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HYBRID PROPULSION SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application is a Non-Provisional Application claiming priority to U.S. Provisional
Patent Application No. 63/312,803, entitled “Hybrid Propulsion System”, filed February 22, 2022,
and U.S. Provisional Application No. 63/257,378, entitled “Hybrid Propulsion System”, filed

October 19, 2021, which are herein incorporated by reference.

BACKGROUND

[0002] This section is intended to introduce the reader to various aspects of art that may be
related to various aspects of the present disclosure, which are described and/or claimed below.
This discussion is believed to be helpful in providing the reader with background information to
facilitate a better understanding of the various aspects of the present disclosure. Accordingly, it
should be understood that these statements are to be read in this light, and not as admissions of

prior art.

[0003] Advances and technologies deployed in the automotive industry have allowed for an
increase in the number of hybrid gas-electric automobiles in use. Hybrid automobiles allow for
the reduction of fuel consumption and the emissions associated therewith. In contrast,

propulsion systems for aircraft typically continue to utilize traditional gas turbine engines.

BRIEF DESCRIPTION OF DRAWINGS

[0004] FIG. 1 illustrates a side view of a first propulsion system, in accordance with an

embodiment;

[0005] FIG. 2 illustrates a cross-sectional side view of the first propulsion system of FIG. 1, in

accordance with an embodiment;

[0006] FIG. 3 illustrates a side view of a second propulsion system, in accordance with an

embodiment;
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[0007] FIG. 4 illustrates a cross-sectional side view of the second propulsion system of FIG. 3,

in accordance with an embodiment;

[0008] FIG. 5 illustrates a side view of a third propulsion system, in accordance with an

embodiment;

[0009] FIG. 6 illustrates a cross-sectional side view of the third propulsion system of FIG. 5, in

accordance with an embodiment;

[0010] FIG. 7 illustrates a side view of a fourth propulsion system, in accordance with an

embodiment;

[0011] FIG. 8 illustrates a cross-sectional side view of the fourth propulsion system of FIG. 7,

in accordance with an embodiment;

[0012] FIG. 9 illustrates a side view of a fifth propulsion system, in accordance with an

embodiment;

[0013] FIG. 10 illustrates a cross-sectional side view of the fifth propulsion system of FIG. 9, in

accordance with an embodiment;

[0014] FIG. 11 illustrates a side view of a sixth propulsion system, in accordance with an

embodiment;

[0015] FIG. 12 illustrates a cross-sectional side view of the sixth propulsion system of FIG. 11,

in accordance with an embodiment;

[0016] FIG. 13 illustrates a method of control of the any of propulsion systems of FIGS. 1-12,

in accordance with an embodiment;
[0017] FIG. 14 illustrates a seventh propulsion system, in accordance with an embodiment;

[0018] FIG. 15 illustrates a second embodiment of the seventh propulsion system of FIG. 14, in

accordance with an embodiment;

[0019] FIG. 16 illustrates an eighth propulsion system, in accordance with an embodiment;
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[0020] FIG. 17 illustrates a second embodiment of the eighth propulsion system of FIG. 16, in

accordance with an embodiment;
[0021] FIG. 18 illustrates an ninth propulsion system, in accordance with an embodiment;

[0022] FIG. 19 illustrates a second embodiment of the ninth propulsion system of FIG. 18, in

accordance with an embodiment;
[0023] FIG. 20 illustrates a tenth propulsion system, in accordance with an embodiment;

[0024] FIG. 21 illustrates a second embodiment of the tenth propulsion system of FIG. 20, in

accordance with an embodiment;

[0025] FIG. 22 illustrates an eleventh propulsion system, in accordance with an embodiment;

and

[0026] FIG. 23 illustrates a second embodiment of the eleventh propulsion system of FIG. 22,

in accordance with an embodiment.

DETAILED DESCRIPTION

[0027] One or more specific embodiments will be described below. In an effort to provide a
concise description of these embodiments, all features of an actual implementation may not be
described in the specification. It should be appreciated that in the development of any such
actual implementation, as in any engineering or design project, numerous implementation-
specific decisions must be made to achieve the developers’ specific goals, such as compliance
with system-related and business-related constraints, which may vary from one implementation
to another. Moreover, it should be appreciated that such a development effort might be complex
and time consuming, but would nevertheless be a routine undertaking of design, fabrication, and

manufacture for those of ordinary skill having the benefit of this disclosure.

