pole P22 these wires then shift to layer 2 at pole
P23, then to layer 3 at pole P24 and finally to layer 4 at pole
P1. From pole P1, wires G and H remain 1n layer 4 up to and
including pole P21 and then shift to layer S at pole P22.
Wires G and H also have a phase shiit when moving from
pole P21 to pole P22 with wire G moving from slot AA to
slot BB and wire H moving from slot BB to slot CC. Wires
G and H shiit to layer 6 at pole P23, then to layer 7 at pole
P24 and finally to layer 8 at pole P1. These movements of
wires G and H can be most easily understood with reference

to FIGS. § and 8.

It 1s noted that FIG. 5 shows only a single wire for G and
H, this 1s because each of these wires have the same pattern
but are merely shifted one slot over in each pole. In other
words, wire G 1s always 1n the same layer position as wire
H 1n each pole with wires G and H 1n adjacent physical slots
with wire G being located in the slot disposed one slot
counterclockwise of the slot of wire H. Similarly, wires A
and B are 1n the same layer of adjacent slots of each pole,
wires C and D are 1n the same layer of adjacent slots of each
pole and wires E and F are 1n the same layer of adjacent slots
of each pole.

As can also be understood with reference to FIGS. 5 and
8, when shifting layer positions, the wires move one layer
per pole. For example, when wires A and B move from layer
1 to layer 5, the wires first move from layer 1 at pole P21,
to layer 2 at pole P22, to layer 3 at pole P23, to layer 4 at
pole P24 to layer 5 at pole P1. The other wires make a
similar progression from layers 2-4 to layers 6-8 at poles
P21-P24. The wires also include a 7 slot phase shift end loop
at this layer shift whereby they move from slots AA and BB
to slots BB and CC. This 7 slot phase shift end loop occurs
between poles P24 and P1 for all of the wires. In this regard,
it 1s noted that the different wires are not aligned vertically
in FIG. 5. In other words, the exterior lead of wires C and
D 1s shown immediately below the exterior leads of wires A
and B, however, the exterior leads of C and D extend from
pole P24 while the leads of wires A and B extend from pole
P1. Similarly, wires E and F extend from pole P23 and G and
H from pole P22. Thus, the multi-step layer movement of
cach of the wires occur at the same poles even though FIG.
5 does not show such steps in vertical alignment.

At the end of each of the wires, the wires shift layer
positions such that the interior lead of each wire extends
from the radially innermost layer, 1.e., layer 8 in the 1llus-
trated embodiment. Wires G and H do not require any layer
shifting and have interior leads extending from pole P21.
Wires E and F shift from layer 7 to layer 8 at pole P22 where
they have interior leads. Wires C and D progressively shift
from layer 6 at pole P21 to layer 8 at pole P23 where they
define interior leads and wires A and B progressively shift
from layer 5 at pole P21 to layer 8 at pole P24 where they
define interior leads. The other two phases of electric
machine 20 have the same winding pattern.

FIG. 9A 1illustrates a phase-shifted, unstratified linear
magazine load for one phase of the stator of FIGS. 3-8. FIG.
9B illustrates a phase-shifted, unstratified linear magazine
load for all three phases of the stator of FIGS. 3-8.

In FIG. 9A, M22 indicates slots associated with pole P22,
M23 indicates slots associated with pole P23, M24 indicates
slots associated with pole P24, M1 1ndicates slots associated
with pole P1 and M2 indicates slots associated with pole P2.
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When placing wires A-H 1n the linear magazine, wires A
and B are installed first with external leads 340 in slots
located at M1 and retain the same layer position for the
entire magazine. Then wires C and D are installed with their
external leads 340 at M24. Wires C and D shift one layer due
to the presence of wires A and B 1n slots M1 and onward.
Then wires E and F are installed with their external leads
340 at M23. Wires E and F shift one layer at M 24 and an
additional layer at M1 due to the presence of wires C, D and
A, B. Then wires G and H are installed with their external
leads 340 at M22. Wires G and H progressive shift a layer
as they move from M23 to M1. The arrangement of the wires
in the magazine remains the same as that for M1 and M2
until the windings reach their finish or interior ends. At the
interior ends, wires G and H terminate first at magazine slots
corresponding to pole P21, then wires E and F terminate at
magazine slots corresponding to pole P22, then wires C and
D terminate at magazine slots corresponding to pole P23 and
wires A and B terminate at magazine slots corresponding to
pole P24.

