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ROBUST PERMANENT MAGNET ELECTRIC 
MACHINE AND METHODS 

CROSS - REFERENCES TO RELATED 
APPLICATIONS 

[ 0001 ] This application claims priority to U . S . patent 
application Ser . No . 62 / 570441 , entitled : “ Permanent Mag 
net Motor with Tested Efficiency Beyond Ultra - Premium / 
IE5 Levels , ” filed Oct . 10 , 2017 , the content of which 
application is incorporated herein in its entirety for all 
purposes . 

large and heavy components . The larger and heavier com 
ponents required to promote stable long - term operation can 
increase machine cost and weight . 
[ 00071 Other electric machines , having directly ventilated 
and therefore partially open housings to promote cooling , 
can suffer from moisture and particulate matter contamina 
tion which in turn can cause mechanical component degra 
dation and wire insulation or electric junction degradation 
and premature failure . Totally enclosed non - ventilated 
( TENV ) electric machines present unique cooling chal 
lenges since TENV devices lack direct ventilation or an 
external fan moving air over external cooling fins . 
[ 0008 ] The embodiments disclosed herein are designed to 
minimize one or more of the above problems . 

COPYRIGHT STATEMENT 
[ 0002 ] A portion of the disclosure of this patent document 
contains material that is subject to copyright protection . The 
copyright owner has no objection to the facsimile reproduc 
tion by anyone of the patent document or the patent disclo 
sure as it appears in the Patent and Trademark Office patent 
file or records , but otherwise reserves all copyright rights 
whatsoever . 

FIELD 

[ 0003 ] The present disclosure relates , in general , to meth 
ods , systems , and apparatus for enhancing the robustness 
and stability of an electric machine , for example an electric 
motor or electric generator . The present disclosure relates 
more specifically to enhancing the robustness and stability 
of a permanent magnet ( PM ) electric machine . 

BACKGROUND 
[ 0004 ] Electric machines employed in commercial and 
industrial applications are often required to operate at 100 % 
of the applicable power rating over what is typically a 
60 , 000 - hour service life . Therefore , a motor or other electric 
machine employed in a commercial or industrial setting 
must be both reliable and versatile . Machine reliability and 
lifespan can be compromised by many factors including but 
not limited to : 1 ) high temperature operation resulting in 
thermally induced component failures , 2 ) vibration , heat , 
friction , unbalanced operation , contamination , inadequate 
material selection or other causes of mechanically induced 
component failure , or 3 ) dielectric failure resulting in elec 
trical short circuits or open circuits caused by heat , inad 
equate material selection or other causes . 
10005 ] Electric machines are often provided with a 
mechanical cooling system , for example a fan plus a cowling 
configured to direct air over cooling fins cast into the 
machine housing . Many such devices are classified as totally 
enclosed fan cooled ( TEFC ) devices . TEFC motors suffer 
from inherent inefficiency since a portion of the total power 
output by the motor must turn the cooling fan , and therefore 
is unavailable for output . For example , a TEFC motor 
attached to a conveyor belt must operate both the cooling fan 
and the conveyor belt , therefore the portion of the motor 
output required to turn the fan is not available at the 
conveyor belt . The fan and cowling apparatus of a TEFC 
machine is prone to damage , and presents a safety risk in a 
typical industrial setting . Furthermore , since a TEFC 
machine drives a cooling fan with one side of the motor 
shaft , it is impossible or difficult to attach two downstream 
machines to a single TEFC motor . 
10006 ] Conventional electric machines are made robust 
and durable usually by implementing the machines with 

SUMMARY 
[ 0009 ] Embodiments disclosed herein include electric 
machine cooling apparatus and methods . Other embodi 
ments include elements imparting enhanced robustness and 
durability to an electric machine . As used herein , the class of 
devices referred to as electric machines includes both elec 
tric generators and electric motors . Certain embodiments 
described herein are permanent magnet motors having a 
radial flux configuration . Many of the disclosed methods and 
apparatus are also applicable to transfer heat or in part 
robustness to axial flux machines , transfer flux machines , 
and linear machines . Certain methods and apparatus may be 
applicable to non - rotating torque motors , transformers , or 
inductors . Although many specific embodiments are illus 
trated with respect to permanent magnet motors , the disclo 
sure and claims are not limited to any specific apparatus 
configuration and are applicable to any type of electric 
machine . 
0010 ) Certain electric machine embodiments disclosed 

herein minimize the production of heat caused by eddy 
currents in the permanent magnets , rotor back assembly , 
electromagnetic cores , or other structures . In addition , meth 
ods and apparatus are disclosed providing for the removal of 
heat from an electric machine by conduction , convection 
and radiation utilizing various heat paths through the inter 
nal cavities and components or subsystems of the machine . 
[ 0011 ] An embodiment disclosed herein is an electric 
machine having a rotor , a stator and a housing . The rotor 
includes a shaft defining a lengthwise axis . The shaft is 
surrounded by a rotor back assembly , also known as a 
back - iron assembly . The rotor also includes a radially 
mounted array of permanent magnets positioned around the 
perimeter of the rotor back assembly . The machine stator 
includes a plurality of electromagnets radially positioned 
around the rotor defining an air gap between an exterior 
surface of the permanent magnets of the rotor and an interior 
surface of the electromagnets of the stator . 
[ 0012 ] The rotor and the stator are supported by and 
enclosed within a housing . In certain embodiments the 
housing is a totally enclosed nonventilated ( TENV ) housing . 
In one embodiment , the stator and the housing define a 
substantially cylindrical rotor cavity within the air gap and 
bounded by the housing end plates or similar structures . The 
rotor cavity may further be divided into first and second 
cavities when the rotor is positioned within the rotor cavity . 
Specifically , a first cavity exists between the rotor and the 
housing at one end of the rotor , adjacent to a housing end 
plate . A second cavity exist between the rotor and housing 
at the other end of the rotor , adjacent the other end plate . The 
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housing end plates may be separate plates attached to a 
housing perimeter portion , alternatively one of the end 
plates and the housing perimeter may be a cast , machined or 
otherwise unitary or co - formed housing element . 
[ 0013 ] The first and second cavities are connected through 
the air gap . In addition , one or more ventilation channels can 
be provided through the rotor back assembly , extending 
from the first cavity to the second cavity . The first and 
second cavities , the air gap , and the ventilation channels 
therefore define a fluid circuit around the exterior of and 
through the back - iron of the rotor . The rotor may also 
include an internal fan extending into the first or second 
cavity . The internal fan is part of the rotor or connected to 
the rotor and is configured to cause low pressure at either the 
air gap or the ventilation channels and high pressure at the 
other of the air gap and ventilation channels . Therefore , 
when the rotor rotates , air or another fluid , for example an 
air and oil mixture , is caused to circulate around the fluid 
circuit from one cavity through the air gap to the other cavity 
and back to the original cavity through the ventilation 
channels . Thus , heat generated in the rotor during operation 
can be transferred to the air or other fluid flowing in the fluid 
circuit to cool the rotor . 
[ 00141 The rotor fan can be a separate structure , or could 
be rotor fan blades formed in an exterior surface of the rotor 
back assembly . In addition , the rotor back assembly , fan 
blades , or fan may be treated to enhance the radiation of heat 
to the fluid circuit and therefore to the first cavity or the 
second cavity . Suitable surface treatments include but are 
not limited to surface roughening , or surface anodization . 
[ 0015 ] Heat is produced during the operation of an electric 
machine within the rotor primarily by magnetically induced 
eddy currents in the permanent magnets and magnetically 
induced eddy currents and hysteresis within the rotor back 
assembly . In certain embodiments , the production of heat 
within the rotor can be reduced by implementing both the 
permanent magnets and the rotor back assembly with a 
series of laminations . Structural support and advantageous 
heat transfer characteristics may be provided by binding the 
permanent magnets to the rotor back assembly with a 
retainer band surrounding an outer surface of the magnets , 
facing the air gap . 
10016 ) Heat transfer from the rotor to the fluid circuit and 
subsequent heat transfer from the first and second cavities to 
the machine housing may be facilitated with various heat 
transfer structures . One class of heat transfer structures is 
mounted to the rotor facing either the first cavity or the 
second cavity . Another class of heat transfer structures may 
be mounted to the housing , typically at the end plates , facing 
into the first cavity and / or the second cavity . Any one of 
these heat transfer structures may include an array of pins , 
fins , combination pin / fins , or other structures to increase 
surface area and turbulence , and therefore promote effective 
heat transfer to or from the attached rotor or housing 
structure . In addition , a heat transfer structure may be 
fabricated from a material such as aluminum or copper 
having relatively high thermal conductivity . A heat transfer 
structure may be textured , colored , have a surface treatment , 
or otherwise fabricated to effectively transfer heat to or from 
the fluid circuit . 
[ 0017 ] Additional heat may be transferred away from the 
permanent magnets by including a thermally conductive 
filler or encapsulant material in the gap between adjacent 
permanent magnets . The thermally conductive encapsulant 

material may be a polymer such as an epoxy having an 
additive suspended within the polymer matrix to increase the 
thermal conductivity of the rotor encapsulant above the 
native thermal conductivity of the polymer , epoxy or other 
rotor encapsulant material . The thermally conductive encap 
sulant serves to conduct heat away from the sides of the 
permanent magnets toward the first and second cavities 
during rotor operation . Any heat transfer structures attached 
to the rotor can be placed into thermal contact with the 
thermally conductive encapsulant regions to promote heat 
exchange with the fluid circuit . 
[ 0018 ] A thermally conductive encapsulant in the gap 
between adjacent permanent magnets also provides struc 
tural rigidity and robustness to the rotor . The encapsulant 
serves to additionally secure the permanent magnets to the 
rotor back assembly and prevent the magnets from slipping 
around the circumference of the rotor under load . In some 
embodiments , the rotor back assembly may define an 
anchoring surface between adjacent permanent magnets 
serving to more securely anchor the encapsulant to rotor 
back assembly . An anchoring surface may be a groove , 
protrusion , keyway or the like formed in her extending from 
the rotor back assembly . 
[ 0019 ] A portion of the heat generated in the permanent 
magnets or rotor back assembly may be conducted to the 
shaft and conducted from the shaft to equipment driving or 
being driven by the electric machine . A machine shaft is 
typically fabricated from steel or another high - strength alloy 
that may not have relatively high thermal conductivity . The 
thermal conductivity of a machine shaft may be enhanced by 
providing the shaft with a thermally conductive shaft core 
made of a material , copper for example , having a different 
composition , and higher thermal conductivity than other 
portions of the shaft . 
[ 0020 ] In certain embodiments heat may be transferred to 
the shaft from the housing as well . The shaft is typically 
supported by bearings at each end of the rotor . The bearings 
are supported by the housing . In some embodiments por 
tions of the bearing structure , the bearing seals for example , 
may be fabricated from a material having enhanced thermal 
conductivity such as copper . Bearing flanges or other hous 
ing elements supporting the bearings may also be fabricated 
from a material having enhanced thermal conductivity . In 
such embodiments , the thermally conductive shaft core may 
be made to extend toward the shaft perimeter where the shaft 
and bearings are in contact . 
[ 0021 ] It may be advantageous in certain embodiments to 
seal the housing . For example , a TENV motor may be sealed 
to prevent internal contamination . In such an embodiment 
the bearings may be accessible from outside the housing to 
facilitate bearing removal or replacement without requiring 
the housing to be opened . 
[ 0022 ] Electric machine embodiments also include a stator 
having a plurality of radially positioned electromagnets . In 
some embodiments , the stator is encapsulated such that the 
stator encapsulant is in thermal contact with housing struc 
tures , for example the housing end plates . In some embodi 
ments the entire perimeter portion of the housing is in 
thermal contact with the stator or the stator encapsulant . In 
an embodiment , the housing includes a perimeter portion , a 
first end plate at the second end plate . The end plates may be 
separate structures or co - fabricated with the perimeter por 
tion of the housing . The stator encapsulant may contact the 
first end plate and the second end plate such that a central 

