wO 2024/064474 A1 |0 H000 0 KO0 00 00 00 00

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
28 March 2024 (28.03.2024)

(10) International Publication Number

WO 2024/064474 Al

WIPO I PCT

(51) International Patent Classification:
HO2K 3/14 (2006.01) HO2K 15/04 (2006.01)
HO2K 3/18 (2006.01) HO2K 15/095 (2006.01)

(21) International Application Number:
PCT/US2023/072207

(22) International Filing Date:
15 August 2023 (15.08.2023)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
17/947,309 19 September 2022 (19.09.2022) US

(71) Applicant: CATERPILLAR INC. [US/US]; 100 NE
Adams Street, Peoria, Illinois 61629-6450 (US).

Inventors: NINO BARON, Carlos, E.; 6103 W. Claire-
mont Ct., Edwards, Illinois 61528 (US). BHATIA, Yash,
B.; 2F-13, N.LT. Faridabad, Faridabad, Haryana 121001
(IN). KOUGH, Bradford, A.; 1415 Kelseys Way, Metamo-
ra, [llinois 61548 (US). FRIEBOHLE, Andrew, A.; 100
Amelia Dr., East Peoria, Illinois 61611 (US).

(72)

(74) Agent: GREENE, Jeff, A. ct al.; Caterpillar Inc., 100 NE
Adams Street - AB6450, Peoria, Illinois 61629-6450 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN,HR,HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, K G,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS§,
ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM,KE, LR,LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU,LV,MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:
with international search report (Art. 21(3))

(54) Title: SWITCHED RELUCTANCE MOTOR MANUFACTURE WITH VARIABLE WIRE TWIST RATE

FIG. 2

(57) Abstract: An assembly for an electric motor includes a sta-
tor including a plurality of stator poles, each stator pole including
a base end and a rotor end opposite the base end, and an electro-
magnetic coil around each stator pole. The coil around each stator
pole includes at least two electrically conductive wires wound into
multiple wire turns around the stator pole that extend from the base
end of the stator pole to the rotor end of the stator pole. Wire turns
of the coil closer to the rotor end of the stator pole are twisted and
wire turns of the coil closer to the base end of the stator pole are
not twisted.



WO 2024/064474 PCT/US2023/072207

10

15

20

25

-1-

Description

SWITCHED RELUCTANCE MOTOR MANUFACTURE WITH VARIABLE
WIRE TWIST RATE

Technical Field

This document relates to electric powered work machines and in
particular to techniques to improve performance and manufacturability of the

electric motors of electric work machines.

Background

A large moving work machine (e.g., a wheel loader) can be
powered with one or more electric motors. An example of an electric motor is
described in U.S. Patent No. 9,118,225. The electric motor is a switched
reluctance motor that includes a stator that has electromagnetic coils. In
operation, there are losses associated with the coils in the electric motor that
undesirably produce heat. The wire turns of the coils are twisted to reduce these
losses. However, there are challenges with manufacturing coils with twisted wire
turns. Twisting the wires can cause the coils to misshape which can make it

difficult to place the coils on stator.

Summary of the Invention

Electric powered large moving work machines use large capacity
energy sources to drive one or more electric motors. Twisting the wires of the
coils of the electric motors improves performance of the motors, but the twisted
coils are difficult to manufacture and electric motors are difficult to assemble
with coils having twisted wire.

An example assembly for an electric motor for a work machine
includes a stator including a plurality of stator poles, each stator pole including a
base end and a rotor end opposite the base end, and an electromagnetic coil
around each stator pole. The coil around each stator pole includes at least two

electrically conductive wires wound into multiple turns around the stator pole that
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extend between the base end of the stator pole to the rotor end of the stator pole.
Wire turns of the coil closer to the rotor end of the stator pole are twisted and
wire turns of the coil closer to the base end of the stator pole are not twisted

An example method of making an assembly for an electric motor
includes forming an electromagnetic coil by winding at least two electrically
conductive wires into multiple turns that are wound lateral to a coil center so that
the coil has a first side and a second side, twisting wire turns of the coil closer to
the first side of the coil and not twisting wire turns of the coil closer to the second
side of the coil, forming multiple electromagnetic coils, and disposing each coil
onto a stator pole of a stator having multiple stator poles. Each stator pole has a
rotor end and a base end, and each coil disposed to have the first side of the coil
closer to the rotor end of the stator pole and the second side of the coil closer to
the base end of the stator pole.