After loading the windings for the first phase, the wind-
ings for the second phase and then the windings for the third
phase are loaded 1n the linear magazine. After loading the
magazine with the windings from all three phases, the
windings are removed and bent into a generally cylindrical
shape so that they can be mserted into the central opening of
the stator core. The end of the windings having the external
leads 340 are then inserted into slots 32 and the insertion
process proceeds around the stator core to subsequently
insert the second wraps of the windings. For poles P22
through P24, these slots will only be partially filled by the
lead end of the wires that form external leads 340 and the
remainder of these slots are filled by the tail end of the
windings which form the interior ends. These interior ends
are then welded as indicated by reference numbers 342 1n
FIG. 8 to complete the installation of the windings.

While this invention has been described as having an
exemplary design, the present invention may be further
modified within the spirit and scope of this disclosure. This
application 1s therefore mtended to cover any variations,
uses, or adaptations of the invention using its general
principles.

What 1s claimed 1s:

1. A multi-phase electric machine comprising:

a stator operably coupled with a rotor wherein the rotor 1s
rotatable relative to the stator, the stator including a
stator core and a plurality of windings defining a
plurality of phases;

the stator core defining a plurality of axially and radially
extending slots which circumscribe the stator core and
encircle a rotational axis of the electric machine, each
of the slots defimng a plurality of layer positions
located at different radial distances from the rotational
axis; and

the plurality of windings mounted 1n the slots of the stator
core with each phase of plurality of phases defining a
plurality of poles circumierentially distributed about
the stator core, each phase including at least three of the
plurality of windings;

wherein, for one of the phases, 1n a designated slot of a
first pole, a first winding 1s disposed in a first layer
position, a second winding 1s disposed 1n a second layer
position, and a third winding 1s disposed 1n a third layer
position, the first winding defining a first outside lead
wire extending from the designated slot of the first
pole;
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the second winding defining a second outside lead wire
extending from a designated slot of a second pole
wherein the second winding 1s disposed in the first
layer position 1n the designated slot of the second pole
and the third winding 1s disposed in the second layer
position of the designated slot of the second pole and
wherein the second winding includes an end loop
extending from the first layer position in the designated
slot of the second pole to the second layer position 1n
the designated slot of the first pole; and

the third winding defining a third outside lead wire
extending from a designated slot of a third pole wherein
the third winding 1s disposed 1n the first layer position
in the designated slot of the third pole and wherein the
third winding includes a first end loop extending from
the first layer position in the designated slot of the third
pole to the second layer position of the designated slot
in the second pole and a second end loop extending
from the second layer position of the designated slot 1n
the second pole to the third layer position of the
designated slot 1n the first pole with the first and second
end loops being on opposite axial ends of the stator
core; and

wherein the first pole, the second pole, and the third pole
form circumferentially sequential poles of the one
phase with the second pole being disposed between the
first and third pole and wherein the first layer position
1s a radially outermost layer position, the second layer
position 1s disposed radially inward of the first layer
position, and the third layer position 1s disposed radi-

ally inward of the second layer position.

2. The electric machine of claim 1 wherein each of the
first, second and third windings 1s respectively formed by
two wires connected 1n series, wherein a first end of a first
one of the two wires for each of the first, second and third
windings respectively defines the first outside lead wire, the
second outside lead wire and the third outside lead wire and
wherein, a second end of the first wire for the first winding
defines a first interior lead extending from a radially inner-
most layer position of the second pole, a second end of the
first wire for the second winding defines a second interior
lead extending from the radially innermost layer position of
the third pole and a second end of the first wire for the third
winding defines a third interior lead extending from the
radially innermost layer position of a fourth pole, the fourth
pole being circumierentially sequentially arranged with the
third pole 1n the one phase with the third pole disposed
between the fourth and second poles.