m 
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region of the first end plate , a central region of the second 
end plate , and an interior stator surface define the enclosed 
cylindrical rotor cavity . In some embodiments , substantially 
no voids will extend from the interior stator surface , the 
central region of the first end plate , and the central region of 
the second end plate toward the perimeter portion . 
[ 0023 ] The stator encapsulant provides for device robust 
ness and thermal transfer from the stator to the housing . The 
thermal conductivity of the encapsulant may be enhanced by 
mixing an additive to the encapsulant to increase the thermal 
conductivity of the encapsulant . For example , the encapsu 
lant may be a dielectric material such as a polymer or epoxy 
and the additive may be boron nitride , silicon carbide , 
silicon , aluminum oxide , aluminum powder , copper powder , 
metal oxide , ceramic , graphene , substantially spherical par 
ticles or combinations of these or similar materials . 
10024 ] Thermal transfer between the stator and the hous 
ing and overall machine robustness may be enhanced by 
fitting the stator closely to the perimeter portion of the 
housing . Thermal transfer between the stator and the perim 
eter portion of the housing may be further enhanced by 
filling any gap between the stator perimeter and housing 
with a thermally conductive lubricant or encapsulant . 
[ 0025 ] Thermal transfer from the rotor cavity defined by 
the stator and housing may be facilitated by providing one 
or more heat transfer structures in thermal contact with the 
central regions of the housing or an end plate . The heat 
transfer structures may include pins , fins , combination pin / 
fins or other structures extending into the rotor cavity to 
increase surface area , air turbulence , or otherwise promote 
heat transfer from the rotor cavity . In addition , any heat 
transfer structure may be colored , anodized , or have a 
surface treatment designed to promote effective heat trans 
fer . 
[ 0026 ] Thermal energy transferred to the housing may be 
removed from the electric machine by conduction , convec 
tion or radiation . Heat transfer from the housing may be 
enhanced by providing the housing with fins , external heat 
transfer structures , black anodization or other means . In 
addition , the housing may include feet fabricated from a 
material having high thermal conductivity , aluminum for 
example . Heat may be transferred from the feet to a mount 
ing surface , for example a factory floor , shelf , or other 
equipment . Heat transfer from the feet to the mounting 
surface may be facilitated by providing an interface having 
high thermal conductivity between the feet and the mounting 
surface , for example thermal paste or copper . 
[ 0027 ] Stator embodiments include a radial array of elec 
tromagnets . In certain embodiments , each electromagnet 
includes a core having a stack of laminations defining a tooth 
portion and a yoke segment . An insulating bobbin may be 
provided surrounding a portion of the tooth of each lami 
nation . Electrically conductive windings then surround a 
portion of the bobbin . In one embodiment , each lamination 
in the stack of laminations is held against adjacent lamina 
tions solely by pressure from the bobbin , without the use of 
screws , welds , pins , crimp joints , glue or other fastening 
means . 
10028 ] In some embodiments , heat transfer from an elec 
tromagnetic core may be enhanced by providing a heat 
transfer layer in thermal contact with one or both of the 
planar faces defined by a core lamination . The heat transfer 
layer may be any material having a higher thermal conduc 
tivity than the magnet steel used to fabricate the laminations . 

Representative heat transfer materials include , but are not 
limited to , metals such as copper , nickel , silver or materials 
such as graphene . The heat transfer material must be in 
thermal contact with the associated lamination , meaning that 
heat from the lamination may transfer directly to the heat 
transfer material . Thermal contact may be physical contact . 
Alternatively , thermal contact may occur through an inter 
mediate material such as a thermal paste . In some instances , 
the heat transfer material may be deposited on , plated onto , 
coated onto or otherwise permanently bonded to the lami 
nation . 
[ 0029 ] Electromagnetic cores will also typically include a 
dielectric layer between laminations . In one embodiment , 
laminations will have a dielectric layer applied or in contact 
with one planar face and a heat transfer layer in thermal 
contact with the opposing planar face . In this embodiment 
the interface between adjacent laminations will include a 
dielectric layer from one lamination and a heat transfer layer 
from the other lamination . 
( 0030 ) The arc - shaped yoke segment defined by a stack of 
laminations may in certain embodiments define a tongue 
structure and an opposing groove structure configured to 
mate with each other . Thus , a stator may be assembled from 
a plurality of electromagnets by engaging the tongue struc 
ture of the first electromagnet with the groove structure of an 
adjacent electromagnet and so on until the stator is com 
pleted . In certain embodiments , the yoke segments of a 
plurality of electromagnets is directly supported by a shoul 
der structure extending from the housing or a housing end 
plate providing machine robustness and a direct thermal 
pathway from the stator to the housing . 
[ 0031 ] Alternative embodiments include methods of cool 
ing an electric machine rotor , methods of cooling an electric 
machine stator , methods of cooling an electric machine , 
methods of fabricating an electric machine , methods of 
stabilizing an electric machine , and methods of fabricating 
an electromagnet for an electric machine . 

BRIEF DESCRIPTION OF THE DRAWINGS 
[ 0032 ] A further understanding of the nature and advan 
tages of particular embodiments may be realized by refer 
ence to the remaining portions of the specification and the 
drawings , in which like reference numerals are used to refer 
to similar components . In some instances , a sub - label is 
associated with a reference numeral to denote one of mul 
tiple similar components . When reference is made to a 
reference numeral without specification to an existing sub 
label , it is intended to refer to all such multiple similar 
components . 
[ 0033 ] FIG . 1 is an isometric view of a representative 
electric machine ; a totally enclosed nonventilated ( TENV ) 
permanent magnet ( PM ) motor . 
[ 0034 ] FIG . 2 is an isometric cross - sectional view of the 
motor of FIG . 1 . 
100351 FIG . 3 is an isometric shaft end ( SE ) view of a rotor 
showing permanent magnets and other structures . 
[ 0036 ] FIG . 4 is an isometric opposite shaft end ( OSE ) 
view of the rotor of FIG . 3 . 
[ 0037 ] FIG . 5 . is an isometric opposite shaft end ( OSE ) 
view of an alternative rotor embodiment . 
[ 0038 ] FIG . 6 is an isometric SE view of the rotor of FIG . 
3 showing a retainer band around the rotor structure . 
( 0039 ) FIG . 7 is an isometric OSE view of the rotor of 
FIG . 6 . 
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[ 0040 ] FIG . 8 is a side elevation cross - sectional view of 
the motor of FIG . 1 . 
10041 ] FIG . 9 is an enlarged view of a portion of the motor 
of FIG . 8 showing a forced fluid circuit . 
[ 0042 ] FIG . 10 is an isometric view of portions of the 
housing and stator of the motor of FIG . 1 . 
[ 0043 ] FIG . 11 is an isometric view of portions of the 
housing and stator of the motor of FIG . 1 showing a stator 
encapsulant . 
[ 0044 ] FIG . 12 is an isometric cross - sectional view of the 
motor of FIG . 1 with the rotor removed . 
[ 0045 ] FIG . 13 is an isometric view of portions of the 
housing and stator of the motor of FIG . 1 with selective 
electromagnet portions removed . 
[ 0046 ] FIG . 14A is an isometric view of an electromagnet 
structure . 
[ 0047 ] FIG . 14B is an exploded isometric view of the 
electromagnet structure of FIG . 14A . 
[ 0048 ] FIG . 15A is a schematic diagram showing a layered 
EM lamination structure . 
0049 FIG . 15B is a schematic diagram showing an 
alternative layered EM lamination structure . 
[ 0050 ] FIG . 15C is a schematic diagram showing an 
alternative layered EM lamination structure . 
10051 ] FIG . 16 is a side elevation cross - sectional view of 
the motor of FIG . 1 showing detail at the interface between 
the housing and stator . 

DETAILED DESCRIPTION OF CERTAIN 
EMBODIMENTS 

Overview 
100521 Certain embodiments disclosed herein are electric 
machines engineered to provide relatively maintenance - free , 
robust , long - term , and efficient service in commercial , trans 
portation , or industrial settings . As used herein , the class of 
devices referred to as “ electric machines " includes both 
electric generators and electric motors . Certain embodi 
ments described herein are permanent magnet motors having 
a radial flux configuration . Many of the disclosed methods 
and apparatus are also applicable to improve the overall 
robustness and thermal performance of axial flux machines , 
transfer flux machines , and linear machines . Certain meth 
ods may be applicable to the thermal management or sta 
bility of non - rotating torque motors , transformers , or induc 
tors . Although many specific embodiments are illustrated 
herein with respect to totally enclosed nonventilated 
( TENV ) permanent magnet motors , the disclosure and 
claims are not limited to any specific apparatus configuration 
and are applicable to any type of electric machine . 
[ 0053 ] Electric machines generate heat during operation . 
Heat , if not dissipated properly , can reduce the life of the 
machine significantly . Sustained operation at high tempera - 
tures can impact the physical properties of many machine 
components , including but not limited to electrical insula 
tion , electrical contacts , encapsulation materials , magnets 
and so forth . Excess heat can make these components soft 
when first hot and then gradually brittle , impacting device 
performance and leading to premature failure . Accordingly , 
two keys to designing a robust electric machine are reducing 
the generation of heat during machine operation , and 
increasing heat dissipation from the machine . Many of the 
methods and apparatus described herein provide for one or 
both of reduced heat production and effective heat dissipa - 

