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ELECTRIC MACHINE DISTRIBUTED
COOLING SYSTEM AND METHOD

RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional
Application No. 62/889,258, titled “Electric Machine Dis-
tributed Cooling System and Method,” filed Aug. 20, 2019,
which is hereby incorporated by reference in its entirety.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates generally to electric
machine cooling systems, and, more particularly, to a cool-
ing system and method that provides distributed cooling of
an electric machine.

BACKGROUND OF THE DISCLOSURE

[0003] In high performance electric machine applications,
effective thermal management is critical in ensuring optimal
machine performance. Increased power densities and effi-
ciency requirements of electric machines lead to increases in
heat densities that result in undesirable thermal conditions.
For example, excessive heat generation resulting from losses
within the stator windings, laminations, or magnets is dis-
tributed to a variety of machine components, which causes
adverse temperature effects. These temperature effects can
include magnet demagnetization, component failure, as well
as insulation damage of the machine.

[0004] To address such concerns and to enhance thermal
designs of the electric machines, a variety of conventional
cooling techniques have been employed. For example, some
conventional approaches employ the use of passive cooling
techniques such as rotor rotation, convection cooling, or fin
cooling to reduce adverse temperature effects within the
electric machine. Other approaches employ active cooling
techniques such as fan or air cooling to enhance heat
transfer.

[0005] Drawbacks to such approaches include inefficient
and limited cooling of the electric machines, restricted heat
transfer, degraded system performance. Therefore, to over-
come the drawbacks of conventional techniques, there is a
need in the art for a more robust and improved cooling
design to more effectively cool electric machines and
increase system performance.

SUMMARY OF THE DISCLOSURE

[0006] According to an aspect of the present disclosure, an
electric machine with distributed cooling is disclosed. The
electric machine includes a stator assembly, a rotor assembly
including a rotor shaft and a rotor core, and a distributed
cooling system. The distributed cooling system including at
least one inlet arranged on an end of the rotor shaft, a first
passage, a second passage, and at least one third passage.
The first passage extending axially in a first direction
through at least a portion of the rotor shaft to direct a flow
of coolant received from the inlet in the first direction. The
second passage fluidly coupled to the first passage and
extends in a second direction through at least a portion of the
rotor shaft between a receiving end and a distributing end.
The second passage is configured to direct the flow of
coolant in the second direction for distribution at the dis-
tributing end. The at least one third passage fluidly coupled
to the second passage, the at least one third passage extend-
ing between a first end and a second end, wherein the third
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passage is configured to distribute coolant received from the
second passage to at least one of the first end or the second
end into the stator assembly.

[0007] According to another aspect of the present disclo-
sure, a work vehicle is disclosed. The work vehicle includes
a vehicle frame, an engine, a transmission; and an electric
machine operatively coupled to at least one of the engine or
transmission. The electric machine includes a stator assem-
bly, a rotor assembly having a rotor core and a rotor shaft,
and a distributed cooling system. The distributed cooling
system including at least one inlet arranged on an end of the
rotor shaft, a first passage, a second passage, and at least one
third passage. The first passage extending axially in a first
direction through at least a portion of the rotor shaft to direct
aflow of coolant received from the inlet in the first direction.
The second passage fluidly coupled to the first passage and
extends in a second direction through at least a portion of the
rotor shaft between a receiving end and a distributing end.
The second passage is configured to direct the flow of
coolant in the second direction for distribution at the dis-
tributing end. The at least one third passage fluidly coupled
to the second passage, the at least one third passage extend-
ing between a first end and a second end, wherein the third
passage is configured to distribute coolant received from the
second passage to at least one of the first end or the second
end into the stator assembly.