3. The electric machine of claim 2 wherein the windings
ol each phase define at least six 1nterior leads and the first,
second and third interior leads are each connected to another
interior lead extending from a radially innermost layer
position to define a reversing end loop wherein each revers-
ing end loop connects a clockwise extending wire to a
counterclockwise extending wire.

4. The electric machine of claim 1 wherein the one phase
includes a fourth winding, the fourth winding defining a
fourth outside lead wire extending from a designated slot of
a fourth pole, the fourth pole being circumierentially
sequentially arranged with the third pole 1n the one phase
with the third pole disposed between the fourth and second
poles, the fourth winding being disposed in the first layer
position in the designated slot of the fourth pole, in the
second layer position 1n the designated slot of the third pole,
in the third layer position in the designated slot of the second
pole and 1n the fourth layer position in the designated slot of
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the first pole, the fourth layer position being disposed
radially inwardly of the third layer position.

5. The electric machine of claim 4 wherein each of the
first, second, third and fourth windings 1s respectively
formed by two wires connected 1n series, wherein a first end
of a first one of the two wires for each of the first, second,
third and fourth windings respectively defines the first
outside lead wire, the second outside lead wire, the third
outside lead wire, and the fourth outside lead wire and
wherein, a second end of the first wire for the first winding
defines a first interior lead extending from a radially inner-
most layer position of the second pole, a second end of the
first wire for the second winding defines a second interior
lead extending from the radially innermost layer position of
the third pole, a second end of the first wire for the third
winding defines a third interior lead extending from the
radially innermost layer position of the fourth pole, and the
a second end of the first wire for the fourth winding defines
a fourth interior lead extending from the radially innermost
layer position of a fifth pole, the fifth pole being adjacent the
fourth pole with the fourth pole disposed between the fifth
and third poles.

6. The electric machine of claim 5 wherein the windings
of each phase define at least eight interior leads and the first,
second, third and fourth interior leads are each connected to
another interior lead extending from a radially innermost
layer position to define a reversing end loop wherein each
reversing end loop connects a clockwise extending wire to
a counterclockwise extending wire.

7. The electric machine of claim 1 wherein each pole 1s
defined by windings which are suflicient to fill two slots and
wherein each pole includes windings disposed in three
adjacent slots.

8. The electric machine of claim 1 wherein each of the
first, second and third winding are formed by two wires
connected 1n series, wherein:

first and second wires extend from the first layer position

of different slots of the first pole to define outside lead
wires;

third and fourth wires are disposed in the second layer

position of the different slots of the first pole and are
extend from the first layer position of different slots of
the second pole to define outside lead wires;

fifth and sixth wires are disposed in the third layer

position of the different slots of the first pole and are
disposed 1n the second layer position of the different
slots of the second pole and extend from the first layer
position of different slots of the third pole to define
outside lead wires; and

wherein the first wire forms the first outside lead wire and

one of the two wires of the first winding, the third wire
forms the second outside lead wire and one of the two
wires of the second winding, and the fifth wire forms
the third outside lead wire and one of the two wires of
the third winding.

9. The electric machine of claim 8 wherein the first and
second wires define interior leads extending from radially
innermost layer positions of slots of the second pole, the
third and fourth wires define interior leads extending from
radially innermost layer positions of slots of the third pole
and the fifth and sixth wires define interior leads extending
from radially innermost layer positions of slots of a fourth
pole, the fourth pole being adjacent the third pole with the
third pole disposed between the second and fourth poles; and

wherein each of the interior leads of the first through sixth

wires are connected 1n series to another interior lead to
define a reversing end loop wherein each reversing end
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loop connects a clockwise extending wire to a coun-
terclockwise extending wire.