tion from a machine during operation . The disclosed tech 
niques and structures are collectively referred to as thermal 
management methods or thermal management apparatus . 
[ 0054 ] Some methods and apparatus providing for advan 
tageous thermal management also generally enhance the 
mechanical stability of a machine , and therefore provide 
additional machine robustness and durability . Other methods 
and apparatus described herein enhance machine stability 
and robustness without affecting thermal properties . 
100551 Certain TENV machines disclosed herein feature 
an overall device configuration designed to enhance thermal 
management and machine robustness . For example , a rep 
resentative TENV machine , the permanent magnet motor 10 
of FIG . 1 , may have a pancake shape , with concentrated 
electromagnet windings , maximized slot fill , surface 
mounted and oversized permanent magnets and other appa 
ratus to enhance thermal management and provide overall 
machine robustness as detailed herein . Specific embodi 
ments of the disclosed permanent - magnet TENV motor 10 
use less than half the copper and less than half the electric 
steel compared to an induction motor of the same power 
rating . 
[ 0056 ] In addition , several disclosed embodiments utilize 
aggressive , but passive cooling . Multiple heat paths are 
designed into the machines to provide for heat transfer from 
interior structures to the external housing where heat may be 
dissipated by natural convection into the surrounding air , by 
radiation to surrounding objects , by conduction into 
machine mounting surfaces , and / or by conduction through 
the drive shaft into a driven device ( for example a fan , pump , 
conveyor belt , wheels , or other apparatus ) . 
[ 0057 ] FIG . 1 is an isometric external view of a represen 
tative electric machine , permanent - magnet TENV motor 10 . 
FIG . 2 is an isometric cross section view of the motor 10 
showing certain internal elements . The motor 10 includes a 
housing 12 , surrounding and supporting internal compo 
nents and a shaft 14 connected to a rotor 16 . The housing 12 
may be connected to or include various supporting struc 
tures , which can be supplied or varied according to need . For 
example , the housing may be connected to feet 18 , lifting 
eyebolts 20 , a C - face , a flange - face , or other supporting or 
attachment structures facilitating the placement and mount 
ing of the motor 10 into an operational setting . 
10058 ] As shown in FIG . 2 , the shaft 14 is connected to the 
rotor 16 such that the shaft 14 defines a lengthwise shaft axis 
22 around which the shaft 14 and rotor 16 rotate when the 
motor 10 is operated . Alternatively , external torque applied 
to the shaft 14 can cause the rotor to rotate around the shaft 
axis 22 if the electric machine is a generator . The shaft 14 
and rotor 16 are supported by bearings 24 and 26 seated in 
bearing flanges 28 and 30 . The embodiment illustrated in 
FIGS . 1 and 2 features a shaft 14 extending through the 
housing 12 from only one side of the rotor 16 . Alternative 
embodiments may include a shaft 14 extending through the 
housing 12 from both sides of the rotor 16 . Such an 
alternative embodiment , which is not feasible with a TEFC 
machine because of the cooling fan , can advantageously 
drive two downstream machines at once , with one down 
stream machine being attached to each end of the shaft 14 . 
In embodiments featuring a shaft 14 extending from one side 
of the rotor 16 only , the opposing ends of the motor 10 may 
be referred to as the shaft end “ SE ” and opposite shaft and 
“ OSE ” for convenience . Thus , elements such as bearings 24 
and flange 28 may be referred to herein as the SE bearings 
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ment strategies are described herein . The various methods 
and apparatus may be combined with one another in any 
fashion , scaled , or partially implemented as necessary to 
achieve specific heat mitigation goals . 

24 and the SE bearing flange 28 respectively . It is important 
to note however , that this disclosure expressly covers elec 
tric machines having shafts 14 extending from one side of 
the housing 12 , both sides of the housing 12 , or not extend 
ing from the housing 12 at all . 
[ 0059 ] The rotor 16 is substantially surrounded by a stator 
32 . As described in detail herein , the rotor 16 includes a 
series of permanent magnets 34 arranged around , but spaced 
away from the shaft axis 22 . The permanent magnets 34 are 
supported by a rotor back assembly 36 sometimes referred 
to as a back - iron assembly because this assembly is typically 
constructed of a magnetic material such as steel or another 
type of steel / iron alloy . The rotor back assembly 36 is 
mechanically bonded to the shaft 14 or co - fabricated with 
the shaft . 
[ 0060 ] The stator 32 includes a series of electromagnets 38 
surrounding the rotor 16 such that the electromagnets 38 and 
permanent magnets 34 are separated from each other by an 
air gap 40 . In highly simplified terms , motor operation 
occurs when alternating current is applied to the windings 42 
of the electromagnets 38 , causing a varying magnetic field 
to be formed by the stator 32 . Magnetic attraction between 
the permanent magnets 34 and the electromagnets 38 , within 
the varying magnetic field , causes the rotor 16 to rotate with 
respect to the stator 32 . Thus , torque may be transferred to 
any device ( s ) attached to the shaft 14 as is typical with 
motors . In an alternative generator configuration , the shaft 
14 may be rotated by an external source of torque , causing 
the permanent magnets 34 to form a varying magnetic field . 
The varying magnetic field can then induce alternating 
current in the windings 42 , thereby generating electricity . 

Heat Generation in Electric Machines 
[ 0061 ] When the motor 10 or other electric machine is 
operated , heat is created in both the rotor 16 and stator 32 . 
The principal sources of heat generated in the rotor 16 are 
eddy current losses in the permanent magnets 34 and eddy 
current losses or hysteresis losses in the rotor back assembly 
36 . The principal source of heat generated in the stator 32 
include resistance in the windings 42 and eddy current / 
hysteresis losses in the associate electromagnet cores 44 . 
Furthermore , drag , also described as windage , is created as 
the rotor 16 rotates within the motor 10 . Windage generates 
additional heat . Friction at the surfaces of bearings 24 and 26 
also creates heat inside the housing 12 . As noted above , a 
certain class of electric machine is described as a totally 
enclosed and non - ventilated “ TENV ” machine or motor . A 
TENV motor provides certain advantages , including but not 
limited to reduced maintenance requirements , since the 
internal motor elements are substantially sealed against 
external contamination . Heat generated within a sealed 
TENV machine must be dissipated however , without an 
external fan circulating air over the housing and without 
direct ventilation openings to avoid premature component 
failure . 
[ 0062 ] The disclosed apparatus and methods of facilitating 
thermal management in an electric machine , and therefore 
promoting general machine robustness , can be classified as 
either ( a ) methods and structures for minimizing the pro 
duction of heat , or ( b ) methods and structures facilitating 
machine cooling after heat has been produced . 
[ 0063 ] Several thermal management techniques described 
herein involve the export of heat through the rotor 16 , stator 
32 and / or housing 12 . Several alternative thermal manage 

Electric Machine Rotor Structure 
[ 0064 ] As noted above , the production of heat during the 
operation of an electric machine is inevitable but can , in 
certain instances be reduced . The primary sources of heat 
generation in the rotor 16 are magnetically induced eddy 
currents within the permanent magnets 34 and magnetically 
induced eddy currents or hysteresis losses within the rotor 
back assembly 36 . The scale of each type of magnetic eddy 
current and the resulting heat production may be reduced by 
implementing the permanent magnets 34 and rotor back 
assembly 36 as laminated structures . 
[ 0065 ] For example , FIGS . 3 - 5 are isometric views of two 
alternative embodiments of a rotor 16 . The first embodiment 
of rotor 16 , shown in FIGS . 3 and 4 , is the rotor 16 from FIG . 
2 . This rotor 16 features a shaft 14 extending from only one 
side . Alternative embodiments include a shaft 14 extending 
from both sides of the rotor 16 . The FIG . 3 - 4 rotor embodi 
ment is shown in a SE isometric view in FIG . 3 and an OSE 
isometric view in FIG . 4 . The alternative rotor 16 of FIG . 5 
could be implemented with a single or dual shaft configu 
ration . Each rotor 16 features a rotor back assembly 36 
mechanically bonded around a portion of the shaft 14 . 
Permanent magnets 34 are mounted around a perimeter of , 
and in contact with the rotor back 36 such that the permanent 
magnets 34 are radially arranged around , but spaced away 
from , the shaft 14 . 
[ 0066 ] A permanent magnet 34 may be fabricated from 
any number of laminations 44 . Laminations 44 are fabri 
cated from the permanent magnet material , which may be a 
rare - earth magnet material , for example a neodymium - iron 
boron magnet material , a samarium - cobalt magnet material , 
Alnico magnets , and the like , or a conventional magnet 
material such as a ferrite ceramic . In one representative 
embodiment , the permanent magnets 34 of rotor 16 , as 
illustrated in FIG . 5 , have twenty - four ( 24 ) laminations 46 . 
Each lamination 46 is a relatively thin , planar section of 
permanent magnet material with multiple laminations being 
stacked one on top of the other such that the plane defined 
by the interface between adjacent laminations is generally 
perpendicular to the shaft axis 22 . Alternative embodiments 
of permanent magnet 34 may include any number of lami 
nations 46 , for example a permanent magnet 34 may include 
2 , 4 , 8 , 12 , 16 , 20 , 24 , 28 , 32 , 36 , 40 or more laminations 46 
to reduce the scale of magnetically induced eddy currents 
and heat production . Each lamination 46 within a permanent 
magnet 34 may optionally be separated from adjacent lami 
nations 46 by an insulator , such as a lacquer , varnish , paper , 
or other relatively thin insulating material . 
[ 0067 ] Relatively high - performance rare - earth magnet 
materials may be selected for the permanent magnets 34 of 
the rotor 16 . Rare - earth magnets have higher remanence , 
much higher coercivity and energy product than other per 
manent magnet types . Thus , machine efficiency can be 
enhanced with rare - earth permanent magnets 34 , although 
steps must be taken to promote overall machine robustness 
and stability if rare - earth permanent magnets 34 are utilized . 
[ 0068 ] Specifically , rare - earth magnets can be demagne 
tized if they become too hot , and the magnetic properties of 
rare earth magnets will not recover when the magnets cool 

n 
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minimize the generation of eddy currents in the band 52 . In 
addition , the banding may be impregnated with a heat 
transfer material or otherwise treated to facilitate heat trans 
fer from the permanent magnets 34 to the outside surfaces of 
the band 52 and air gap 40 . Alternatively , the retainer band 
52 may be fabricated entirely from a material selected to 
have enhanced heat transfer properties , for example copper 
or aluminum . Alternatively , the band 52 may be fabricated 
entirely from a carbon fiber mat or carbon fiber filament that 
can be prestressed , does not generate eddy currents , and also 
has relatively high thermal conduction properties . 

Rotor Cooling Methods and Apparatus 
[ 0073 ] Heat production in an operating electric machine 
rotor can be reduced using the techniques described above , 
but some heat production is inevitable . Therefore , several 
apparatus and methods are disclosed herein for cooling an 
electric machine rotor . It is important to note that the rotor 
16 , particularly in a TENV machine such as the motor 10 , is 
substantially or entirely enclosed within the machine hous 
ing 12 and surrounded by the stator 32 . Therefore , cooling 
a rotor 12 often involves heat transfer to another motor 
structure prior to heat export from the motor 10 . In certain 
instances , the rotor cooling methods and apparatus described 
herein operate in conjunction with methods and apparatus 
for cooling other portions of the motor 10 , stator 32 and / or 
housing 12 . 