[0028] When introducing elements of various embodiments, the articles “a,” “an,” “the,” and
“said” are intended to mean that there are one or more of the elements. The terms “comprising,”
“including,” and “having” are intended to be inclusive and mean that there may be additional

elements other than the listed elements.
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[0029] There is a large opportunity for hybridization of new and/or existing aircraft propulsion
systems, such as, turboprop engines, turboshaft engines, and the like. While new aircraft
propulsion systems can be implemented that utilize the described systems herein, the present
hybrid-propulsion systems (i.e., that allow for both gas and electric propulsion) also can be
retrofitted to existing aircraft propulsion systems to allow for, for example, increases in
efficiency relative to existing gas only aircraft propulsion systems. Similar techniques can be

applied to jet engines, such as turbofan or turbojet engines for example.

[0030] With the foregoing in mind, FIG. 1 illustrates side view of a propulsion system 10 that
may be used in conjunction with, for example, an aircraft. In some embodiments, the propulsion
system 10 is a turboprop aircraft engine that is a gas powered engine. While the propulsion
system 10 is illustrated as a turboprop engine, it should be appreciated that the propulsion system
10 may instead be a turboshaft engine, a turbofan engine, or other types of aircraft engines. The
propulsion system 10 includes a turbine 12, a reduction gearbox 14, a propeller assembly 16, and
an auxiliary gearbox 18. The turbine 12 generally operates to rotate a shaft to impart (via the
reduction gearbox 14) rotation of the propeller assembly 16. When rotated, blades 20 of the

propeller assembly 16 create mechanical thrust.

[0031] As illustrated, the turbine 12 is divided into two sections; a cold section 22 and a hot
section 24. The cold section 22 of the turbine 12 includes one or more air inlets 26 (e.g., air
intakes) that may be, for example, circumferentially disposed about the turbine 12. The cold
section 22 of the turbine 12 also includes a gas generator section 28. The gas generator section
28 when in operation compresses air (1.e., ambient air) received from the one or more air inlets
26. The compressed (i.e., pressurized) air generated by the gas generator section 28 is conveyed

to the second section of the turbine, namely the hot section 24.

[0032] The hot section 24 of the turbine 12 receives the compressed air from the cold section
22, mixes the compressed air with fuel, and ignites the mixture to generate a combustion gas.
This combustion gas can be utilized to power multiple turbines. For example, the combustion
gas can be utilized to drive one or more turbines in the cold section 22 of the turbine 12 to

generate the compressed air. Additionally, the combustion gas can be utilized to drive one or
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more power turbines to impart rotation to the propeller assembly 16 (via the reduction gearbox

14).

[0033] The auxiliary gearbox 18 (e.g., accessory gearbox) operates to drive accessories of the
propulsion system 10, such as generators, hydraulic pumps, oil pumps, etc. Also included in (or
coupled to) the auxiliary gearbox is a starter that can be utilized in starting the propulsion system
10, for example, starting rotation of turbines in the gas generator section 28. As illustrated, the
auxiliary gearbox 18 can include a starter generator mounting face 30, which can be coupled to,
for example, a starter that is external to the propulsion system 10. Likewise, the auxiliary
gearbox 18 can include an o1l pump mounting face 32, which can be coupled to, for example, an

oil pump that is external to the propulsion system 10.

[0034] In conjunction with the operation of the propulsion system 10 described above, FIG. 2
illustrates a cross-sectional side view of the propulsion system 10 that has been sectioned to
better illustrate elements therein. As illustrated, the cold section 22 of the propulsion system 10
includes one or more compressor stator stages 34 that can include stators having fixed blades to
operate a diffusers in each stage as well as compressors that operate as rotors having blades that
impel air. The rotation of the compressors causes the air to flow through the compressor stator
stages 34 to increase the velocity of the airflow. The cold section 22 also includes a compressor
impeller 36 downstream of the one or more compressor stator stages 34. The compressor
impeller 36 operates by rotating blades to impel air received from the one or more compressor

stator stages 34 towards the hot section 24 as compressed air.