An example electric motor of a work machine includes a stator, a
rotor, and a plurality of electromagnetic coils. The stator includes a plurality of
stator poles and a plurality of stator slots, each stator pole including a base end
and a rotor end opposite the base end and each stator slot positioned between two
stator poles. The rotor is positioned within the stator and includes a plurality of
rotor poles extending toward the stator poles. Each of the electromagnetic coils
is arranged around a stator pole and includes at least two electrically conductive
wires wound into multiple wire turns around the stator pole that extend from the
base end of the stator pole to the rotor end of the stator pole. The coil includes
wire turns closer to the rotor end of the stator pole that are twisted and wire turns

closer to the base end of the stator pole that are not twisted.

Brief Description of the Drawings

FIG. 1 is an elevation view depicting an example work machine in
accordance with this disclosure.
FIG. 2 is a schematic of portions of an example of an electric

motor for a work machine in accordance with this disclosure.
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FIG. 3 is a schematic of portions of another example of an electric
motor for a work machine in accordance with this disclosure.

FIG. 4 is an end view of two stator poles and coils wound around
the stator poles in accordance with this disclosure.

FIG. 5 is a cross section view of a stator pole and a coil wound
around the stator pole such as the stator pole shown in FIG. 2 as pole B+, in
accordance with this disclosure.

FIG. 6 is a cross section view of the wire turns of a coil in
accordance with this disclosure.

FIG. 7 is a cross section view of an electrically conductive wire
group that can be wound to make electromagnetic coils for an electric motor in
accordance with this disclosure.

FIG. 8 is a flow diagram of an example of a method of making an

assembly for an electric motor in accordance with this disclosure.

Detailed Description

Examples according to this disclosure are directed to methods and
devices that improve efficiency of the electric motors of a work machine.

FIG. 1 depicts an example machine 100 in accordance with this
disclosure. In FIG. 1, machine 100 includes frame 102, wheels 104, implement
106, and a speed control system implemented in one or more on-board electronic
devices like, for example, an electronic control unit or ECU. Example machine
100 is a wheel loader. In other examples, however, the machine may be other types
of machines related to various industries, including, as examples, construction,
agriculture, forestry, transportation, material handling, waste management, marine,
stationary power, and so on. Accordingly, although some examples are described
with reference to a wheel loader machine, examples according to this disclosure
are also applicable to other types of machines including graders, scrapers, dozers,
excavators, compactors, material haulers like dump trucks, marine vessels, gensets,

along with other example machine types.
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Machine 100 includes frame 102 mounted on four wheels 104,
although, in other examples, the machine could have more than four wheels. Frame
102 1s configured to support and/or mount one or more components of machine
100. For example, machine 100 includes enclosure 108 coupled to frame 102.
Enclosure 108 can house, among other components, an electric motor to propel the
machine over various terrain via wheels 104. In some examples, multiple electric
motors are included in multiple enclosures at multiple locations of the machine
100.

Machine 100 includes implement 106 coupled to the frame 102
through linkage assembly 110, which is configured to be actuated to articulate
bucket 112 of implement 106. Bucket 112 of implement 106 may be configured
to transfer material such as, soil or debris, from one location to another. Linkage
assembly 110 can include one or more cylinders 114 configured to be actuated
hydraulically or pneumatically, for example, to articulate bucket 112. For
example, linkage assembly 110 can be actuated by cylinders 114 to raise and lower
and/or rotate bucket 112 relative to frame 102 of machine 100.

Platform 116 is coupled to frame 102 and provides access to various
locations on machine 100 for operational and/or maintenance purposes. Machine
100 also includes an operator cabin 118, which can be open or enclosed and may
be accessed via platform 116. Operator cabin 118 may include one or more control
devices (not shown) such as, a joystick, a steering wheel, pedals, levers, buttons,
switches, among other examples. The control devices are configured to enable the
operator to control machine 100 and/or the implement 106. Operator cabin 118
may also include an operator interface such as, a display device, a sound source, a
light source, or a combination thereof.

Machine 100 can be used in a variety of industrial, construction,
commercial or other applications. Machine 100 can be operated by an operator in
operator cabin 118. The operator can, for example, drive machine 100 to and from
various locations on a work site and can also pick up and deposit loads of material
using bucket 112 of implement 106. By further way of example, both operation

by a remotely located operator and autonomous operation are contemplated.
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Machine 100 can be used to excavate a portion of a work site by actuating cylinders
114 to articulate bucket 112 via linkage 110 to dig into and remove dirt, rock, sand,
etc. from a portion of the work site and deposit this load in another location.
Machine 100 can include a battery compartment connected to frame 102 and
including a battery system 120. Battery system 120 is electrically coupled to the
one or more electric motors of the machine 100.