down . Therefore , rare - earth magnets 34 must be selected 
with a higher temperature rating than the maximum tem 
perature anticipated in the permanent magnets 34 during 
thermally stable operation at the highest rated power output . 
For example , if the expected high temperature of the per 
manent magnets 34 , according to a selected design , is 130° 
C . , then it is advisable to utilize rare - earth magnets 34 that 
are temperature rated to at least a 35 % higher , temperature 
( according to UH grade ) , for example a up to 180° C . , to 
provide operational headroom . 
[ 0069 ] Rare - earth permanent magnets can also be demag 
netized by excessive flux generated by large currents in the 
stator windings 42 . Therefore , selected embodiments of 
motor 10 utilize permanent magnets 34 with geometries that 
create a large permeance coefficient to increase resistance to 
flux - based demagnetization . For example , as shown in 
FIGS . 3 and 4 , motor 10 may include a rotor 12 having 
rare - earth permanent magnets 34 with a radial thickness 
dimension w , measured along a radius line extending out 
ward from the shaft axis that is eight ( 8 ) times or greater than 
the width of the magnetic air gap 40 measured along the 
same radius line . The use of rare - earth permanent magnets 
34 having a high permeance coefficient allows the motor to 
operate in conditions far beyond nominal ratings without 
threat of demagnetization . Some of these conditions could 
include operation at peak torque , operation at extended 
speed ranges utilizing field weakening , or a combination of 
both . 
10070 ] The rotor back assembly 36 may also be assembled 
from multiple laminations of steel , iron , another iron alloy , 
or another suitable rotor back assembly material . In one 
representative embodiment , shown in FIG . 5 , the rotor back 
assembly 36 includes six ( 6 ) laminations 50 . Each lamina 
tion 50 is a relatively thin , flat , annular section of rotor back 
material . Multiple laminations are stacked one on top of the 
other with the plane defined by the interface between 
adjacent laminations 50 being generally perpendicular to the 
shaft axis 22 . Alternative embodiments of rotor back assem 
bly 36 may include any number of laminations 50 , for 
example , the rotor back 36 may include 2 , 4 , 8 , 12 , 16 , 20 , 
24 , 28 , 32 , 36 , 40 or more laminations 50 to minimize the 
scale of magnetic eddy currents , hysteresis loss , and heat 
production within the rotor back assembly 36 . Each lami 
nation 50 of the rotor back assembly 36 may optionally be 
separated from adjacent laminations 50 by an insulator , such 
as a lacquer , varnish , paper or other relatively thin insulating 
material . 
[ 0071 ] During operation , the rotor 16 rotates at a high rate 
of speed and is subject to varying magnetic flux . Therefore , 
it is important to assure that the permanent magnets 34 are 
securely bonded to the rotor back assembly 36 . An adhesive 
may optionally be used to bond the permanent magnets to 
the rotor back assembly 36 . In certain embodiments , as 
illustrated in FIGS . 6 and 7 , the rotor 16 includes a retainer 
band 52 around the perimeter of the rotor 16 facing the air 
gap 40 and stator 32 . The retainer band 52 can be prestressed 
to secure the permanent magnets 34 and adjacent structures 
during operation . In addition , the retainer band 52 may be 
specifically configured to minimize drag as the rotor 16 
rotates , and thereby minimize windage heat production . 
10072 ] In certain embodiments , the retainer band 52 is 
fabricated from a magnetic material such as steel or a 
graphene composite . In such embodiments , the banding may 
be implemented from a plurality of separated bands to 

A . Rotor Forced Fluid Circuit 
[ 0074 ] FIG . 8 is a side elevation cross - sectional view of 
the motor 10 shown in FIG . 2 . FIG . 9 is an enlarged view of 
a portion of the rotor 16 , housing 12 , and stator 32 shown in 
FIG . 8 . During operation , the rotor 16 must be permitted to 
spin freely within the stator 32 and housing 12 . Thus , the 
rotor 16 , stator 32 , and housing 12 collectively define certain 
cavities within which the rotor 16 operates . For example , the 
housing 12 of FIGS . 1 - 2 and 8 - 9 includes a perimeter 
portion 54 surrounding the stator 32 , and therefore surround 
ing the shaft axis 22 . The perimeter portion 54 of the housing 
12 is substantially closed , except for one or more sealed 
shaft openings , by a first end plate 56 and an opposing end 
plate 58 at each end of the perimeter portion 54 . Thus , the 
perimeter portion 54 , first end plate 56 and opposing end 
plate 58 define the overall pancake shape of the motor 10 . 
The perimeter portion 54 , first end plate 56 , and second and 
plate 58 may be separate structures that are bonded together 
to form a housing 12 . Alternatively , the perimeter portion 54 
and one end plate 56 , 58 or other housing structures may be 
cast , machined or otherwise formed as a single part , with the 
perimeter portion 54 and end plate 56 or 58 serving to 
identify different regions of a single housing structure . 
[ 0075 ] Is best viewed in FIGS . 10 and 11 , portions of the 
stator 32 facing the air gap 40 and the end plates 56 , 58 
define a substantially cylindrical rotor cavity 60 . Certain 
embodiments of the motor 10 include apparatus designed to 
force air circulation between various distinct regions of the 
overall cylindrical rotor cavity 60 as described below . 
[ 0076 ] Specifically , an open space between one end 62 of 
the rotor 16 and adjacent portions of the housing 12 defines 
a substantially annular first cavity 64 within the cylindrical 
rotor cavity 60 . Similarly , the open space between the 
opposite end 66 of the rotor 16 and adjacent portions of the 
housing 12 defines a substantially annular second cavity 68 
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within the cylindrical rotor cavity 60 . Furthermore , the 
relatively thin air gap 40 extends between the outer perim - 
eter of the rotor 16 and the inwardly facing surfaces of the 
stator 32 to complete the cylindrical rotor cavity 60 . As best 
shown in FIGS . 8 and 9 , air , an air / oil mixture , another gas , 
liquid , or a mixed fluid may be caused to circulate from one 
of the cavities 64 , 68 to the other cavity 64 , 68 and through 
the air gap 40 by providing the rotor 16 with an internal fan 
surface such as internal fan 70 , and one or more ventilation 
channels 72 through the stator 32 . 
[ 0077 ] Specifically , a series of ventilation channels 72 can 
be provided through the rotor back assembly 36 as best 
illustrated in FIGS . 3 and FIG . 4 . In the illustrated embodi 
ment , each ventilation channel 72 defines a portion of an arc 
around the shaft axis 22 , and constitutes an opening extend 
ing through each lamination 50 of the rotor back assembly 
36 . Other shapes and configurations of ventilation channel 
72 are within the scope of this disclosure , provided each 
ventilation channel 72 has an opening in fluid communica 
tion with the first cavity 64 and the second cavity 68 . 
[ 0078 ] The first cavity 64 , second cavity 68 , air gap 40 , 
and each ventilation channel 72 together define an internal 
forced fluid circuit 74 in part surrounding and extending 
through the rotor 16 . Air , another fluid , or as described 
below , an air and oil mixture may be caused to circulate 
through the internal forced fluid circuit 74 by the internal fan 
70 . The fan 70 may be part of , attached to , or driven by the 
rotor 16 to cause air or another fluid to circulate within the 
internal forced fluid circuit 74 . Specifically , the fan 70 
includes a plurality of fan blades 76 configured to cause a 
relatively low - pressure zone at the air gap 40 and a relatively 
high - pressure zone toward the shaft 14 at the second cavity 
68 , when the rotor 16 rotates in a clockwise direction , as 
viewed in FIG . 4 . 
[ 0079 ] This pressure differential causes air or another fluid 
to circulate from the second cavity 68 through the ventila 
tion channels 72 to the first cavity 64 . Simultaneously , air or 
another fluid , is caused to circulate from the first cavity 64 
through the air gap 40 to the second cavity 68 , completing 
the forced fluid circuit 74 . A different fan configuration or 
different rotation direction could cause the air or other fluid 
to circulate in the opposite direction . 
[ 0080 ] In the embodiment of FIG . 4 , the fan 70 extends 
into the second cavity 68 . In alternative embodiments , the 
fan 70 may extend into the first cavity 64 or separate fans 
may extend into both cavities 64 and 68 . In certain embodi 
ments , the fan 70 and / or fan blades 76 are a separate 
structure attached to or driven by the rotor 16 . In alternative 
embodiments , the fan 70 may comprise a plurality of fan 
blades 76 formed into the rotor back assembly 36 , formed in 
a portion of the shaft 14 , or otherwise attached to the rotor 
16 . In any embodiment , the fan 70 causes air or another fluid 
to circulate around and through the rotor 16 completing the 
forced fluid circuit 74 as the rotor rotates . 
[ 0081 ] Air or another fluid circulating within the forced 
fluid circuit 74 is heated by heat generated within the rotor 
16 as described above , thus cooling the rotor 16 . The heated 
fluid can transfer said heat to another structure to ultimately 
cool the motor 10 . Various structures facilitating heat trans 
fer from the rotor 16 to the forced fluid circuit 74 and beyond 
are described below . In addition , various structures associ 
ated with the rotor may have surface treatments designed to 
promote efficient heat transfer from the rotor 16 to the forced 
fluid circuit 74 . For example , any rotor structure , including 

but not limited to the fan 70 , fan blades 76 , shaft 14 , rotor 
back assembly 36 , retainer band 52 , or other structures may 
be roughened to increase surface area or treated , for example 
with black anodization , to facilitate heat transfer between the 
rotor and the forced fluid circuit 74 . 
[ 0082 ] Heat transfer from the rotor 16 to the forced fluid 
circuit 74 , or from the forced fluid circuit 74 to other motor 
structures such as the housing 12 , and ultimately away from 
the motor 10 , may be facilitated with supplemental heat 
transfer structures . For example , as shown in FIG . 5 , the 
rotor back assembly 36 or another rotor structure may be 
placed into thermal contact with one or more heat transfer 
structures , for example SE heat transfer structure 78 and 
OSE heat transfer structure 80 shown in FIGS . 5 , 8 , and 9 . 
As defined herein , “ thermal contact ” means contact between 
two or more structures such that thermal energy may flow 
from one structure to another structure . Structures in direct 
thermal contact with each other are also in physical contact 
with each other . Alternatively , thermal contact may occur 
through an intermediate material such as a thermal paste . 
The SE heat transfer structure 78 and OSE heat transfer 
structure 80 are merely representative examples of any 
number of types or configurations of heat transfer structure 
that can be mounted to , formed in , or otherwise thermally 
contacted with the rotor 12 . In each case , a rotor heat transfer 
structure 78 or 80 contacts the rotor on one side and extends 
into either the first cavity 64 or the second cavity 68 to 
facilitate heat transfer between the rotor 16 and the forced 
fluid circuit 74 . 
[ 0083 ] Other heat transfer structures may be bonded to or 
formed in thermal contact with the housing 12 to facilitate 
heat transfer from the forced fluid circuit 74 to the housing 
12 and subsequently out of the motor 10 through heat 
radiation , conduction or convection . For example , as shown 
in FIGS . 2 , 8 , 9 , and 10 , one , two , or more heat transfer 
structures may be mounted to the housing 12 extending into 
the first cavity 64 or second cavity 68 toward the rotor 12 . 
In the representative , but nonlimiting example shown in the 
figures , the motor 10 includes an SE housing heat transfer 
structure 82 and an OSE housing heat transfer structure 84 
extending into the first cavity 64 and second cavity 68 
respectively . Each of the heat transfer structures 82 , 84 is 
illustrated as being substantially annular , however other 
shapes and configurations are within the scope of this 
disclosure . 
[ 0084 ] The SE housing heat transfer structure 82 and OSE 
housing heat transfer structure 84 are merely representative 
examples of any number of heat transfer structure types or 
configurations that can be mounted to , formed in or other 
wise thermally contacted with the housing 12 . In each case , 
a housing heat transfer structure 82 or 84 contacts the 
housing 12 on one side and extends into either the first cavity 
64 or the second cavity 68 to facilitate heat transfer from the 
forced fluid circuit 74 to the housing 12 . 
[ 0085 ] In several of the embodiments illustrated in the 
figures , a heat transfer structure 78 , 80 , 82 , or 84 may be 
formed having a number of pins , fins , combination pin / fins 
86 or other structures designed to increase surface area and 
turbulence . The pin / fins 86 extend away from the housing 12 
or stator 32 and into the adjacent cavity 64 or 68 . A heat 
transfer structure 78 , 80 , 82 , or 84 may be roughened to 
increase surface area or treated , for example with black 
anodization to facilitate heat transfer to or from the heat 
transfer structure and the forced fluid circuit 74 . In addition , 
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one or more heat transfer structures 78 , 80 , 82 , or 84 may be 
fabricated from a material such as copper or aluminum with 
high thermal conductivity . The heat transfer structures 78 , 
80 , 82 , or 84 may be bonded to the adjacent rotor or housing 
structure using heat transfer paste or another interface facili 
tating effective heat transfer from the heat transfer structure 
78 , 80 , 82 , or 84 to or from the forced fluid circuit 74 . 