10. The electric machine of claim 9 wherein, for each pole
not including an outside lead wire or an interior lead, the
pole includes one slot wherein the first wire 1s 1n the first
layer position, the third wire 1s 1n the second layer position
and the fifth wire 1s 1n the third layer position and, 1n another
slot of the pole, the second wire 1s 1n the first layer position,
the fourth wire 1s 1n the second layer position and the sixth
wire 1s 1n the third layer position.

11. The electric machine of claim 8 wherein the one phase
includes a fourth winding formed by two wires connected 1n
series, the fourth winding defining a fourth outside lead wire
extending from a designated slot of a fourth pole, the fourth
pole being adjacent the third pole with the third pole
disposed between the fourth and second poles, the fourth
winding being disposed in the first layer position in the
designated slot of the fourth pole, in the second layer
position in the designated slot of the third pole, in the third
layer position in the designated slot of the second pole and
in the fourth layer position 1n the designated slot of the first
pole, the fourth layer position being disposed radially
inwardly of the third layer position;

wherein the windings of the one phase further include a

seventh wire and an eighth wire wherein the seventh
and eighth wires are disposed in the fourth layer
position of the different slots of the first pole and are
disposed 1n the third layer position of the different slots
of the second pole and are disposed 1n second layer
position of the different slots of the third pole and
extend from the first layer position of different slots of
the fourth pole to define outside lead wires; and
wherein the seventh wire forms the fourth outside lead
wire and one of the two wires of the fourth winding.

12. The electric machine of claim 11 wherein the first and
second wires define interior leads extending from radially
innermost layer positions of slots of the second pole, the
third and fourth wires define interior leads extending from
radially mnnermost layer positions of slots of the third pole,
the fifth and sixth wires define interior leads extending from
radially innermost layer positions of slots of the fourth pole,
and the seventh and eighth wires define interior leads
extending from radially innermost layer positions of a fifth
pole, the fifth pole being adjacent the fourth pole with the
fourth pole disposed between the third and fifth poles; and

wherein each of the interior leads of the first through

eighth wires are connected 1n series to another interior
lead to define a reversing end loop wherein each
reversing end loop connects a clockwise extending wire
to a counterclockwise extending wire.

13. The electric machine of claim 12 wherein the interior
lead of the first wire 1s connected 1n series to the interior lead
of the fourth wire, the interior lead of the second wire 1s
connected 1n series to the interior lead of the seventh wire,
the interior lead of the third wire 1s connected 1n series to the
interior lead of the sixth wire and the interior lead of the fifth
wire 1s connected 1n series to the interior lead of the eight
wire.

14. The electric machine of claim 13 wherein, for each
pole not including an outside lead wire or an interior lead,
the pole includes one slot wherein the first wire 1s 1n the first
layer position, the third wire 1s 1n the second layer position,
the fifth wire 1s 1n the third layer position and the seventh
wire 1s 1n the fourth layer position and, 1n another slot of the
pole, the second wire 1s 1n the first layer position, the fourth
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wire 1s 1n the second layer position, the sixth wire 1s in the
third layer position and the eighth wire 1s 1in the fourth layer
position.

15. The electric machine of claim 14 wherein each pole 1s
defined by windings which are suflicient to fill two slots and
wherein each pole includes windings disposed in three
adjacent slots.

16. The electric machine of claim 15 wherein each of the
first through eighth wires by 1itsellf does not provide an
electrically balanced winding, but each of the first through
fourth windings provides an electrically balanced winding.

17. The electric machine of claim 1 wherein each of the
first, second and third windings includes two wires con-
nected 1n series at interior leads extending from a radially
innermost layer position, each of the series connections
between the interior leads defining a reversing end loop
wherein each reversing end loop connects a clockwise
extending wire to a counterclockwise extending wire.

e o e e o
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