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HIGH TEMPERATURE ALTERNATOR FOR GEOTHERMAL APPLICATIONS

CROSS-REFERENCE TO RELATED APPLICATION
This application claims priority to U.S. Provisional Patent Application No. 63/344,216

filed on May 20, 2022, the contents of which are incorporated herein by reference in their entirety.

CONTRACTUAL ORIGIN
This invention was made with United States government support under Contract No. DE-
AC36-08G028308 awarded by the U.S. Department of Energy. The United States government has

certain rights in this invention.

BACKGROUND

The potential for geothermal energy generation is significantly limited by the speed and
cost of drilling geothermal wells through hard rock formations. Drilling rates for geothermal
energy in the United States average approximately 125 feet per day, more than almost 40 times
slower than drilling rates through softer rocks in the oil and gas industry. As the rock formations
drilled through are difterent for the two industries, traditional drilling methods and devices used
in the oil and gas industry cannot easily be utilized in geothermal energy. To access hotter
geothermal energy sources, drilling system components need to withstand temperatures greater
than approximately 250 °C. Thus, there exists a need for a drilling system which can operate at
these high temperatures and effectively drill geothermal energy wells through hard rock

formations.

SUMMARY

Among other things, the present disclosure relates to an alternator for high temperature
applications, that is, an alternator capable of operating at temperatures greater than approximately
250 °C. The alternator for high temperature applications may include permanent magnet poles
arranged in a topology which may enable the alternator for high temperature applications and
connected application system to start without an external or auxiliary power source. When used in
geothermal drilling applications, the alternator for high temperature applications may be capable
of using drilling fluid as a coolant. This is because in geothermal drilling applications, the drilling
fluid may be slightly cooler (i.e., approximately 50 °C less than) the alternator for high temperature

applications.
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An aspect of the present disclosure is an alternator for high temperature applications, the
alternator including a stator having an interior, and a rotor includes a permanent magnet pole
embedded within the rotor in which the rotor is concentrically positioned within the interior of the
stator, the permanent magnet is made of samarium cobalt (SmCo). In some embodiments, the
alternator also includes rotor shaft which is substantially concentric to the stator and the rotor, the
shaft comprises a hole, and a fluid is configured to flow through the hole. In some embodiments,
the fluid is a drilling fluid which may be used to cool the alternator. In some embodiments, the
alternator may be capable of operating at temperatures greater than approximately 200 °C. In some
embodiments, the permanent magnet pole comprises a V-type double layer formation which
includes a first permanent magnet pole and a second permanent magnet pole meeting at an angle,
and the angle is greater than approximately 90°. In some embodiments, the stator includes more
than 25 slots. In some embodiments, the stator has 27 slots. In some embodiments, the stator has
a double layer winding, and has a 4-slot span. In some embodiments, the double layer winding has
greater than 4 turns. In some embodiments, the double layer winding makes 5 turns, and the double
layer winding has 10 turns per slot. In some embodiments, the alternator can generate at least 35
kW of power. In some embodiments, the rotor can be operated at a speed in the range of about 500
rpm to about 2000 rpm. In some embodiments, the rotor can be operated at a speed of
approximately 900 rpm. In some embodiments, the rotor can be operated at a speed of

approximately 1200 rpm.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments are illustrated in the referenced figures of the drawings. It is
intended that the embodiments and figures disclosed herein are considered to be illustrative rather
than limiting.

FIG. 1 illustrates a top view of an exemplary alternator for high temperature applications,
according to some aspects of the present disclosure.

FIG. 2 illustrates a coil winding layout for an exemplary alternator for high temperature
applications, according to some aspects of the present disclosure.

FIG. 3 illustrates the mechanical power and electrical power at operating conditions of
approximately 900 rpm and approximately 350 °C for an exemplary alternator for high temperature

applications, according to some aspects of the present disclosure.
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FIG. 4 illustrates the mechanical torque for approximately 35kW power output at operating
conditions of approximately 900 rpm and approximately 350 °C for an exemplary alternator for
high temperature applications, according to some aspects of the present disclosure.

FIG. 5A illustrates phase voltages and FIG. 5B illustrates phase currents for an exemplary
alternator for high temperature applications, according to some aspects of the present disclosure.

FIG. 6 illustrates transient thermal test results for a rotor speed of approximately 900 rpm
showing temperature rise reaching steady state conditions of an exemplary alternator for high
temperature applications, according to some aspects of the present disclosure.