B . Rotor Encapsulation and Stabilization 

face between the rotor back assembly 36 and the surface of 
the thermally conductive rotor encapsulant 90 . 
[ 0089 ] As best shown in FIGS . 3 and 4 , the thermally 
conductive rotor encapsulant 90 may be contacted at either 
or both ends with one or more rotor - side supplemental heat 
transfer structures . The specific embodiment of FIGS . 3 and 
4 includes an array of SE heat transfer elements 78 in 
thermal contact with the thermally conductive rotor encap 
sulant 90 and extending into the first cavity 64 . In addition , 
the FIG . 3 - 4 embodiment includes an array of OSE heat 
transfer elements 80 in thermal contact with the other end of 
the thermally conductive rotor encapsulant 90 and extending 
into the second cavity 68 . 
[ 0090 ] The heat transfer structures 78 and 80 are merely 
representative examples of any number of heat transfer 
structures that can be mounted to , formed in or otherwise 
thermally contacted with one end or the other of a thermally 
conductive rotor encapsulant 90 . In each case , heat transfer 
structure 78 , 80 extend into either the first cavity 64 or the 
second cavity 68 to facilitate heat transfer between the rotor 
16 and the forced fluid circuit 74 . 
10091 ] In an alternative embodiment , one or more of the 
heat transfer structures 78 , 80 , 82 , or 84 may also be formed 
to function as the fan 70 . For example , the combination 
pin / fins 86 of the heat transfer structure 78 of FIG . 5 may be 
angled or otherwise formed to cause a pressure gradient 
causing fluid circulation through the forced fluid circuit 74 . 

10086 ] In certain embodiments , for example as illustrated 
in FIG . 5 , adjacent permanent magnets 34 are separated by 
a gap 88 . Additional heat transfer from the rotor 16 and 
particularly from the sides of each permanent magnet 34 
may be provided by filling all or a portion of the gap 88 with 
a thermally conductive rotor encapsulant 90 . As detailed 
below , the thermally conductive encapsulant 90 also reduces 
windage and provides mechanical stability to the rotor 16 . 
Representative examples of thermally conductive rotor 
encapsulant 90 include , but are not limited to , epoxy , an 
engineered polymer , polyester , polyurethane , silicone , or 
another plastic , flowable or formable material suitable for 
filling the gaps 88 . Thermal management may be enhanced 
by providing an additive to the thermally conductive rotor 
encapsulant 90 to enhance the thermal conductivity of the 
encapsulant material above the native thermal conductivity 
of the encapsulant without modification . Representative 
additives to enhance thermal conductivity include , but are 
not limited to suspended particles of boron nitride , silicon 
carbide , silica , aluminum oxide , aluminum , copper , another 
metal , another metal oxide , ceramic , graphene and the like . 
The thermal conductivity of the encapsulant 90 may further 
be enhanced if the suspended particles are spherical , have 
radially oriented fibers or have another shape or orientation 
designed to facilitate thermal conductivity . 
[ 0087 ] Alternatively , a specific portion or region of the 
thermally conductive rotor encapsulant 90 can be fabricated 
from a substance having relatively high thermal transmis 
sivity . For example , the gap 88 could be filled with epoxy or 
another polymer bound within a metal shell 92 , for example 
a copper or aluminum shell , where the shell has higher 
thermal conductivity than the polymer . In another embodi 
ment , the gap 88 could be filled with epoxy or another 
polymer surrounding a more thermally conductive core , for 
example an aluminum or copper core , in contact through the 
encapsulant with a permanent magnet 34 , rotor back assem 
bly 36 , and / or the forced fluid circuit 74 . In any embodi 
ment , the thermally conductive rotor encapsulant should 
possess a glass transition temperature and maximum oper 
ating temperature that is significantly higher than expected 
motor operating temperature . 
[ 0088 ] The thermally conductive rotor encapsulant 90 also 
serves to provide mechanical strength to the rotor 12 and 
therefore enhance the overall robustness of the motor 10 . For 
example , thermally conductive rotor encapsulant 90 may be 
contacted with and / or bonded to the rotor back assembly 36 
between adjacent permanent magnets 34 , to mechanically 
anchor the permanent magnets 34 and prevent them from 
slipping circumferentially around the rotor back assembly 
36 under heavy load . The bond between the thermally 
conductive rotor encapsulant 90 and rotor back assembly 36 
may be enhanced mechanically by providing the rotor back 
assembly 36 with slots 94 , grooves , keyways , roughened 
surfaces , holes , projections , or other structures at the inter 

C . Heat Transfer Oil 
[ 0092 ] In certain embodiments , the efficiency of heat 
transfer within the motor 10 may be enhanced by utilizing a 
heat transfer fluid , in combination with or other than air . For 
example , a quantity of transformer oil or another heat 
transfer fluid may be added to the first cavity 64 and / or 
second cavity 68 . When the motor is not operated , the oil 
will pool in the bottom of each cavity 64 , 68 and fill , for 
example , the bottom quadrant of the air gap 40 . As the rotor 
16 spins , the permanent magnets 34 are sequentially sub 
merged in the oil bath and heat can be drawn from all 
exposed faces of the permanent magnets 34 and retainer 
band 52 . 
0093 ] As described in detail below , a stator encapsulant 
may be added between the stator 32 and housing 12 , in part 
to ensure that oil added to an internal cavity 64 , 68 must pool 
in in contact with the rotor 16 . See , for example , the stator 
encapsulant 96 of FIG . 11 . Sufficient oil may be added to the 
cavities 64 , 68 to cover the air gap 40 and / or submerge 
portions of one or more of heat transfer structures 78 , 80 , 82 , 
84 or other heat transfer structures . The cavities 64 , 68 and 
air gap 40 are interconnected regions of the rotor cavity 60 . 
Therefore , a heat transfer fluid added to one cavity will flow 
to others . The quantity of oil or other heat transfer fluid 
added to cavities 64 , 68 may be equal to or less than 50 % of 
the total volume of cavities 64 and 68 , equal to or less than 
25 % of the total volume of cavity 64 and 68 , or another 
suitable volume . 
[ 0094 ] When the rotor 16 spins at relatively higher speeds , 
the action of the rotor 16 and or the heat transfer structures 
78 , 80 may cause splashing and misting of the oil or other 
heat transfer fluid , improving the thermal properties of the 
forced fluid circuit 74 . Any retainer band 52 may be fitted 
with a perforated coating or thin mesh surface to ensure 
turbulent flow and low drag as the rotor 16 moves through 
the oil bath . 
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the machine . It is important to note that the stator 32 , 
particularly in a TENV machine , is entirely enclosed within 
the machine housing 12 . Therefore , cooling the stator 32 
often involves heat transfer to another motor structure , for 
example the housing 12 , or shaft 14 , prior to heat dissipation 
from the motor 10 . In certain instances , the stator cooling 
methods and apparatus described herein operate in conjunc 
tion with methods and apparatus for cooling other portions 
of the motor 10 , rotor 16 and / or housing 12 . The various 
thermal management methods and apparatus make be com 
bined in any fashion , scaled , or partially implemented to 
achieve desired thermal management and machine durabil 
ity goals . 

D . Rotor Back Assembly Heat Export 
[ 0095 ] As is generally described above , the rotor back 
assembly 36 conducts heat from the edges of the permanent 
magnets 34 facing the shaft axis 22 , and generates some heat 
through eddy currents and hysteresis loss within the rotor 
back assembly 36 itself . The heat conducted to or generated 
within the rotor back assembly 36 may be conducted radially 
to ventilation channels 72 . Alternatively , heat conducted to 
or generated within the rotor back assembly 36 may be 
conducted axially to the SE heat transfer structure 78 , the 
OSE heat transfer structure 80 , another heat transfer struc 
ture , or the fan 70 where heat can be conveyed to the forced 
fluid circuit 74 . The surfaces of the rotor back assembly 36 
facing cavities 64 , 68 may be structured , textured , anodized 
or otherwise treated to enhance the export of heat from the 
rotor 16 to the forced fluid circuit 74 , stator 32 , housing 12 
or other structure from whence the heat may be dissipated 
into the environment . 
10096 ] The apparatus and methods disclosed herein , 
including but not limited to the ventilation channels 72 heat 
transfer structures 78 , 80 and thermally conductive rotor 
encapsulant 90 assure that the rotor back assembly 36 is 
relatively cooler than the permanent magnets 34 during 
motor operation . This temperature gradient causes heat flow 
from the permanent magnets 34 to the rotor back assembly 
36 and out of the motor through the shaft 14 , forced fluid 
circuit 74 and housing 12 or another export path as described 
herein . 

E . Shaft Heat Export 
[ 0097 ] Another path for transmitting heat away from the 
rotor utilizes the shaft 14 . The shaft 14 is firmly connected 
to the rotor back assembly 36 , usually with metal - to - metal 
contact . Heat from the permanent magnets 34 , rotor back 
assembly 36 or other rotor structures may therefore be 
conducted to the shaft 14 . Heat export through the shaft 14 
may be enhanced by providing the shaft 14 with a relatively 
highly heat - conductive core 98 , or other shaft structure , 
made of a material having relatively high thermal conduc 
tivity such as aluminum or copper , when compared to the 
surrounding steel shaft material . The shaft 14 connects to the 
body of the equipment being driven , for example , a fan , 
pump , drive roller , or material processing machine . Thus , 
the shaft 14 , particularly if it is provided with a heat 
conductive core 98 , can conduct heat to the driven machine , 
where the heat may be dissipated through convection , con 
duction or radiation . 