[0008] According to other aspects of the present disclo-
sure, a method is disclosed. The method includes providing
a stator assembly and a rotor assembly within a housing, the
rotor assembly having a rotor core relatively arranged with
respect to a rotor shaft. Arranging a first passage to extend
axially in a first direction through the rotor shaft to direct a
flow of coolant in the first direction. Arranging a second
passage in fluid communication with the first passage to
extend in a second direction through the rotor shaft between
a receiving end and a distributing end, wherein the second
passage is configured to direct the flow of coolant in the
second direction. Arranging a third passage in fluid com-
munication with the second passage to extend between a first
end and a second end through the rotor core, wherein the
third passage is configured to distribute coolant received
from the second passage to at least one of the first end or the
second end into the stator assembly.

[0009] Other features and aspects will become apparent by
consideration of the detailed description and accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The detailed description of the drawings refers to
the accompanying figures in which:

[0011] FIG. 1 is a side view of a work vehicle according
to an embodiment;

[0012] FIG. 2 is a cross-sectional view of an electric
machine according to an embodiment;

[0013] FIG. 3 is an expanded perspective view of the
electric machine of FIG. 1 according to an embodiment;
[0014] FIG. 4 is a side cross-sectional view of the electric
machine of FIG. 1 according to an embodiment;

[0015] FIG. 5 is a perspective cross-sectional view of the
electric machine of FIG. 1 according to an embodiment;
[0016] FIG. 7A is a perspective view of a cooling plate
according to an embodiment;

[0017] FIG. 7B is a perspective cross-sectional view of an
electric machine according to an embodiment; and
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[0018] FIG. 8 is a side cross-sectional view of the electric
machine of FIG. 1 according to an embodiment.

[0019] Like reference numerals are used to indicate like
elements through the several figures.

DETAILED DESCRIPTION OF THE DRAWINGS

[0020] Referring to FIG. 1, a work vehicle 50 is shown
according to an embodiment. Although in FIG. 1 the work
vehicle 50 is shown as comprising a tractor, it should be
noted that, in other embodiments, the work vehicle 50 can
vary according to application and/or specification require-
ments. For example, in other embodiments, the work vehicle
50 can comprise tracked or unmanned vehicles, and may
also comprise road graders, dozers, loaders, excavators,
forestry equipment, or turf vehicles, with embodiments
discussed herein being merely for exemplary purposes to aid
in an understanding of the present disclosure.

[0021] As shown in FIG. 1, the work vehicle 50 can
comprise a vehicle frame 52 supported on a pair of front
wheels 56 and rear wheels 58. An operator cab 60 can be
mounted on a rear region of the vehicle frame 52 and can
comprise a variety of controls such as steering wheel 66 to
allow a vehicle operator to control functions and operations
of the work vehicle 50. A user interface 64 can be arranged
in the operator cab 60 and can comprise one or more display
screens that provide machine data, image data, or selectable
menus for controlling various features of the work vehicle
50. An engine 62 can be mounted to the vehicle frame 52
within a hood assembly 54 to supply power for all driven
components of the work vehicle 50. For example, the engine
62 can be configured to drive a transmission (not shown) that
drives the rear wheels 58 at various selected speeds in
forward or reverse modes.

[0022] Referring to FIGS. 2-5, an electric machine 100
having a cooling system 150 that provides distributed cool-
ing of the electric machine 100 is shown according to an
embodiment. The electric machine 100 can be arranged
within the work vehicle 50. For example, in some embodi-
ments, the electric machine 100 can be coupled to the engine
62 or transmission of the work vehicle 50. The electric
machine 100 can comprise a housing 102 encasing a stator
assembly 110 and a rotor assembly 108. The housing 102
can comprise an outer cylindrical surface 103 having a
mounting interface 112 removably coupled to or integrally
formed therein. An electrical connector 133 can be arranged
on the housing 102 to supply three-phase power to the
electric machine 100. Although in FIG. 2, the mounting
interface 112 is shown as comprising a plurality of mounting
holes 113 which are sized to receive one or more fasteners
or similar connectors, in other embodiments, the mounting
interface 112 can comprise a variety of coupling features and
mechanisms based on the electric machine design.