FIG. 7 illustrates the temperatures of components within an exemplary alternator for high
temperature applications during transient thermal testing for a rotor speed of approximately 900
rpm, according to some aspects of the present disclosure.

FIG. 8 illustrates transient thermal test results for a rotor speed of approximately 1200 rpm
showing temperature rise reaching steady state conditions of an exemplary alternator for high
temperature applications, according to some aspects of the present disclosure.

FIG. 9 illustrates the temperatures of components within an exemplary alternator for high
temperature applications during transient thermal testing for a rotor speed of approximately 1200
rpm, according to some aspects of the present disclosure.

FIG. 10 illustrates transient thermal test results showing safe operating conditions for the
alternator for high temperature applications, according to some aspects of the present disclosure.

FIG. 11 illustrates the temperatures of components within an exemplary alternator for high
temperature applications during transient thermal testing showing safe operating conditions for the
alternator for high temperature applications, according to some aspects of the present disclosure.

FIG. 12 illustrates mechanical power in, electrical power generated, and efficiency with
increasing current draw for the alternator for high temperature applications, according to some
aspects of the present disclosure.

FIG. 13 illustrates mechanical power in, electrical power generated, and efficiency with
increasing rotor speed for the alternator for high temperature applications, according to some
aspects of the present disclosure.

FIG. 14 illustrates induced peak phase voltage with increasing rotor speed for the alternator

for high temperature applications, according to some aspects of the present disclosure.
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FIGS. 15A-B illustrates a computer aided design (CAD) view of the alternator for high
temperature applications with end caps hidden (FIG. 15A) and endcaps shown (FIG. 15B),
according to some aspects of the present disclosure.

FIG. 16A illustrates a V-type single layer, FIG. 16B illustrates a V-type double layer, FIG.
16C illustrates a spoke type, and FIG. 16D illustrates a square type of interior permanent magnet
machine topologies which may be used in various embodiments of the alternator for high

temperature applications, according to some aspects of the present disclosure.

REFERENCE NUMERALS
100...alternator for high temperature applications

105... permanent magnet pole

107...angle
110...rotor
115...coils
120...stator

125. . shaft space
130...slot

135. . .rotor shaft
140...end caps
145. .. outer shell

DETAILED DESCRIPTION

The embodiments described herein should not necessarily be construed as limited to
addressing any of the particular problems or deficiencies discussed herein. References in the
specification to “one embodiment”, “an embodiment”, “an example embodiment”, “some
embodiments”, etc., indicate that the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may not necessarily include the particular
feature, structure, or characteristic. Moreover, such phrases are not necessarily referring to the
same embodiment. Further, when a particular feature, structure, or characteristic is described in
connection with an embodiment, it is submitted that it is within the knowledge of one skilled in
the art to affect such feature, structure, or characteristic in connection with other embodiments

whether or not explicitly described.
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As used herein the term “substantially” is used to indicate that exact values are not
necessarily attainable. By way of example, one of ordinary skill in the art will understand that in
some chemical reactions 100% conversion of a reactant is possible, yet unlikely. Most of a reactant
may be converted to a product and conversion of the reactant may asymptotically approach 100%
conversion. So, although from a practical perspective 100% of the reactant is converted, from a
technical perspective, a small and sometimes difficult to define amount remains. For this example
of a chemical reactant, that amount may be relatively easily defined by the detection limits of the
instrument used to test for it. However, in many cases, this amount may not be easily defined,
hence the use of the term “substantially”. In some embodiments of the present invention, the term
“substantially” is defined as approaching a specific numeric value or target to within 20%, 15%,
10%, 5%, or within 1% of the value or target. In further embodiments of the present invention, the
term “substantially” is defined as approaching a specific numeric value or target to within 1%,

0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of the value or target.

As used herein, the term “about” is used to indicate that exact values are not necessarily
attainable. Therefore, the term “about” is used to indicate this uncertainty limit. In some
embodiments of the present invention, the term “about” is used to indicate an uncertainty limit of
less than or equal to £20%, +15%, +10%, £5%, or +£1% of a specific numeric value or target. In
some embodiments of the present invention, the term “about” is used to indicate an uncertainty
limit of less than or equal to £1%, +0.9%, +0.8%, £0.7%, £0.6%, +0.5%, £0.4%, +0.3%, +0.2%,

or £0.1% of a specific numeric value or target.