A . Electromagnet Structure 
[ 0100 ] As shown in FIGS . 10 , 13 , and 14 , a representative 
electric machine stator 32 includes a plurality of electro 
magnets 38 radially positioned around the shaft axis of the 
machine , for example the motor 10 . As best viewed in FIG . 
14A , and the exploded view of FIG . 14B , the electromagnets 
38 include a core 44 of a magnetic metal , typically a steel 
alloy . Magnetically induced eddy currents can be reduced by 
fabricating the core 44 from a stack of similarly or identi 
cally shaped and relatively thin laminations 46 . The specific 
lamination shape shown in FIG . 15 includes a tooth portion 
100 and a yoke segment 102 . When multiple laminations 46 
are stacked to form an electromagnet core 44 the tooth 
portions 100 directly or indirectly supports the windings 42 
while the yoke segments 102 provide structure to the stator 
32 , a heat transfer pathway to the exterior of the stator 32 , 
and additional magnetic core mass . 
[ 0101 ] It is necessary to provide electrical insulation 
between adjacent laminations 46 to reduce magnetically 
induced eddy currents in the core 44 . Therefore , the oppos 
ing planar surfaces of each lamination 46 may be coated 
with a lacquer , epoxy , plastic , insulating paint , paper , or 
another dielectric layer or coating to provide electrical 
insulation between adjacent laminations 46 when multiple 
laminations are stacked to fabricate an electromagnet core 
44 . Conventional lamination insulating methods tend to also 
thermally insulate each lamination and restrict the flow of 
heat generated either within the core 44 or within the 
surrounding windings 42 . 
[ 0102 ] The magnetic steel alloys used for core laminations 
46 typically have relatively low thermal conductivity . The 
thermal performance of an electromagnetic core 44 , and thus 
the thermal performance of an electric machine , may be 
enhanced by coating or otherwise associating the magnetic 
steel laminations 46 with a material having relatively higher 
thermal conductivity than magnet steel . For example , some 
portion , or the entirety , of the exterior surfaces of a steel 
lamination 46 may be coated with , plated with , have depos 
ited upon , or otherwise be associated with a relatively thin 
thermal transmission layer 104 of a metal such as nickel , 
nickel silver , copper , aluminum , graphene or another mate 
rial having higher thermal conductivity than the steel lami 
nation interior . An electrical insulation layer 106 may be 
added over the thermal transmission layer 104 to minimize 
eddy currents when the laminations 46 are stacked into an 
operable configuration . In certain embodiments one layer 
may serve both as an insulator and as a thermal transmission 
layer , provided the material selected is a dielectric material 
and has greater thermal conductivity than the magnetic steel 
used for laminations . For example , various graphene oxides 

Stator Cooling Methods and Apparatus 
[ 0098 ] The primary sources of heat generation in the stator 
32 are magnetically induced eddy currents within the metal 
core 44 of the electromagnets 38 and resistance losses in the 
windings 42 . The quantity of heat produced in a stator 32 
may be reduced by maximizing the wire gauge of the 
windings 42 to maximize slot fill and reduce AC resistance 
losses . In addition , rectangular wire may be utilized for the 
windings 42 to increase slot fill and reduce resistance losses . 
Magnetically induced eddy currents within the steel elec 
tromagnet cores 44 may be minimized by fabricating each 
core from electrically isolated laminations as described in 
detail below . 
10099 ] Several apparatus and methods are disclosed for 
cooling an electric machine stator and dissipating heat from 
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could serve as a single layer providing both enhanced 
thermal transmission and electrical insulation . 
[ 0103 ] One example of a layered lamination configuration 
having higher thermal conductivity than a simple insulated 
steel lamination is shown in FIG . 15A . In this embodiment , 
the steel lamination 46 is coated first with a thermal trans 
mission layer 104 having higher thermal conductivity than 
the steel of the underlying lamination 46 . The thermal 
transmission layer 104 may then be coated or otherwise 
associated with a dielectric insulation layer 106 . 
[ 0104 ] Alternatively , as shown in FIG . 15B , only one 
planar surface of a lamination 46 may be coated with or 
otherwise insulated with a dielectric insulation layer 106 . 
The opposing planar surface of said lamination 46 may be 
coated with , contacted with , bonded to , plated with , or 
otherwise associated with a thermal transmission layer 104 
of a material selected to facilitate heat transfer away from 
the electromagnetic core 44 . If a core 44 is fabricated from 
a plurality of laminations 46 , prepared in this fashion , the 
thermal transmission layer 104 is not required to provide 
electrical insulation since the dielectric insulation layer 106 
of the immediately adjacent lamination 46 will electrically 
insulate both laminations from each other , provided each 
lamination is oriented in the same fashion , as shown on FIG . 
15B 
101051 . The thermal transmission layer 104 can be , for 
example , a metal having significantly higher thermal con 
ductivity than steel deposited on the lamination 46 . Repre 
sentative metals having higher thermal conductivity than 
steel include , but are not limited to , copper , nickel , gold , 
silver , or aluminum . Other materials , for example graphene 
or graphing oxide , may be deposited as a thermal transmis 
sion layer 104 on a lamination 46 . A combination of the 
above materials may be used . For example , as shown on 
FIG . 6C , a core 44 may be fabricated with a stack of interior 
steel laminations 46 having a dielectric coating 106 depos 
ited or otherwise associated with one surface of a steel 
lamination 46 , which is coated on the opposite surface with 
a metal 104a , for example nickel silver , which is subse 
quently coated with a graphene layer 104b . As this pattern 
repeats itself through the stack , each lamination 46 is 
insulated from adjacent laminations , yet each lamination is 
also in contact with one or more thermally conductive 
transmission layers 104 providing for heat export from the 
core 44 . 
[ 0106 ] The stacked laminations 46 forming the electro 
magnetic core 44 must be held together during assembly and 
operation and insulated from the windings 42 . Conventional 
electromagnetic cores are often held together by glue , lac 
quer , screws , bolts , pins , crimped surfaces , other fasteners , 
welded joints or other means . Insulation may be provided by 
the glue or lacquer , a supplemental structure such as tape or 
paper , or merely with the winding insulation . The disclosed 
embodiments could be implemented with any one of the 
foregoing assembly and insulation techniques . Alternatively , 
as shown in FIG . 14 , the stack of laminations 46 , and any 
lamination coatings 104 , 106 can be tightly compressed 
together into a core 44 having superior thermal properties 
with a dielectric bobbin 108 surrounding the top , bottom , 
and sides of the tooth portion 100 of each lamination 46 in 
the core 44 . The dielectric bobbin 108 may be fabricated , by 
injection molding for example , from a plastic , nylon or 
similar material . The utilization of a bobbin 108 as a means 
of compressing the lamination faces together facilitates the 

use of thermal transmission layers 104 which might be 
compromised by the use of alternative lamination attach 
ment methods including but not limited to glue or lacquer 
between each lamination face , bolts or screws through 
adjacent laminations , welded joints positioned along one or 
more sides of the lamination stack , mechanical crimp con 
nections between laminations , notches or other fixturing 
methods . 
[ 0107 ] Specifically , the bobbin 108 assures constant , 
evenly distributed pressure across the tooth portion 100 of 
each lamination 46 in an electromagnetic core 44 . Evenly 
distributed pressure minimizes gaps between laminations 46 
or layers 104 , 106 and therefore facilitates heat transfer from 
each lamination 46 to any associated thermal transmission 
layer 104 . In addition , using a bobbin 108 to compress the 
laminations 46 and associated layers 104 , 106 into a core 44 
avoids the possibility of a bolt , screw , crimp , weld or other 
mechanical fastener causing a short circuit between one or 
more laminations 46 and thereby compromising the electro 
magnetic properties of the core 44 . In certain embodiments , 
the bobbin 108 is the only structure holding adjacent lami 
nations together . 
( 0108 ] As also shown in FIG . 14 , the bobbin 108 supports 
the windings 42 . Certain portions of the windings 42 extend 
through the slot between adjacent electromagnetic cores 44 . 
Other portions of the winding 42 are end turns 109 bridging 
adjacent slots , across each electromagnetic core 44 . 
0109 . As shown in FIG . 14 , the yoke segment 102 of each 
lamination may be formed into opposing male and female 
dovetail , tongue and groove , or other mating structures , 110 
and 112 respectively . Thus , when a series of electromagnets 
38 are assembled into a stator , as best shown in FIG . 13 , 
adjacent male and female tongue 110 and groove 112 
structures provide mechanical support to the stator 32 . 
Furthermore , the tapered shape of each tooth 100 , bobbin 
108 and winding 42 create a concentrated winding coil that 
tapers to the shape of the slot , providing for high slot fills . 
High slot fill results in a reduction in electrical resistance and 
hence lower losses and reduced heat production . 

B . Stator / Housing Interface 
[ 0110 ] The stacked , outwardly facing surfaces of a plural 
ity of yoke segments 102 , defines an exterior surface 114 of 
the stator 32 . As shown in FIG . 13 , the exterior stator surface 
114 fits closely within the perimeter portion 54 of the 
housing 12 . Heat can flow within each core 44 to the exterior 
stator surface 114 , particularly if thermal transmission layers 
104 are provided on or between the laminations 46 as 
described above . The transfer of heat from the exterior stator 
surface 114 to the perimeter portion 54 of the housing 12 , 
and subsequently to the outside environment , may be facili 
tated by providing a thermally conductive lubricant between 
the exterior stator surface 114 and an interior surface 116 of 
the perimeter portion 54 of the housing 12 . Representative 
thermally conductive lubricants include but are not limited 
to thermal grease , graphene , or boron nitride powders . 
[ 0111 ] Overall machine robustness and thermal perfor 
mance is also further enhanced by carefully coupling the 
stator 32 to the housing 12 . For example , as shown in FIGS . 
12 , 13 and 16 , one or more of the end plates 56 , 58 may 
define a lip and shoulder structure on the end plate 56 , 58 
that contacts the yoke segment 102 . The lip / shoulder struc 
ture 120 engages the yoke portion 102 of each electromag 
netic core 44 somewhat away from the balance of the end 

tl 
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plate 56 , 58 . Thus , the lip / shoulder structure 120 creates a 
pocket in the end plate providing clearance for the end turns 
109 of windings 42 . The height of the lip / shoulder structure 
120 ( marked as ( h ) on FIG . 16 ) , may be selected to reduce 
the distance from the end turns 109 to the end plate 56 , 58 . 
facilitating heat transfer . As described in detail below , the 
remaining gap may be filled with a thermally conductive 
encapsulant or other structure or material to facilitate heat 
transfer . In addition , the height h of the lip / shoulder structure 
120 can be increased as needed to minimize the formation of 
magnetically abused any currents in the end plate 56 , 58 . 
[ 0112 ] Additional machine robustness may be enhanced 
by providing selected electromagnet cores 44 with an 
engagement structure 122 at , or in , the exterior surface 114 . 
The housing 12 may include a mating engagement structure 
124 opposite the engagement structure 122 . The engagement 
structures 122 and 124 may be any shape or size configured 
to mechanically mate the exterior surface 114 of the stator 32 
with the interior surface 116 of the housing 12 , and therefore 
prevent rotation or other movement of the stator 32 when 
under load . The specific embodiment of engagement struc 
tures 122 , 124 illustrated in FIG . 13 includes a rounded slot 
formed in the electromagnet core 44 and a corresponding 
rounded slot formed in the perimeter portion 54 of the 
housing 12 . Each slot may be engaged with a pin to meet the 
stator 32 to the housing 12 . Additional robustness is pro 
vided by tightly fitting the exterior surface 114 of the stator 
32 to the interior surface 116 of the housing 12 to harden the 
case and protect the electromagnets 38 from impact , vibra 
tion , or other forces . 