[0023] In some embodiments, the stator assembly 110 can
comprise a plurality of stator laminations 120 adjacently
arranged to define a stator core 109, with each having
generally cylindrical configurations. In other embodiments,
the stator assembly 110 can comprise a solid or split core
element, with FIG. 3 being but one exemplary embodiment.
As shown in FIG. 3, each of the plurality of stator lamina-
tions 120 can comprise n number of slots 122 circumferen-
tially spaced and aligned about an inner surface 124, with
each of the slots 122 being dimensioned and sized to
accommodate one or more motor windings that extend from
the slots 122 to form end turns 142 (refer, e.g., to FIGS. 5
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and 6). In some embodiments, one or more weld structures
123 can be formed in or arranged on an outer surface 121 of
each of the plurality of stator laminations 120 to provide a
more secure bonding connection between the stator lamina-
tions 120.

[0024] The rotor assembly 108 can comprise a rotor shaft
104 and, similar to the stator assembly 110, a plurality of
stacked laminations (i.e., rotor laminations 118), which are
adjacently arranged in compact relation to one another to
define a rotor core 107. Each of the plurality of rotor
laminations 118 can comprise a shaft receiving opening 114
that is coaxially aligned with an adjacent opening and sized
to receive the rotor shaft 104. Additionally, each of the
plurality of rotor laminations 118 can comprise one or more
field generation structures 126 that are equidistantly spaced
and symmetrically arranged relative to one another about
each of the rotor laminations 118. The one or more field
generation structures 126 can comprise at least two cavities
125a, 1255 that are sized to receive one or more magnetic
elements 106 (e.g., permanent magnets). In the non-limiting
exemplary embodiment of FIG. 3, the cavities 125a, 1255
can be arranged in a generally v-shaped configuration to
allow for the placement of each of the magnetic elements
106 in alternating polarity for the inducement of an alter-
nating magnetic field.

[0025] As shown in FIG. 5, at least two cooling plates
138a, 1386 (i.e., end plates) can be arranged at opposing
ends of the rotor core 107 to facilitate cooling of the end
turns 142 as coolant exits the rotor assembly 108. For
example, coolant exiting the rotor core 107 is conveyed
through the cooling plates 138¢ and 1384 to the stator
windings (not shown) and end turns 142. Each of the cooling
plates 1384, 1385 can be identical and can comprise surface
designs including openings and apertures (e.g., 162, 164)
that matingly align with those arranged on the rotor lami-
nations 118 (refer, e.g., to FIG. 6).

[0026] In some embodiments, a spacer disc 116 can be
integrally or removably coupled to an end face 128 of one
or more of the rotor laminations 118. For example, the
spacer disc 116 can comprise a plurality of coupling ele-
ments 117 that are designed for mating engagement with
spacer receiving openings 134 arranged in or on the end face
128. As shown in FIG. 3, the spacer disc 116 can be
concentrically arranged relative to the rotor shaft 104 and
positioned to cover each of the field generation structures
126. Although in embodiments herein, the spacer disc 116 is
shown as including a generally circular configuration, it
should be noted that, in other embodiments, the geometrical
configuration of the spacer disc 116 can vary. For example,
in other embodiments, the spacer disc 116 can be sized
smaller or larger according to design and specification
requirements.

[0027] The cooling system 150 can comprise a plurality of
cooling passages 152 arranged in fluid communication with
one another to distribute a supply of coolant (e.g., oil or
other suitable cooling fluids) through the stator and rotor
assemblies 104, 106. For example, as will be discussed in
further detail with reference to FIGS. 6-8, each of the
plurality of cooling passages 152 can be arranged such that
coolant is distributed in a specific direction and through a
designated section of the stator and rotor assemblies 106,
108.

[0028] As will be appreciated by those skilled in the art,
FIGS. 1-5 are provided for illustrative and exemplary pur-
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poses only and are in no way intended to limit the present
disclosure or its applications. In other embodiments, the
arrangement and/or structural configuration of the electric
machine 100 and cooling system 150 can vary. For example,
in some embodiments, the cooling channel 150 can com-
prise fewer or more cooling passages or distribution chan-
nels. Additionally, in other embodiments, the internal cir-
cuitry and component arrangement of the electric machine
100 can vary according to design and/or specification
requirements.