Among other things, the present disclosure relates to an alternator for high temperature
applications, that is, an alternator capable of operating at temperatures in excess of approximately
250 °C. The alternator for high temperature applications may include permanent magnet poles
arranged in a topology which may enable the alternator for high temperature applications and
connected application system to start without an external or auxiliary power source. When used in
geothermal drilling applications, the alternator for high temperature applications may be capable
of using drilling fluid as a coolant. This is because in geothermal drilling applications, the drilling
fluid may be slightly cooler (i.e., approximately 50 °C less than) the alternator for high temperature

applications.
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Typical pulsed electric drilling for geothermal applications requires large amounts of
power (for example, up to approximately 300 kW) The alternator for high temperature
applications as described herein may produce electricity from pumped drilling fluid to power the
pulsed electric drilling. The alternator for high temperature applications may be capable of fitting
within a downhole drilling environment, that is, the alternator for high temperature applications
may be small enough to fit within a casing or pipe having an outer diameter of approximately

10.25 inches.

FIG. 1 illustrates a top view of an exemplary alternator for high temperature applications
100, according to some aspects of the present disclosure. In some embodiments, the alternator for
high temperature applications 100 may include the following components: a plurality of permanent
magnet poles 105, a rotor 110, a plurality of coils 115 of wire, a stator 120, and a shaft space 125
(i.e., a hole where a rotor shaft 135 (not shown in FIG. 1) may be inserted). In the example of FIG.
1., the alternator for high temperature applications 100 includes six (6) permanent magnet poles
105, however, more or less permanent magnet poles 105 may be used. In the example of FIG. 1,
the permanent magnets poles 105 had a pole height of approximately 8 mm, although the
permanent magnet pole 105 heights may be in the range of about 1 mm to about 50 mm. In the
example of FIG. 1, the permanent magnets poles 105 are arranged in a V-type double layer
formation, meaning the plurality of permanent magnet poles 105 are arranged in two substantially
parallel V shapes, but other topologies may be used (see FIGS. 16A-D) . In the example of FIG.
1, the angles between the permanent magnet poles 105 were greater than about 90°, however,
angles may be in the range of about 10° to about 140°. In the example of FIG. 1, the alternator for
high temperature applications 100 has an axial length of approximately 600 mm (not shown in
FIG. 1), although axial lengths in the range of about 50 mm to about 1000 mm may be used. In the
example of FIG. 1, the stator 120 has 27 slots, however, the number of slots may be in the range
of about 10 to about 50. In some embodiments, the alternator for high temperature applications
100 may have a 6 pole design with a 27 slot stator 120 and double layer coil 115 windings and 4
slot span, resulting in a high winding factor and maximum efficiency while maintaining a torque
ripple of less than about 3%. The winding configuration of the coils 115 of the alternator for high
temperature applications 100 is shown in FIG. 2. As shown in FIG. 2, the winding for the alternator
for high temperature applications 100 includes approximately five (5) turns for a total of about 10

turns per slot 130, however, the turns and windings of the coils 115 could be larger or smaller than
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this example. The windings of the coils 115 and the slots 130 may concentrically surround the
shaft space 125.

In some embodiments, the rotor 110 may be composed of laminated stacks with attached
and/or embedded permanent magnet poles 105 . The permanent magnet poles 105 may be
samarium cobalt magnets which are pre-magnetized and coated as required for operation at
temperatures greater than 250 °C. The rotor shaft 135 (see FIGS. 15A-B) may be made of
aluminum or another common metal. In some embodiments, the process for manufacturing the
rotor 110 may include shaft machining (i.e., forming the rotor shaft 135 (see FIGS. 15A-B) from
a solid rod), attaching permanent magnet poles 105 to the rotor shaft 135, and then assembling
bearings to the rotor shaft 135 to form the rotor 110. In some embodiments, the rotor shaft 135
may be made of copper, aluminum, and/or steel. In some embodiments, the permanent magnet

poles 105 may be coated to operate at a temperature of approximately 250 °C.