FIG. 2 is a schematic of portions of an example of an electric motor
224 for a work machine, such as the work machine 100 of FIG. 1. The example
electric motor 224 is a switched reluctance motor that includes a stator 226 and a
rotor 228 rotatable relative to the stator 226. The stator 226 includes ¢ight siator
potes 230, and the rotor 228 inchudes four rotor poles 232, The electric motor 224
can include different numbers of stator poles 230 and rotor poles 232 than the
example of FIG. 2.

The stator 226 includes stator slots 234 between the stator poles
230. The stator siots 234 open towards the rotor 228 The stator poles 230 and
stator slots 234 have a base end and a rotor end. The stator slots 234 each have a
width that tapers or narrows from the base end o the rotor end. The shape of the
siator 226 may be referred to as an open slot configuration,

The stator poles 230 may be grouped into two of more phase sets of
stator poles 230 that correspond to the number of phases {e.g., two phases) of the
switched reluctance motor. In the example of FIG. 2, the eight stator poles 230 are
grouped in two phase sets with four siator poles (abeled A+ and A~} grouped inio
one phase set and tour stator poles {labeled B+ and B-) grouped into the other phase
set.  Each stator pole 230has a conductive winding or elechromagnetic
coil 236 wrapped arcund it The coils 236 positioned about the stator poles 230 of
each group of a phase set {A+, A-and B+, B-) are electrically connected. WNon-
conductive spacers 238 can be placed in stator slots 234 between adjacent coils.

The rotor 228 has no windings or magnets. The rotor 228 may be
formed as 8 stack of vertieally laminated iron pieces. The rotor poles 232 may be

grouped in diametrically aligned pairs.
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In operation, rotation of the rotor 228 of the switched reluctance
motor 18 achieved by the sequential excitation of adjacent sets of stator
poles 230 by supplying current to the cotls 236 of the stator poles 230, Excitation
of the stator poles 230 creates magnetic flux towards which the rotor poles 232 are
attracted which tends to align the rotor poles 232 with the energized stator
poles 230, As the rotor poles 232 become aligned with the energized stator
poles 230, the DO current to the energized poles is torminated and subsequently
supphied to the next sequential stator poles 230, The rotor poles 232 are then
attracted to the next set of sequential poles, which causes continued rotation of the
rotor 228, This process s continued duning operation of the switched reluctance
motor.  Torque is gensrated by the tendency of rotor poles 232 1o align with
energized stator poles 230, Continuous torgue may be generated by synchronizing
exciiation of consecutive stator poles 230 with the instantaneous position of rotor
poles 232, While the concepts are described in regard to a switched reluctance
motor, the concepts can also be applied to a switched reluctiance generator or any
open slot electrical maching,

FIG. 3 is another example of portions of an electric motor 324. The
example electric motor 324 in FIG. 3 is also a switched reluctance motor that
includes a stator 326 and a rotor 328. In this example, the stator 326 is within the
rotor 328 and the surrounding rotor 328 rotates around the inner stator 326. Coils
236 are arranged around stator poles 330. The stator slots 334 have a ditferent
shape from the stator slots 234 of FiG. 2. In FIG 3, the stator slots 334 each have
2z width that tapers or narrows from the rotor end 1o the base end. As in the example
of FIG. 2, continucus torgue may be generated by synchroniziog excitation of
consecutive stator poles 330 with the tnstantaneocus position of rotor poles 332,

FIG. 4 shows an end view of two coils 236 arranged around adjacent
stator poles 230. The stator poles 230 can be included in either of the stators of
FIG. 2 or FIG. 3. The coils 236 include at least two conductive wires wound into
multiple wire turns 446 wound with coil innermost portion 448. The coil innermost
portion 448 contacts the side surfaces 450 of the stator pole 230. Non-conductive

tape 452 may be used to hold the wire turns of the coil. The coils 236 are positioned
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in a stator slot 234 between the stator poles 230. A non-conductive spacer 238 may
be placed in the stator slot 234 between the adjacent coils 236.