[0029] Referring now to FIGS. 6-8, a more detailed view
of the cooling system 150 is shown. In some embodiments,
the plurality of cooling passages 152 can comprise a first
passage 152a, a second passage 1525, and a third passage
152¢, which are intersectionally arranged to define a con-
tinuous flow path through the electric machine 100. The first
passage 1524 can be arranged to extend axially, relative to
the center axis 101, along a partial or full length of the rotor
shaft 104 between a first end 154 and a second end 156 in
some embodiments. At the first end 154, the first passage
152a can receive a supply of coolant from an inlet 153
arranged in a rear cover 103 of the housing 102 (FIG. 5). The
supply of coolant moves through the rotor shaft 104 in a first
direction (e.g., an x-direction) and is distributed to the
second passage 1525 via an orifice 155 at the second end
156.

[0030] In some embodiments, the second passage 1525
can be centrally arranged to extend radially through the rotor
shaft 104 in a second direction orthogonal to the first
direction. For example, in some embodiments, the second
passage 1525 can be arranged to extend through at least one
side-wall of the rotor shaft 104 in a direction (e.g., y-direc-
tion) generally perpendicular to the center axis 101. In other
embodiments, the direction and/or angular orientation of the
second passage may vary according to application and
specification requirements. As shown in FIG. 6, the second
passage 15256 can be arranged to communicate with the first
passage 1524 at a receiving end 158 and the third passage
152¢ at a distributing end 160. For example, the second
passage 1526 can be arranged such that coolant received
from the receiving end 158 is directed into the third passage
152¢ for distribution through the plurality of rotor lamina-
tions 118 at the distributing end 160.

[0031] In some embodiments, the width and length of the
second passage 1525 can be sized generally less than each
of the first and third passages 152a, 152¢ to allow for more
controlled flow distribution. Additionally, although in
embodiments discussed herein, the second passage 1526 is
shown as being centrally arranged on one side of the rotor
shaft 104, it should be noted that, in other embodiments, the
position and orientation of the second passage 1526 may
vary. For example, in other embodiments, the second pas-
sage 152b can be arranged on opposing sides of the rotor
shaft 104, and/or its channel size and length can be increased
or decreased. In still other embodiments, the second passage
1525 can comprise two or more passages relatively arranged
to extend in a radial or axial direction of the rotor shaft 104.
[0032] The third passage 152¢ can be arranged to extend
in a third direction, which, in some embodiments, may also
be orthogonal to the second direction, through the plurality
of rotor laminations 118. The third passage 152¢ can com-
prise a plurality of coaxially aligned apertures 132 that are
arranged in each of the plurality of rotor laminations 118 to
form the continuous flow passage (i.e., third passage 152¢).
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Additionally, referring now back to FIG. 4, in some embodi-
ments, the third passage 152¢ can comprise a plurality of
passages equidistantly spaced relative to one another in a
generally circular configuration about the rotor assembly
108. In other embodiments, the third passage 152¢ can be
formed as an integral channel and may also be arranged in
various positional and/or angular orientations, with embodi-
ments herein being merely exemplary embodiments.
[0033] The arrangement of third passage 152¢ is particu-
larly advantageous in that it allows for the coolant to be
distributed through the rotor laminations 118 and to the
magnetic elements 106 arranged in the cavities 125a, 1255.
For example, as coolant exits the second passage 1525 and
enters the third passage 152¢, the spacer disc 116 is arranged
such that radial flow of coolant from the third passage 152¢
is impeded and directed into each of the apertures 132 to
allow for cooling of the magnetic elements 106 as shown in
FIG. 8.