In some embodiments, the stator 120 may include a stack of electrical steel laminations,
which may be coated in lacquer for insulation, and are wound with wire coils 115. The electrical
steel laminations may be stamped out of an electrical steel sheet. The laminations may stacked in
layers to make up body of the stator 120, which may prevent eddy currents in the stator 120. Wire
coils 115 may be wound onto the stator 120. The wire of these coils 115 may coated in a high-
temperature insulating material. After installing wire coils 115 onto the stator 120, epoxy resin
may be used to fill gaps between coils 115 to prevent leaks and arcing. Dipping and vacuum
pressure impregnation forces this resin through the coils 115 of the stator 120. The stator 120 may
be baked to allow the high temperature epoxy resin to cure (i.e., set). In some embodiments, the
process of manufacturing the stator 120 may include stamping laminations of electrical steel
(which may be coated) onto relatively flat sheets, laminating/stacking the stamped laminations of
electrical steel to form the stator 120 core, winding insulation-coated wire (for example, copper)

into coils 115 around the stator 120 core, and sealing the stator 120 to prevent shorting or arcing.

FIG. 3 illustrates the mechanical power-in and electrical power-out of an alternator for high
temperature applications 100 as described in some embodiments. As shown in FIG. 3, the
alternator for high temperature applications 100 may achieve a target power rating of
approximately 35 kW at a rotor 110 speed of approximately 900 rpm with a system temperature
of approximately 350 °C. This demonstrates how the alternator for high temperature applications

100 may be operated at high temperatures (i.e., temperatures greater than about 250 °C) while still
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performing as desired. The efficiency of the alternator for high temperature applications 100 is
approximately 80% with a mechanical torque of approximately 480 Nm (see FIG. 4) at the power
rating of approximately 35 kW at a rotor 110 speed of approximately 900 rpm with a system
temperature of approximately 350 °C. The phase voltages for the alternator for high temperature
applications 100 are shown in FIGS. 5A and 5B for operation at a power rating of approximately
35 kW at arotor 110 speed of approximately 900 rpm with a system temperature of approximately
350 °C.

FIG. 4 illustrates the mechanical torque for approximately 35SkW power output at operating
conditions of approximately 900 rpm and approximately 350 °C for an exemplary alternator for
high temperature applications 100, according to some aspects of the present disclosure. FIG. 4
illustrates the mechanical torque required to produce the electrical power (i.e., the mechanical
loading) for the alternator for high temperature applications 100 was approximately 480 Nm,
which it was able to achieve after about 10 ms.

FIG. 5A illustrates phase voltages and FIG. 5B illustrates phase currents for an exemplary
alternator for high temperature applications 100, according to some aspects of the present
disclosure. The phase voltages were in the range of about -325 V to about 330V and the phase
currents were in the range of about -105 A to about 105 A. In testing, the alternator for high
temperature applications 100 had a peak voltage per phase of approximately 327 V and a peak
current of approximately 102 A. The predicted full-scale voltage if 9 alternators for high
temperature applications 100 were used together would be less than about 3 kV.

FIG. 6 illustrates transient thermal test results for a rotor 110 speed of approximately 900
rpm showing temperature rise reaching steady state conditions of an exemplary alternator for high
temperature applications 100, according to some aspects of the present disclosure. The key
component temperatures are the permanent magnet poles 105 and the coils 115 of wire which
together most determine the alternator for high temperature application’s 100 performance. The
temperature of these components over an approximately 10,000 second time interval are shown in
FIG. 6. The temperature of the permanent magnet poles 105 and coils 115 of wires reach an
approximately steady state and the average temperature does not exceed approximately 310 °C, as
shown in FIG. 7.

When the alternator for high temperature applications 100 is used for geothermal drilling

applications, the drilling rate may be controlled by increasing the flow rate (and therefore the rotor
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110 speed and power induced by the alternator for high temperature applications 100). The rotor
110 in the alternator for high temperature applications 100 may be capable of operating at a range
of approximately 500 rpm to approximately 2000 rpm.

FIG. 8 illustrates transient thermal test results for a rotor speed of approximately 1200 rpm
showing temperature rise reaching steady state conditions of an exemplary alternator for high
temperature applications, according to some aspects of the present disclosure. The torque loading
and inlet temperature were maintained approximately consistent during the operating at a rotor
110 speed of approximately 1200 rpm. When used in drilling applications (such as for geothermal
drilling), the drilling rate of the drilling system could be controlled by the alternator. This may be
done using the flow rate of drill fluid through the rotor shaft 135, which impacts the rotor 110
speed and thus the power produced by the alternator. In the testing in FIG. 8, when the rotor 110
speed was increased to approximately 1200 rpm the fluid (i.e., drilling fluid) flow rate through the
rotor shaft 135 was proportionally increased (mimicking how increasing rotor 110 speed could be
enacted). The results shown in FIG. 8 indicate that the proportionally increased fluid flow rate
compensates for the increased power production and the temperature rises are approximately
equivalent to as at an approximately 900 rpm operating speed (that is, the drilling fluid reduces the
temperature of the alternator for high temperature applications 100 at this rotor 110 speed). FIG.
9 illustrates the temperatures of components within an exemplary alternator for high temperature
applications 100 during transient thermal testing for a rotor 110 speed of approximately 1200 rpm,
according to some aspects of the present disclosure.