C . Stator Encapsulation and Stabilization 

[ 0115 ] In embodiments where gaps between the stator 32 
and housing 12 are partially or substantially filled with a 
stator encapsulant 96 , for example , in embodiments where 
the stator encapsulant 96 substantially fills a perimeter 
portion of the housing 12 , structural benefits beyond thermal 
management are provided . Encapsulation of the electromag 
nets 38 in a stator encapsulant 96 physically prevents 
contamination of the electromagnets 38 by moisture or 
particulate matter . Such contamination can cause insulation 
degradation and eventually cause shorts between adjacent 
wires . Furthermore , a dielectric encapsulant 96 provides 
increased protection against manufacturing defects in the 
wire insulation . Thus the encapsulant 96 can provide redun 
dant protection against wire - to - wire shorts , supplementing 
the insulation on the windings 42 . In certain embodiments , 
the encapsulant 96 also encapsulates the coil phase electrical 
connections , which gives additional protection against 
phase - to - phase shorts and manufacturing imperfections in 
the wire or electrical junctions . 
[ 0116 ] The encapsulant 96 also reduces wire vibration 
within the stator 32 . Vibration can reduce the integrity and 
life of the windings 42 . Therefore , stator encapsulant 96 
provides for enhanced thermal management and enhanced 
machine robustness . Various sensors 85 , including without 
limitation , one or more heat and vibration sensors , may be 
embedded into the stator encapsulant 96 so that any increase 
in heat buildup or increase in stator or rotor vibration can be 
detected . The sensors 85 may be wired , wireless , Internet of 
Things ( IoT ) , or other varieties of monitoring sensors or 
sensors of another appropriate type . Monitoring electric 
machine operation through one or more sensors allows for 
the remote detection of any deterioration in machine per 
formance , and for preemptive measures to be taken . 
[ 01171 . In one embodiment , the stator encapsulant 96 
includes a relatively rigid exterior portion surrounding the 
overall stator structure and contacting the housing as 
described below . As shown in FIG . 10 however , there is 
relatively little room between the windings 42 of adjacent 
electromagnets 38 , so it can be advantageous to pot interior 
portions of the stator 32 with a relatively fluid interior 
potting material . As described in detail below , any type of 
stator encapsulant 96 , having any suitable consistency , can 
be treated to have enhanced thermal conductivity promoting 
the export of heat from the stator 32 to the housing 12 . 
[ 0118 ] As noted above , the housing of FIGS . 1 - 2 and 8 - 13 
includes a perimeter portion 54 surrounding the stator 32 . 
Heat transfer from the stator 32 to the housing 12 may be 
facilitated by physically contacting the stator encapsulant 96 
with one or both of the end plates 56 and 58 . In the specific 
embodiment of FIG . 8 , the stator encapsulant 96 contacts the 
entirety of an annular interior surface of each end plate 56 
and 58 . 
[ 0119 ] The housing 12 might include a separate perimeter 
portion 54 , a separate first end plate 56 , and a separate 
second and plate 58 that are bonded together to form a 
housing 12 . It is important to note however , that the housing 
could be formed according to alternative methods . For 
example , in an alternative embodiment the perimeter portion 
54 and one end plate 56 , 58 may be cast , machined or 
otherwise formed as a single part . Thus , in some embodi 
ments , an end plate and the perimeter portion may be a 
unified structure . In such an embodiment , the stator encap 
sulant 96 may be in direct or indirect thermal contact with 
an end plate region of the unified housing structure . 

[ 0113 ] Additional thermal transfer from portions of the 
stator 32 or other machine structures and enhanced stator 
robustness may be provided with thermally conductive 
stator encapsulants , thermal transmission structures , or pot 
ting materials . For example , certain embodiments may 
include a thermally conductive stator encapsulant 96 encap 
sulating much of the stator structure . In the particular 
embodiment of FIG . 11 , the thermally conductive stator 
encapsulant 96 encapsulates the entirety of the electromag 
net assemblies 38 , but for the exterior stator surface 114 and 
the inside faces 126 of some or all of the magnetic cores 44 
facing the air gap . Additionally , the thermally conductive 
stator encapsulant 96 directly contacts one or both housing 
end plates 56 , 58 or other housing structure , providing a 
direct thermal pathway from the stator 32 to the housing 12 . 
[ 0114 ] Alternative structures may be used in lieu of or in 
combination with full or partial stator encapsulation . These 
alternative structures are within the scope of this disclosure . 
For example , thermal transfer from the stator may be pro 
vided by a separate thermal contact structure , for example a 
thermally conductive , compressible or conformable solid 
material placed into contact with some portion of the stator 
32 and the housing 12 , or placed between a portion of the 
stator encapsulant 96 and the housing 12 . A thermal contact 
structure could be substantially solid , or have a honey - comb 
structure , wave washer structure , or the like . A thermal 
contact structure could be fabricated of a thermally conduc 
tive felt , foam , metal , coated metal , conformable epoxy , 
composite , for example a silicon based pad with alumina 
filler , or any other suitable thermally conductive compound , 
material , or combination of materials . 
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[ 0120 ] In the configuration illustrated in FIG . 11 , the stator 
encapsulant 96 and the inside faces 126 of certain electro 
magnet cores 44 define a substantially cylindrical interior 
stator surface 128 facing the air gap 40 with each end of the 
interior stator surface 128 being bounded by central portions 
of the first and second end plates 56 and 58 . Collectively , the 
end plates and interior stator surface 128 define a closed 
cylindrical rotor cavity 60 . In certain embodiments , the 
motor 10 includes minimal voids , not filled with the stator 
encapsulant 96 between any stator structure and the housing . 
[ 0121 ] Thus , the stator encapsulant 96 , along with any 
thermally conductive lubricant in contact with the exterior 
surface of the stator 114 and interior surface of the perimeter 
portion of the housing 116 , cause potentially all surfaces of 
the stator 32 , except for the interior stator surface 128 at the 
air gap 40 , to be in direct thermal contact with one or more 
portions of the housing 12 . 
[ 0122 ] The thermal conductivity of the stator encapsulant 
96 may be enhanced by including specific materials within 
the encapsulant matrix . These materials may be included 
whether the encapsulant is a substantially rigid exterior 
encapsulant or a relatively fluid interior potting material . For 
example , the stator encapsulant 96 may be a dielectric 
material applied in a liquid state to fill substantially all voids 
outside of the rotor cavity 60 . In certain embodiments , 
material applied as a liquid will fully or partially hardened 
into a more or less rigid stator encapsulant 96 . Representa 
tive dielectric materials suitable for thermally enhancing a 
stator encapsulation material include , but are not limited to 
suspended particles of boron nitride , silicon carbide , silica , 
aluminum oxide , aluminum , copper , another metal , another 
metal oxide , ceramic , graphene and the like . The thermal 
conductivity of the encapsulant 96 may further be enhanced 
if the suspended particles are spherical , have radially ori 
ented fibers or have another shape or orientation designed to 
facilitate thermal conductivity . 
0123 ) Alternatively , in lieu of or in conjunction with the 
use of suspended particles , larger scaled structures may be 
associated with the stator encapsulant 96 to enhance encap 
sulant thermal conductivity . For example , a solid part , such 
as a metal or ceramic ring , with higher thermal conductivity 
than the encapsulant , can be embedded in the encapsulant to 
create a composite body that has higher thermal conductivity 
than the encapsulant by itself . 
[ 0124 ] As noted above , the rotor - facing electromagnetic 
core faces 126 and an inside surface of the stator encapsulant 
96 are exposed at the air gap 40 . These structures along with 
the end plates 56 , 58 define the enclosed rotor cavity 60 . 
Heat transported from the stator 32 to the rotor cavity 60 has 
not yet been exported from the machine . Furthermore , the 
machine rotor 16 operates within the rotor cavity 60 adding 
additional heat to this space . Heat may be transferred from 
the rotor cavity 60 through the housing end plates 56 , 58 to 
the external environment . Heat transfer from the rotor cavity 
60 to the end plates may be facilitated by fabricating or 
contacting the central region of one or both end plates 56 , 58 
with one or more heat transfer structures extending into the 
rotor cavity 60 . 
[ 0125 ] For example , as illustrated in FIGS . 2 , 8 and 10 - 13 , 
the central portion of each end plate 56 , 58 may be in 
thermal contact with a heat transfer structure , 82 and 84 
respectively . The configuration of heat transfer structures 82 
and 84 are representative examples of any number of types 
or configurations of heat transfer structure that can be 

mounted to , formed in , or otherwise thermally contacted 
with an end plate 56 , 58 . In each case , a heat transfer 
structure 82 or 84 contacts the end plate on one side and 
extends into the rotor cavity 60 on the opposite side . 
10126 ] A heat transfer structure 82 or 84 may be formed 
having a number of pins , fins , combination pin / fins 86 or 
other structures designed to increase surface area and pro 
mote heat transfer . The pin fins 86 extend away from the end 
plate 56 , 58 and into the rotor cavity 60 . The interior surface 
of a heat transfer structure 82 or 84 may also be roughened 
to increase surface area or treated , for example with black 
anodization to facilitate heat transfer . In addition , the heat 
transfer structure 82 or 84 may be fabricated from a material 
such as copper or aluminum with high thermal conductivity . 
The heat transfer structure 82 or 84 may be bonded to the 
end plate 56 , 58 or other housing structure using heat 
transfer paste or another method facilitating effective heat 
transfer . Each of the heat transfer structures 82 , 84 is 
illustrated as being substantially annular , however other 
shapes and configurations are within the scope of this 
disclosure . 
Heat Export from the Housing 
[ 0127 ] Thermal export from the housing 12 to the outside 
environment may be enhanced by providing the housing 
with feet 18 or another structure facilitating heat transfer 
from the housing to a building floor , building wall , mounting 
bracket , machine part , or other external structure to which 
the motor 10 is attached . Thermal export through the feet 18 
may be enhanced by fabricating the feet from a material 
having high thermal conductivity , for example aluminum , 
copper , thermally transmissive composites and the like . In 
addition , the interface 130 between the feet 18 and external 
structure may be contacted with or coated with a material to 
enhance the conduction of heat energy from the feet 18 to the 
external structure . For example , the interface 130 may be 
coated with a heat transfer paste or other material having 
higher thermal conductivity than the feet 18 , copper for 
example . 
[ 0128 ] Additional heat export from the housing may be 
facilitated by providing exterior portions of the housing 12 
with fins , pins , or other heat transfer structures . Portions of 
the housing 12 may be roughened to increase surface area or 
treated , for example with black anodization or thermally 
conductive paint to facilitate heat transfer . In addition , the 
housing 12 may be fabricated from a material such as 
aluminum with relatively high thermal conductivity . 
Heat Export from the Stator Through the Shaft 
[ 0129 ] As noted above , one path for transmitting heat 
away from the rotor 16 utilizes the shaft 14 . In addition , heat 
conducted from the stator 32 to the housing end plates 54 , 
56 , or other motor structures may be conducted to the shaft 
14 . Heat export through the shaft 14 may be enhanced by 
providing the shaft 14 with a thermally conductive core 98 , 
or other shaft structure , made of a material having a rela 
tively high thermal conductivity such as aluminum or cop 
per . The shaft 14 connects to the body of the equipment it is 
driving , for example , a fan , pump , drive roller , or material 
processing machine . Thus , the shaft 14 , particularly if it is 
provided with a thermally conductive core 94 , can conduct 
heat to the driven equipment , where the heat may be 
dissipated through convection , conduction or radiation . 
[ 0130 ] Furthermore , the shaft 14 is supported by bearings 
24 , 26 supported in bearing flanges 28 , 30 . Heat transfer 
from the housing 12 to the shaft 14 may be facilitated by 
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implementing portions of one or more of the bearings 24 , 26 
and / or bearing flanges 28 , 30 with material having relatively 
high thermal conductivity , for example copper or aluminum . 
In one specific embodiment , the bearings 24 , 26 include 
bearing seals 132 , 134 fabricated from copper to facilitate 
heat transfer from the housing 12 to the shaft 14 . The bearing 
flange 28 , 30 may also be fabricated from copper or another 
material with relatively high thermal transmissivity . In addi 
tion , the thermally conductive core 98 may extend laterally 
to or near the shaft surface in the region where the shaft 14 
contacts bearings 24 and / or 26 or bearing seals 132 , 134 . 
[ 0131 ] In certain embodiments , the perimeter portion of 
the housing 54 , first and plate 56 and second and plate 58 
may be co - fabricated , welded together , or otherwise fabri 
cated to prevent entry into the housing . Therefore , the 
bearing flanges 28 , 30 , or another housing structure may 
support bearings 24 , 26 implemented bearing cartridges that 
are replaceable from outside the housing . Thus , the bearings 
24 , 26 , which are subject to accelerated mechanical wear 
compared to other moving parts of a motor 10 , may be 
replaced without accessing the interior portions of the hous 
ing 12 , thus enhancing overall machine robustness . 