[0034] Additionally, referring now to FIGS. 6-7B, the
cooling is further enhanced due to the arrangement of the
cooling plates 138a, 138b. For example, as previously
discussed, the alignment and mating engagement of the
cooling plates 138a, 1386 with the rotor core 107 (i.e.,
plurality of rotor laminations 118) allows for coolant to be
directed to the end turns 142 as it exits the third passage
1524 via the apertures 132. In some embodiments, each of
the cooling plates 1384, 1385 can comprise a thin plate such
as that shown in FIG. 6. In other embodiments, the cooling
plates can include cooling plates 238a, 2384, each having a
lipped portion 270, apertures/openings 262, 264, 266, and a
shaft opening 268 that is sized to encircle the rotor shaft 204
as shown in FIGS. 7A and 7B. The lipped portion 270 can
be designed to extend outwardly and away from an outer
periphery of each of the cooling plates 2384, 23856, and may
vary in length in various embodiments. For example, in
some embodiments, the length of the lipped portion 270 can
be decreased or extended to change the location at which
coolant exiting the third passage 152c¢ strikes the end turn
142.

[0035] As shown in FIGS. 6 and 7B, a plurality of external
flow passages as indicated by the arrows 166 can be
arranged in fluid communication with the third passage 152¢
to provide a path for coolant to flow from the third passage
152¢ to the plurality of stator laminations 120 via an air gap
140. This, in turn, minimizes the amount of coolant distrib-
uted to the stator laminations 120 while allowing for some
leakage to occur.

[0036] Without in any way limiting the scope, interpreta-
tion, or application of the claims appearing below, a tech-
nical effect of one or more of the example embodiments
disclosed herein is a cooling system and method for an
electric machine. The cooling system is particularly advan-
tageous in that it allows for distributed cooling of the electric
machine to dissipate heat accumulated in the electric
machine and to improve machine performance.

[0037] While the above describes example embodiments
of the present disclosure, these descriptions should not be
viewed in a limiting sense. Rather, other variations and
modifications may be made without departing from the
scope and spirit of the present disclosure as defined in the
appended claims.

What is claimed is:

1. An electric machine with distributed cooling, the elec-
tric machine comprising:
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a stator assembly;

a rotor assembly comprising a rotor shaft and a rotor core;

and

a distributed cooling system comprising:

at least one inlet arranged on an end of the rotor shaft;

a first passage extending axially in a first direction
through at least a portion of the rotor shaft, wherein
the first passage is configured to direct a flow of
coolant received from the inlet in the first direction;

a second passage fluidly coupled to the first passage,
the second passage extending in a second direction
through at least a portion of the rotor shaft between
a receiving end and a distributing end, wherein the
second passage is configured to direct the flow of
coolant in the second direction for distribution at the
distributing end; and

at least one third passage fluidly coupled to the second
passage, the at least one third passage extending
between a first end and a second end, wherein the
third passage is configured to distribute coolant
received from the second passage to at least one of
the first end or the second end into the stator assem-
bly.

2. The electric machine of claim 1, wherein the rotor core
comprises a plurality of rotor laminations arranged in
stacked relation to one another with each having a center
opening sized to receive a rotor shaft.

3. The electric machine of claim 2, wherein each of the
plurality of rotor laminations comprises one or more field
generation structures having cavities sized to receive one or
more magnetic elements.

4. The electric machine of claim 3, wherein a spacer disc
removably or integrally coupled to an end face of each of the
plurality of rotor laminations, and wherein the spacer disc is
configured to impede radial distribution of coolant from the
third passage to provide coolant to the one or more magnetic
elements.

5. The electric machine of claim 1, wherein the second
direction is orthogonal to the first direction and the third
direction.

6. The electric machine of claim 1, wherein the at least
one third passage is defined by at least two or more coaxially
aligned apertures respectively arranged in adjacent lamina-
tions of the plurality of rotor laminations, and wherein the at
least one comprises a plurality of third passages.

7. The electric machine of claim 1, wherein the rotor
assembly further comprises at least two cooling plates
arranged at opposing ends of the rotor assembly, and
wherein the at least two cooling plates comprise one or more
apertures arranged in axial alignment with the third passage
such that coolant exiting the third passage is directed to one
or more end turns arranged in the stator assembly.

8. The electric machine of claim 7, wherein each of the at
least two cooling plates further comprises a lipped portion
that extends outwardly and away from an outer periphery of
each of the cooling plates.