FIG. 5 is a cross section view of a stator pole 230, such as the stator
pole designated B+ in Fig. 2, and a coil 236 wound around the stator pole 230. In
this example, the rotor is positioned within the stator. The coil 236 includes at least
two electrically conductive wires wound into multiple wire turns around the stator
pole 230. The wire turns of the coil 236 extend from the base end of the stator pole
230 to the rotor end of the stator pole 230. Each stator slot 234 holds a portion of
the coil 236 of a stator pole 230 and a portion of the coil 236 of the neighboring
stator pole 230. The coils 236 have a number of lengthwise wire turns per length
of the stator pole 230. Because the stator slots 234 are tapered, the coils 236 have
less wire turns per length at the rotor end of the stator pole 230 than at the base end
of the stator pole 230. The wire turns of the coil 236 closer to the rotor end of the
stator pole are twisted and wire turns of the coil 236 closer to the base end of the
stator pole 230 are not twisted. The coil shape is reversed for the stator 326 of the
electric motor 324 of FIG. 3 because the coil slot 334 is reversed with the coils 236
having less wire turns per length at the base end of the stator pole 330 than at the
rotor end of the stator pole 330.

Twisting the wire of the coil improves efficiency and reduce losses
that generate heat. However, twisting all wire turns of the coil 236 results in a
larger coil as adjacent twisted wires may not lie together as compactly. This can
cause the coil to be bowed instead of flat. During a conduction cycle when the coil
is energized, the maximum flux in the coil is near the gap between the stator pole
230 and the rotor pole 232. Twisting only the wire in the coil nearer to the rotor
end provides the efficiency improvement and results in a coil that is easier to
manufacture and dispose in the stator 226.

FIG. 5 shows portions of the coil 236 that include twisted wire turns
237 and untwisted wire turns 239. In the example of FIG. 5, less than half of the
wire turns are twisted. In some examples, substantially half of the wire turns (e.g.,

40-60% of the wire turns) are twisted.
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FIG. 6 is a cross section view of some of the wire turns of the coil
236. The wire turns within the rectangles are closer to the rotor end and are twisted.
Those wire turns not in rectangles are not twisted. The numerals within the circles
reflect the order that wire turns are formed when winding the coils. FIG. 6 shows
that the twisting of the wire may not be performed sequentially on the wire turns.
Instead, the twisting of the wire may stop and start and various times in the winding
of the coils 236.

The wires closer to the rotor end may have one twist per turn and
the wires closer to the base end have zero twists per turn. The number of twists
per turn may be different than one twist per turn. The number of twists per turn
may be, but not restricted to, in a one-half twist per turn to two twists per turn, but
the wires closer to the base end still have zero twists per turn.

FIG. 7 is a cross section view of the electrically conductive wire
that can be wound to make the coils 236. The wire may be electrically insulated
wire that can include insulation 740 and a conductive wire. The conductive wire
may include multiple metal wire strands 742 within the insulation 740. In this

example, seven strands of wire are within the insulation 740.

Industrial Applicability

FIG. 8 is a flow diagram of an example of a method 800 of making
an assembly for an electric motor. At block 805, an electromagnetic coil is formed
by winding at least two electrically conductive wires into multiple wire turns that
are wound with an orientation lateral to a coil center. The coil is formed to have a
first side and a second side. The wire may be an electrically insulated wire
including insulation having multiple metal wire strands within the insulation.

At block 810, less than all the wire of the turns are twisted. The
wire turns of the coil closer to the first side of the coil are twisted, and the wire
turns of the coil closer to the second side of the coil are not twisted. In some
examples, substantially half the wire turns (e.g., the top half of the turns) include a
twist in the wire. In variations less than half the turns include a twist in the wire.

In some examples, twisting the wire of a wire turn includes twisting the wire once
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per turn. In some examples, twisting the wire includes twisting the wire turns to
have a number of twists per turn that is in a range of, but not restricted to, one-half
twist per turn to two twists per turn.

At block 815, a plurality of such coilsis formed. Atblock 820, each
of the coils is disposed on a stator pole of a stator that has multiple stator poles.
Each stator pole has a rotor and a base end. Each coil is disposed to have the first
side of the coil closer to the rotor end of the stator pole and the second side of the
coil closer to the base end of the stator pole. The coils may be disposed in stator
slots next to the stator poles. The stator slots may be tapered and narrower at the
rotor end and wider at the base end. The coils may have less wire turns on the first
side of the coil than the second side of the coil to accommodate the change in width.
Conversely, the stator slots may be tapered and wider at the rotor end and narrower
at the base end. The coils may have more wire turns on the first side of the coil
than the second side of the coil to accommodate the change in width. Non-
conductive spacers may be disposed in the stator slots between adjacent coils.