For this test the rotor 110 speed was approximately 900 rpm with a flow rate of
approximately 4160 1/m, and a load torque of approximately 480 Nm. The temperature was
maintained at approximately 350 °C to mimic actual operating conditions. The results (shown in
FIGS. 10 and 11) indicate that a steady state temperature was achieved with average temperatures
for coils 115 of wires of about 448.7 °C and permanent magnet poles 105 of about 387 °C. The
alternator for high temperature applications 100 could thus operate before a maximum temperature
of 400 °C i1s exceeded. FIG. 10 illustrates the transient thermal test results showing safe operating
conditions for the alternator for high temperature applications 100, according to some aspects of
the present disclosure. FIG. 11 illustrates the temperatures of components within an exemplary

alternator for high temperature applications 100 during transient thermal testing showing safe
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operating conditions for the alternator for high temperature applications 100, according to some
aspects of the present disclosure.

FIG. 12 illustrates mechanical power in, electrical power generated, and efficiency with
increasing current draw for the alternator for high temperature applications 100, according to some
aspects of the present disclosure. To determine the maximum power the alternator for high
temperature applications 100 and associated geothermal drilling system could potentially produce
at a rotor 110 speed of approximately 900 rpm, a series of tests were performed where the current
draw was increased by lowering the load resistance, starting at the approximately 35 kW operating
point. The results are shown in FIG. 12 where the electrical output rises until a peak point of
approximately 52 kW whereafter the increase in current does not increase the electrical power
generated. The efficiency decreases with increasing current draw. FIG. 12 indicates that increasing
the electrical power to about 45 kW is possible while maintaining an efficiency of approximately
77%. It appears there was minimal demagnetization of the permanent magnet poles 105 even at

the peak of approximately S2kW rating.

FIG. 13 illustrates mechanical power in, electrical power generated, and efficiency with
increasing rotor speed for the alternator for high temperature applications 100, according to some
aspects of the present disclosure. In some embodiments, when the alternator for high temperature
applications 100 is used for geothermal drilling, the drilling speed of the entire drilling system may
be controlled by controlling the alternator for high temperature applications 100 speed (i.e., the
rotor 110 speed) using the drilling fluid flow rate. Rotor 110 speeds were tested at approximately
900 rpm, approximately 1200 rpm, and approximately 2000 rpm. Results shown that the power
increases approximately linearly with the flow rate of the drilling fluid (see FIG. 13). The
efficiency of the drilling system increases with an increase of rotor 110 speed. For these tests, the
current draw was maintained at approximately 92 A, meaning the increase in power is a result of
the increased voltage, as shown in FIG. 14. FIG. 14 illustrates induced peak phase voltage with
increasing rotor speed for the alternator for high temperature applications 100, according to some

aspects of the present disclosure.

FIGS. 15A-B illustrates a computer aided design (CAD) view of the alternator for high
temperature applications 100 with end caps 140 hidden (FIG. 15A) and endcaps 140 shown (FIG.

15B), according to some aspects of the present disclosure. In these views, the rotor shaft 135 is

10
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shown, and the rotor 110 is concentrically connected to the rotor shaft 135 and located within the
stator 120.

FIG. 16A illustrates a V-type single layer, FIG. 16B illustrates a V-type double layer, FIG.
16C illustrates a spoke type, and FIG. 16D illustrates a square type of interior permanent magnet
pole 105 topologies which may be used in various embodiments of the alternator for high
temperature applications 100, according to some aspects of the present disclosure. The components
of each of FIGS. 16A-D are the same (and the same as shown in FIG. 1), however, the orientation
of the permanent magnet poles 105 is what differs. In testing, it was determined that a V-type
double layer (as shown in FIG. 16C) was the preferred permanent magnet pole 105 topology. This
topology allows the permanent magnet poles 105 to stay magnetized even when the alternator for
high temperature applications 100 is operated at high temperatures.