9. A work vehicle, the work vehicle comprising:

a vehicle frame;

an engine;

a transmission; and

an electric machine operatively coupled to the transmis-

sion,
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the electric machine comprising a stator assembly, a rotor
assembly having a rotor core and a rotor shaft, and a
distributed cooling system;
the distributed cooling system comprising:
at least one inlet arranged on an end of the rotor shaft;
a first passage extending axially in a first direction
through at least a portion of the rotor shaft, wherein
the first passage is configured to direct a flow of
coolant received from the inlet in the first direction;
a second passage fluidly coupled to the first passage,
the second passage extending in a second direction
through at least a portion of the rotor shaft between
a receiving end and a distributing end, wherein the
second passage is configured to direct the flow of
coolant in the second direction for distribution at the
distributing end; and
at least one third passage fluidly coupled to the second
passage, the at least one third passage extending
between a first end and a second end, wherein the
third passage is configured to distribute coolant
received from the second passage to at least one of
the first end or the second end into the stator assem-
bly.
10. The work vehicle of claim 9, wherein the rotor core
comprises a plurality of rotor laminations arranged in
stacked relation to one another with each having a center
opening sized to receive a rotor shaft.
11. The work vehicle of claim 10, wherein each of the
plurality of rotor laminations comprises one or more field
generation structures having cavities sized to receive one or
more magnetic elements.
12. The work vehicle of claim 11, wherein a spacer disc
removably or integrally coupled to an end face of each of the
plurality of rotor laminations, and wherein the spacer disc is
configured to impede radial distribution of coolant from the
third passage to provide coolant to the one or more magnetic
elements.
13. The work vehicle of claim 9, wherein the at least one
third passage is defined by at least two or more coaxially
aligned apertures respectively arranged in adjacent lamina-
tions of the plurality of rotor laminations, and wherein the at
least one comprises a plurality of third passages.
14. The work vehicle of claim 9, wherein the rotor
assembly further comprises at least two cooling plates
arranged at opposing ends of the rotor assembly, and
wherein the at least two cooling plates comprise one or more
apertures arranged in axial alignment with the third passage
such that coolant exiting the third passage is directed to one
or more end turns arranged in the stator assembly.
15. The work vehicle of claim 14, wherein each of the at
least two cooling plates further comprises a lipped portion
that extends outwardly and away from an outer periphery of
each of the cooling plates.
16. A method, the method comprising:
providing a stator assembly and a rotor assembly within
a housing, the rotor assembly having a rotor core
relatively arranged with respect to a rotor shaft;

arranging a first passage to extend axially in a first
direction through the rotor shaft to direct a flow of
coolant in the first direction;

arranging a second passage in fluid communication with

the first passage to extend in a second direction through
the rotor shaft between a receiving end and a distrib-
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uting end, wherein the second passage is configured to
direct the flow of coolant in the second direction; and

arranging a third passage in fluid communication with the
second passage to extend between a first end and a
second end through the rotor core, wherein the third
passage is configured to distribute coolant received
from the second passage to at least one of the first end
or the second end into the stator assembly.

17. The method of claim 16, further comprising a spacer
disc coupled to the rotor core, wherein the spacer disc is
configured to impede radial distribution of coolant from the
third passage to provide coolant to the one or more magnetic
elements arranged in the rotor core.

18. The method of claim 16, wherein the third passage is
defined by at least two or more coaxially aligned apertures
respectively arranged in adjacent laminations of the plurality
of rotor laminations.

19. The method of claim 16, wherein the rotor assembly
further comprises at least two cooling plates arranged at
opposing ends of the rotor assembly, and wherein the at least
two cooling plates comprise one or more apertures arranged
in axial alignment with the third passage such that coolant
exiting the third passage is directed to one or more end turns
arranged in the stator assembly.

20. The method of claim 19, wherein each of the at least
two cooling plates further comprises a lipped portion that
extends outwardly and away from an outer periphery of each
of the cooling plates.

#* #* #* #* #*
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