ing tongue structure 110 and the groove structure 112 of 
adjacent electromagnets 38 . After the electromagnets are 
thus assembled , the stator 32 may be encapsulated with a 
thermally conductive encapsulant 96 . 
[ 0136 ] Another representative embodiment is a method of 
stabilizing an electric machine 10 . The method includes 
stabilizing the rotor 16 with a thermally conductive dielec 
tric rotor encapsulant 90 in contact with adjacent permanent 
magnets 34 and stabilizing the stator 32 with a thermally 
conductive dielectric stator encapsulant 96 in contact with 
adjacent electromagnets 38 . 
[ 0137 ] Various modifications and additions can be made to 
the embodiments discussed without departing from the 
scope of the invention . For example , while the embodiments 
described above refer to particular features , the scope of this 
invention also includes embodiments having different com 
bination of features and embodiments that do not include all 
of the above described features . 
[ 0138 ] Moreover , while the procedures of the methods and 
processes described herein are described in a particular order 
for ease of description , unless the context dictates otherwise , 
various procedures may be reordered , added , and / or omitted 
in accordance with various embodiments . Moreover , the 
procedures described with respect to one method or process 
may be incorporated within other described methods or 
processes ; likewise , system components described accord 
ing to a particular structural architecture and / or with respect 
to one system may be organized in alternative structural 
architectures and / or incorporated within other described 
systems . Hence , while various embodiments are described 
with or without - certain features for ease of description 
and to illustrate exemplary aspects of those embodiments , 
the various components and / or features described herein 
with respect to a particular embodiment can be substituted , 
added and / or subtracted from among other described 
embodiments , unless the context dictates otherwise . Conse 
quently , although several exemplary embodiments are 
described above , it will be appreciated that the invention is 
intended to cover all modifications and equivalents within 
the scope of the following claims . 

Methods 
[ 0132 ] Alternative embodiments include , but are not lim 
ited to , methods of cooling an electric machine rotor , meth 
ods of cooling an electric machine stator , methods of cooling 
an electric machine , methods of fabricating an electric 
machine or parts of an electric machine , methods of stabi 
lizing an electric machine , and methods of fabricating an 
electromagnet for an electric machine . Various methods will 
be apparent to those of skill in the art based entirely upon the 
apparatus disclosed herein . 
[ 0133 ] Representative methods include a method of cool 
ing a rotor 16 or cooling an electric machine 10 having a 
rotor 16 and a stator 32 . The method includes causing the 
rotor 16 to rotate with respect to the stator 32 to drive an 
internal fan 70 . The internal fan 70 causes a fluid , for 
example air or an air and oil mixture , to be circulated in a 
fluid circuit 74 between a first cavity 64 and second cavity 
68 adjacent the rotor 16 to cool the rotor 16 . Heat transferred 
to the fluid circuit 74 may subsequently be transferred to the 
machine housing 12 and then transferred from the machine 
10 . 
[ 0134 ] Another representative embodiment is a method of 
cooling a stator 32 or electric machine 10 by placing a stator 
encapsulant 96 into thermal contact with the stator 32 and a 
machine housing region 12 , for example a first end plate 56 
or second end plate 58 . The thermal conductivity of the 
stator encapsulant 96 may be enhanced by mixing an addi 
tive with the encapsulant 96 to increase thermal conductiv 
ity . Thus , heat generated in the stator 32 may be conducted 
from the stator 32 through the encapsulant 96 to the housing 
12 . 
[ 0135 ] Another representative embodiment is a method of 
fabricating a stator 32 or electric machine 10 having a 
plurality of electromagnets 38 with electromagnet cores 44 . 
A plurality of the electromagnet cores 44 may be formed to 
include a stack of laminations 46 defining a tooth portion 
100 and a yoke segment 102 . Each yoke segment may 
further define a tongue structure 110 and an opposing groove 
structure 112 . The electromagnets 38 may be assembled into 
a stator 32 by mating the tongue structure 110 and the groove 
structure 112 of each electromagnet 38 with the correspond 

1 . An electric machine comprising : 
a rotor comprising ; 

a shaft defining a length - wise shaft axis ; 
a rotor back assembly surrounding a portion of the 

shaft ; 
a plurality of permanent magnets radially positioned 
around the rotor back assembly ; and 

a first thermally conductive dielectric encapsulant sub 
stantially filling the gap between two adjacent per 
manent magnets and being in thermal contact with 
the two adjacent permanent magnets ; 

a stator comprising ; 
a plurality of electromagnets radially positioned around 

the rotor and separated from an exterior surface of 
the rotor by a magnetic air gap ; and 

a second thermally conductive dielectric encapsulant in 
contact with adjacent electromagnets ; and 

a housing supporting the rotor and stator . 
2 . The electric machine of claim 1 wherein the housing 

comprises a totally enclosed non - ventilated ( TENV ) hous 
ing . 
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3 . The electric machine of claim 1 , wherein the first 
thermally conductive dielectric encapsulant is in contact 
with the rotor back assembly between the two adjacent 
permanent magnets . 

4 . The electric machine of claim 3 wherein the rotor back 
assembly defines an anchoring surface between the adjacent 
permanent magnets and wherein the first thermally conduc 
tive dielectric encapsulant is in contact with the anchoring 
surface . 

5 . The electric machine of claim 4 wherein the anchoring 
surface comprises a groove formed in the rotor back assem 
bly between the adjacent permanent magnets . 

6 . The electric machine of claim 1 further comprising a 
prestressed retainer band surrounding an outward face of 
each of the plurality of permanent magnets facing the air 
gap . 

7 . The electric machine of claim 1 wherein a radial 
thickness dimension of each of the plurality of permanent 
magnets , measured along a radial line extending radially 
outward from the shaft axis is 8 times or greater than the 
width of the magnetic air gap measured along the radial line . 

8 . The electric machine of claim 1 wherein at least one of 
the first thermally conductive dielectric encapsulant and the 
second thermally conductive dielectric encapsulant com 
prises a polymer and an additive to increase the thermal 
conductivity of the polymer . 

9 . The electric machine of claim 1 wherein the second 
thermally conductive dielectric encapsulant comprises a 
polymer and a heat transfer element embedded in the 
polymer having higher thermal conductivity than the poly 
mer . 

10 . The electric machine of claim 1 wherein the second 
thermally conductive dielectric encapsulant is in contact 
with the housing . 

11 . The electric machine of claim 10 wherein the second 
thermally conductive encapsulant substantially fills a perim 
eter portion of the housing . 

12 . The electric machine of claim 1 further comprising 
one or more sensors embedded in the second thermally 
conductive dielectric encapsulant . 

13 . The electric machine of claim 1 further comprising a 
heat sensor and a vibration sensor embedded in the second 
thermally conductive dielectric encapsulant . 

14 . The electric machine of claim 1 further comprising : 
a first bearing in contact with the housing supporting the 

rotor ; and 
a second bearing in contact with the housing supporting 

an opposite end of the rotor , wherein the first bearing 
and the second bearing are removable from an exterior 
surface of the housing without opening the housing . 

15 - 16 . ( canceled ) 
17 . A method of stabilizing an electric machine compris 

ing : 
providing an electric machine comprising ; 

a rotor comprising ; 
a shaft defining a length - wise shaft axis ; 
a rotor back assembly surrounding a portion of the 

shaft ; and 

a plurality of permanent magnets radially positioned 
around the rotor back assembly ; and 

a stator comprising ; 
a plurality of electromagnets radially positioned 

around the rotor and separated from an exterior 
surface of the rotor by a magnetic air gap ; 

supporting the stator and the rotor with a housing ; 
stabilizing the rotor by providing a first thermally con 

ductive dielectric encapsulant substantially filling the 
gap between two adjacent permanent magnets and 
being in thermal contact with the two adjacent perma 
nent magnets ; and . 

stabilizing the stator by providing a second thermally 
conductive dielectric encapsulant in contact with adja 
cent electromagnets . 

18 . The method of claim 17 further comprising enclosing 
the rotor and stator in a totally enclosed non - ventilated 
( TENV ) housing . 

19 . The method of claim 17 , further comprising contact 
ing the first thermally conductive dielectric encapsulant with 
the rotor back assembly between the two adjacent permanent 
magnets . 

20 . The method of claim 19 further comprising : 
providing the rotor back assembly with an anchoring 

surface between the adjacent permanent magnets ; and 
attaching the first thermally conductive dielectric encap 

sulant to the anchoring surface . 
21 . The method of claim 20 wherein the anchoring surface 

comprises a groove formed in the rotor back assembly 
between the adjacent permanent magnets . 

22 . The method of claim 17 further comprising surround 
ing an outward face of each of the plurality of permanent 
magnets facing the air gap with a prestressed retainer band . 

23 . The method of claim 17 further comprising providing 
the permanent magnets with a radial thickness dimension 
measured along a radial line extending radially outward 
from the shaft axis , which radial thickness is at least 8 times 
greater than the width of the magnetic air gap measured 
along the radial line . 

24 . The method of claim 17 wherein at least one of the 
first thermally conductive dielectric encapsulant and the 
second thermally conductive encapsulant comprises a poly 
mer and a heat transfer element embedded in the polymer 
having higher thermal conductivity than the polymer . 

25 . The method of claim 17 further comprising contacting 
the second thermally conductive dielectric encapsulant with 
the housing . 

26 . The method of claim 25 further comprising substan 
tially filling a perimeter portion of the housing with the 
second thermally conductive encapsulant . 

27 . The method of claim 17 further comprising embed 
ding one or more sensors in the second thermally conductive 
dielectric encapsulant . 

28 . The method of claim 27 further comprising embed 
ding a heat sensor and a vibration sensor in the second 
thermally conductive dielectric encapsulant . 

29 . The method of claim 17 further comprising : 
providing a first bearing in contact with the housing 

supporting the rotor ; 
providing a second bearing in contact with the housing 

supporting an opposite end of the rotor , wherein the 
first bearing and the second bearing are removable from 
an exterior surface of the housing without opening the 
housing 