Thermal expansion analysis of the alternator for high temperature applications 100 was
performed at temperatures of approximately 300 °C and approximately 350 °C. The results in
indicated that thermal expansion may cause the airgap (i.e., the difference in diameter between the
stator 120 and the rotor 110) to increase as both the rotor 110 and stator 120 expand, but not enough
to detrimentally affect the performance of the alternator for high temperature applications 100. At
both approximately 300 °C and approximately 350 °C, the airgap increases to approximately 1.6
mm. The alternator for high temperature applications 100 may have an airgap as large as about 2
mm and still operate at approximately 35 kW, with a rotor 110 speed of approximately 900 rpm,
at an operating temperature of approximately 350 °C. An airgap increase of approximately 0.5 mm

is not expected to significantly impact performance.

The alternator for high temperature applications 100 as described herein may be used in a
variety of applications or industries. The alternator for high temperature applications 100 may be
used in situations where the ambient environment reaches a high temperature and/or when space
and mass are limited such that the alternator device cannot be moved away from the heat source
to cool. Example of situations where the alternator for high temperature applications 100 may be
used include geothermal drilling applications, oil and gas drilling applications, aviation and

aerospace, electric vehicles, and ventilation systems when needed for fire mitigation.

The foregoing discussion and examples have been presented for purposes of illustration
and description. The foregoing is not intended to limit the aspects, embodiments, or configurations

to the form or forms disclosed herein. In the foregoing Detailed Description for example, various

11
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features of the aspects, embodiments, or configurations are grouped together in one or more
embodiments, configurations, or aspects for the purpose of streamlining the disclosure. The
features of the aspects, embodiments, or configurations, may be combined in alternate aspects,
embodiments, or configurations other than those discussed above. This method of disclosure is not
to be interpreted as reflecting an intention that the aspects, embodiments, or configurations require
more features than are expressly recited in each claim. Rather, as the following claims reflect,
inventive aspects lie in less than all features of a single foregoing disclosed embodiment,
configuration, or aspect. While certain aspects of conventional technology have been discussed to
facilitate disclosure of some embodiments of the present invention, the Applicants in no way
disclaim these technical aspects, and it is contemplated that the claimed invention may encompass
one or more of the conventional technical aspects discussed herein. Thus, the following claims are
hereby incorporated into this Detailed Description, with each claim standing on its own as a

separate aspect, embodiment, or configuration.

12
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CLAIMS

What is claimed is:

An alternator for high temperature applications, the alternator comprising:

a stator having an interior; and

a rotor comprises a permanent magnet pole embedded within the rotor; wherein:
the rotor is concentrically positioned within the interior of the stator, and

the permanent magnet pole comprises samarium cobalt (SmCo).

The alternator of claim 1, further comprising:
a rotor shaft which is substantially concentric to the stator and the rotor; wherein:
the shaft comprises a hole, and

a fluid is configured to flow through the hole.

The alternator of claim 1, wherein:

the fluid comprises a drilling fluid.

The alternator of claim 3, wherein:

the drilling fluid is configured to cool the alternator.

The alternator of claim 1, wherein:

the alternator is capable of operating at temperatures greater than approximately 200 °C.

The alternator of claim |, wherein:
the permanent magnet pole comprises a V-type double layer formation,

the V-type double layer formation comprises a first permanent magnet pole and a second

permanent magnet pole meeting at an angle, and

7.

the angle comprises greater than approximately 90°.

The alternator of claim 1, wherein:

the stator comprises greater than 25 slots.

13
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10.

11.

12.

13.

pm.

14.

15.

The alternator of claim 7, wherein:

the stator comprises 27 slots.

The alternator of claim 7, wherein:
the stator has a double layer winding, and

the stator has a 4 slot span.

The alternator of claim 9, wherein:

the double layer winding comprises greater than 4 turns.
The alternator of claim 9, wherein:
the double layer winding comprises 5 turns, and

the double layer winding comprises 10 turns per slot.

The alternator of claim 1, wherein:

the alternator is configured to generate at least 35 kW of power.

The alternator of claim 1, wherein:

the rotor is configured to operate at a speed in the range of about 500 rpm to about 2000

The alternator of claim 13, wherein:

the rotor is configured to operate at a speed of approximately 900 rpm.

The alternator of claim 16, wherein:

the rotor is configured to operate at a speed of approximately 1200 rpm.