A coil with less than all the wire turns of the coil twisted reduces
coil leg thickness and coil leg height as compared to twisting all the wire turns of
the coil, which makes the manufacturing of the coils easier but still provides the
benefits of a coil with twisted wire. It also improves the shape of the coil by
preventing torsional twist of the coil, which makes it easier to place the coils on
the stator poles and eliminates the need to cold-press the coils into an improved
shape for placement. A coil with less than all the wire turns of the coil twisted
reduces the strand-to-strand contact stress and reduces wire cross over, thereby
improving working life of the coil as compared to a coil with all wire turns twisted.
It also reduces coil resistance improves the coil contact area which improves
cooling of the coils. While the concepts are described 1o regard to electric motors,
the concepts can also be applied to generators.

Unless explicitly excluded, the use of the singular to describe a
component, structure, or operation does not exclude the use of plural such
components, structures, or operations or their equivalents. The use of the terms

“a” and “an” and “the” and “at least one” or the term “one or more,” and similar
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referents in the context of describing the invention (especially in the context of the
following claims) are to be construed to cover both the singular and the plural,
unless otherwise indicated herein or clearly contradicted by context. The use of
the term “at least one” followed by a list of one or more items (for example, “at
least one of A and B” or one or more of A and B”) is to be construed to mean one
item selected from the listed items (A or B) or any combination of two or more of
the listed items (A and B; A, A and B; A, B and B), unless otherwise indicated
herein or clearly contradicted by context. Similarly, as used herein, the word "or"
refers to any possible permutation of a set of items. For example, the phrase "A,
B, or C" refers to at least one of A, B, C, or any combination thereof, such as any
of: A; B; C; Aand B; A and C; B and C; A, B, and C; or multiple of any item such
asAand A; B, B, and C; A, A, B, C, and C; etc.

The above detailed description is intended to be illustrative, and not
restrictive. The scope of the disclosure should, therefore, be determined with
references to the appended claims, along with the full scope of equivalents to which

such claims are entitled.
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Claims

1. An assembly for an electric motor (224), the assembly
comprising:

a stator (226) including a plurality of stator poles (230), each
stator pole including a base end and a rotor end opposite the base end; and

an electromagnetic coil (236) around each stator pole, the coil
around each stator pole including:

at least two electrically conductive wires wound into multiple wire
turns (446) around the stator pole that extend between the base end of the stator
pole to the rotor end of the stator pole; and

wherein wire turns (237) of the coil closer to the rotor end of the
stator pole are twisted and wire turns (239) of the coil closer to the base end of

the stator pole are not twisted.

2. The assembly of claim 1, wherein wire turns of the coil
closer to the rotor end of the stator pole include one twist per turn and wire turns

of the coil closer to the base end of the stator pole include zero twists per turn.

3. The assembly of claim 1, wherein turns of the wires of the
coil closer to the rotor end of the stator pole include a number of twists per turn
that is in a range of one-half twist per turn to two twists per turn, and turns of the
wires of the coil closer to the base end of the stator pole include zero twists per

turn.

4. The assembly of claim 1, wherein substantially half of the

turns of the wires are twisted.

5. The assembly of claim 1, wherein less than half of the

turns of the wires are twisted.
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6. The assembly of claim 1, wherein the at least two
electrically conductive wires are electrically insulated wires including insulation

(740) and multiple metal wire strands (742) within the insulation.

7. The assembly of claim 1, wherein the coil has a number of
wire turns per length of the stator pole, and the coil has less wire turns per length

at the rotor end of the stator pole than at the base end of the stator pole.

8. A method of making an assembly for an electric motor
(224), the method comprising:

forming an electromagnetic coil (236) by winding at least two
electrically conductive wires into multiple wire turns (446) that are wound lateral
to a coil center, wherein the coil has a first side and a second side;

twisting wire turns of the coil closer to the first side of the coil and
not twisting wire turns of the coil closer to the second side of the coil;

forming a plurality of the electromagnetic coils; and

disposing each coil of the plurality of coils onto a stator pole (230)
of a stator (226) having multiple stator poles, each stator pole having a rotor end
and a base end, and each coil disposed to have the first side of the coil closer to
the rotor end of the stator pole and the second side of the coil closer to the base

end of the stator pole.

9. The method of claim 8, wherein twisting wire turns closer

to the first side of the coil includes twisting the wire turns once per wire turn.

10. The method of claim 8, wherein twisting wire turns closer
to the first side of the coil includes twisting the wire turns to have a number of

twists per turn that is in a range of one-half twist per turn to two twists per turn.
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