14



WO 2023/225627 PCT/US2023/067212
1/16

— 100

FIG. ]

SUBSTITUTE SHEET (RULE 26)



222222222222222222222222222222




WO 2023/225627 PCT/US2023/067212
3/16

507

40 ¢

FPower (KW)
(3
<3

3
<3
T

4

o/

Elsctic Power
Mechanical Power

{} H X } i i £ L §
0 5 10 15 20 25 30 36 40

SUBSTITUTE SHEET (RULE 26)



WO 2023/225627 PCT/US2023/067212
4/16

500
400 +
= 300 ¢
Wy
=3
= i
& 200+
100 +
g i : 5 i 1S i Y i
g 5 10 15 28 25 30 35 40
Time {(ms)
FIG. 4

SUBSTITUTE SHEET (RULE 26)



WO 2023/225627

~200

=300

Q¥

5/16

| v 23380 |

400 ¢

50+

urrent (A}

-

<

in
fs

£

oemssses Piinae O

PCT/US2023/067212

5 -

oo Piftang K
sosvsneees Ly B
| oo g O e

40

25

- n .

10
Thre {ms)

FlG, 58

SUBSTITUTE SHEET (RULE 26)



PCT/US2023/067212

WO 2023/225627

000" 01

000°6

<

(3008

000°L

000°9

9 'DI4

{oes) oun g

000°s

000y

AN

0007

0001

O

6/16

L3T

V6l
10e

Jadmoy

{0,) sme

SUBSTITUTE SHEET (RULE 26)



PCT/US2023/067212
7/16

WO 2023/225627

L4

g

A HAy
e
&

BRusigasisy « YRSt ka3 ¢ LeRinianyy @
LALG

7 rnin
L5hh 813 LAY rwewnaan .\\t\\ﬁ:\.\m mm P wtin
: ‘
: e
iememarrmisarimas RS T @u R

atiomes + e Ryl

P
i
51

S 5 AN LYG M
w3y

23T
B

DAVBLE

g -

s IXRE AFe m R s -
T N T Sy Jcs

e byt
B w\ REP LR LI 3

prey: iy Lo RS
0.89i% L
s 3 LR

fer STt e

faSk: 5324

D559,
Foipi g

33 85907 - SEERKIRIARO R,
Pt st > 2

s O

P4 X4

i BARRKY
G i3

e GrdResed sy Yl SURISURES,

SUBSTITUTE SHEET (RULE 26)



PCT/US2023/067212

WO 2023/225627

8/16

Q0001 000'6

000 000°L

0009

¥ D4

{oos) swury

000°¢ OO0y

000°¢ 0007

000°1

(e e

(7.} ssmgerdu

SUBSTITUTE SHEET (RULE 26)



PCT/US2023/067212

WO 2023/225627

9/16

6 Dl

D085

pare SRS

Sl bl a5

)

%

AWIL

@

{ vy
{ e i

55t 285

Sy
AP 3,5 %67

Aore, WY JORIAT S snnnnen

§7 g
3.5 Gamgiiis

[ 515 VAT p—
mxmwmumv«& "
2Lt

Ligaris S

{omgrdiving
YO g

vy

PR

A
PS8

$ERBIBNT

rormigeroy

2 g f

Pt « WD SO + RN ﬁ

H b
et

R Eish

3%

H : :
oS paRey et S ABE
8 v

313k FRADAL

$E427 < S

fepan it s 2t by v zhobe

et g Kl

2.1

ey by + ey

i

.‘
o]
e
P
gl

peliogs 4

Fsnig
Z4-Rusrt

L B

4]

o
e GYE Buting

AL PERSSnGE
B R Tt 1 Fragyg g R 25

g sk

w

a

YN
SRARREAI S
sausRKINKsE B

AR

K

FYrS

SO

EROPHENS LS

Pzt

s I
““““““““““ Sl ) 3t

o URE]

LS S ) Lo

SUBSTITUTE SHEET (RULE 26)



PCT/US23/67212 31 July 2023 (31.07.2023)

PCT/US2023/067212

WO 2023/225627

10/16

Gl BId

{(sas) sun ),

CETE S 1§ TN 7 000 O0<°¢ 000°¢ 60s‘T 000°7 0081 R 30 {0
=

RV

it N

. i i

NM -

%%N, o x

007 3
o1y 2
ey B
Sy ©
oy O3
o8t
96t
Tis
e
095

SUBSTITUTE SHEET (RULE 26)



PCT/US2023/067212
11/16

PCT/US23/67212 31 July 2023 (31.07.2023)
WO 2023/225627

L 514

g v foa
TREERY pe 2 B0

Pt o o

SREG « (BRI

LAY .
eS8y

A

DESAE amgenley 03
JES i w3 LML &

TR

s
s
R L
3 23 Z
B o3 < vy K ez g « 9853

DRGSOng s RS B8 S R ]

PSR

P35DNN m PATH 5E BdHRID Zoeg

437 REE
B3 RIREEDAT S, M
fonof $oiond

WH Py s T L DAY2EE

3LE8Y

LR s

L4

2™ ATy

3R PEFUT IS sy daea

SSm——

0283

SAGRL

% @. e
o 2o 24
5
5 $eeinas
e SeiiBeRvy
s ot sty s f At LTSt BIBIGISARY,

SUBSTITUTE SHEET (RULE 26)



WO 2023/225627 PCT/US2023/067212

12/16
100 ¢ | -85
™ e B lezctrical Power Out
g0 - ™o Mechanical Power I i 80
= = «Eficiency

Power (kW)
Efficiency

30 b , 1 45

<
100 150 200 250
Current (A}
FiG. 12

SUBSTITUTE SHEET (RULE 26)



Efficiency

WO 2023/225627 PCT/US2023/067212
13/16
100 1 193
Electrical Power Qut
a0 - Mechanical Power In 82
= = Efficiency
ik
80 1 |
180
§ 70r -89
2
& B0r - 88
.
- 87
50 1
o - 86
40 | o
0 o 185
¢
3{} { : ) i H 84
300 1000 1200 1400 1600 1800 2000

Spaed {A)

FiGo 13

SUBSTITUTE SHEET (RULE 26)



WO 2023/225627 PCT/US2023/067212
14/16

in
5
<

Voltage (V)
£
3
Lo

450 ¢

400 -

350 -

£

300 : : ‘ ‘ '
800 1000 1200 1400 1600 1800 2000

Spaed (A)

FIG. 14

SUBSTITUTE SHEET (RULE 26)



WO 2023/225627 PCT/US2023/067212
15/16

EQG“WWNWQ
145

FIGL 15A

100
Pa

FIG. 158

SUBSTITUTE SHEET (RULE 26)



WO 2023/225627 PCT/US2023/067212
16/16

FIG. 16A

FiG. 160 FIG. 16D

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US 23/687212

A. CLASSIFICATION OF SUBJECT MATTER
IPC - INV. HO02K 1/27 (2023.01)

ADD. H02K 15/03, HO2K 9/06 (2023.01)

CPC - INV. HO2K 1/276

ADD. Ho2K 15/03, HO2K 9/06
{ According to Interpational Patent Classification (IPCY or to both national classification and JPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
See Search History document

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

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 5,502,368 A (SYVERSON et al.) 26 March 1996 (26.03.1996); entire document, especially 1,5,7-15
- col 7 In 66 to col 8 In 8, and Fig. 3. -
Y . 124,86
Y US 2006/0283636 A1 (REAGAN) 21 December 2006 (21.12.2006); especially para [0021], and |2-4
Fig. 1.
Y ~|CN 103280904 A (SUZHOU HEXIN ELECTRIC CO LTD) 4 September 2013 (04.09.2013); 6
especially Translation- pg 3 Detailed Description para 3-4, and Fig. 2.
A US 6,191,561 B1 (BARTEL) 20.February 2001 (20.02.2001); entire document. 1-15
D Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T”  later document published after the international filing date or priority

date and not in conflict with the application but cited to understand

“A™ document defining the general state of the art which is not considered ne | . v .
: the principle or theory underlying the invention

to be of particular relevance

“D” document cited by the applicant in the international application “X” document of particular relevance; the claimed invention cannot be

“E” earlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive step
filing date when the document is taken alone

“L” document which may. throw doubts on priority claim(s) or which “Y” document of particular relevance; the claimed invention cannot
is cited to establish the publication date of another citation or other be considered to involve an inventive step when the document is
special reason (as specified) . combined with one or more other such documents, such combination

“0” documentreferring toan oral disclosure, use, exhibition or othermeans being obvious to a person skilled in the art

“P”  document published prior to the international filing date but later than “&” document member of the same patent family
the priority date claimed ’

Date of the actual completion of the international search Date of mailing of the international search report
7 August 2023 S E P 0 7 20 23
Name and mailing address of the ISA/US Authorized officer

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Kari Rodriquez

P.O. Box 1450, Alexandria, Virginia 22313-1450 .

Facsimile No. 571-273-8300 Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2022)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - claims
	Page 16 - claims
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - wo-search-report