[0035] The compressed air is transmitted to one or more combustion chambers 38, where it is
mixed with fuel and the mixture is ignited, generating (heated) combustion gas. This combustion
gas is transmitted past a compressor turbine 40, which is rotated when the combustion gas passes
across blades of the compressor turbine 40, causing rotation to a compressor shaft coupled to the
compressor turbine 40. This compressor shaft is also connected to the compressor impeller 36
(as well as, for example, the compressors of the one or more compressor stator stages 34) such
that rotation of the compressor shaft causes additional rotation of the compressor impeller 36

(and the compressors of the one or more compressor stator stages 34).
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[0036] The combustion gas, subsequent to rotating the compressor turbine 40, also passes
through one or more power turbines 42. The one or more power turbines 42 include blades that
cause rotation of the one or more power turbines 42 when the combustion gas passes across the
blades. The one or more power turbines 42 are also coupled to a power turbine shaft 44 that
rotates based upon the rotation of the one or more power turbines 42. This power turbine shaft is
coupled to the reduction gearbox 14, which may operate to transmit rotation from the power
turbine shaft 44 to a propeller drive shaft 46 coupled to a hub 48 of the propeller assembly 16.
The reduction gearbox 14 may operate as a gearing mechanism that alters the rotation speed

between the power turbine shaft 44 and the propeller drive shaft 46.

[0037] Also illustrated in FIG.2 is an auxiliary gearbox main shaft 50 and a starter motor spur
gear 52 in the auxiliary gearbox 18. The auxiliary gearbox 18 auxiliary gearbox main shaft 50
may be coupled to or may include the compressor shaft and may operate to impart rotation to the
compressor impeller 36 and/or may operate to drive accessories of the propulsion system 10,
such as generators, hydraulic pumps, oil pumps, etc. The starter motor spur gear 52 is part of
(and/or represents) a starter gear train that operates as a gearing mechanism that alters the
rotation speed between a starter generator and the auxiliary gearbox main shaft 50 during, for
example, starting of an aircraft such that the extra rotation of the auxiliary gearbox main shaft 50
1s used to increase compression of the compressor impeller 36 as well as, for example, rotation of

the compressors of the one or more compressor stator stages 34.

[0038] In this manner, FIGS. 1 and 2 represent an example of a gas turbine engine. However,
in some embodiments, it may be beneficial to increase the efficiency of the propulsion system

10. Accordingly, FIG. 3 illustrates an example of a propulsion system 54 that is a hybrid gas
turbine propulsion system. For example, the propulsion system 54 may include an electric motor
56 in addition to the elements of the propulsion system 10 described above with respect to FIGS.
1 and 2. It should be noted that the electric motor 56 can be a single electric motor 56 or, for
example, a plurality of electric motors 56 (e.g., two or more motors in tandem). Furthermore, the
electric motor 56 can include, for example, one stator and one or more rotors. As illustrated, the
electric motor 56 can be coupled to the auxiliary gearbox 18 via, for example, the starter

generator mounting face 30 and can replace the starter that would otherwise be coupled to the
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starter generator mounting face 30. It should be noted that other locations of connection between

the auxiliary gearbox 18 and the electric motor 56 may be utilized.

[0039] As additionally illustrated in FIG. 4, which shows a cross-sectional side view of the
propulsion system 54 that has been sectioned to better illustrate elements therein, the electric
motor 56 1s coupled to a motor shaft 58 and operates to rotate the motor shaft 58. The electric
motor 56 can be connected directly to the motor shaft 58 or can be connected to the motor shaft
58 through a set of gears or via a mechanical coupler, such as a chain, one or more belts, one or
more pulleys, and the like. The motor shaft 58 is coupled via, for example, the starter generator
mounting face 30 to the starter motor spur gear 52 to alter the rotation speed between the motor
shaft 58 driven by the electric motor 56 and the auxiliary gearbox main shaft 50 during, for
example, starting of an aircraft. As noted above, in place of a conventional starter, the electric
motor 56 1s used to bring the revolutions per minute (RPMs) of the compressor impeller 36 (as
well as, for example, the compressors of the one or more compressor stator stages 34) to a

predetermined level at which self propelling is performed.

[0040] In addition, and in contrast to the replaced starter motor, the electric motor 56
additionally can and is utilized to augment engine power/compressor rotation (i.e., during other
operating conditions of the propulsion system 54 in addition to starting the propulsion system
54). In some embodiments, torque 1s transferred from the motor shaft 58 to the starter motor
spur gear 52, then to the auxiliary gearbox main shaft 50. The auxiliary gearbox main shaft 50
rotates with, for example, the compressor impeller 36 as well as, for example, the compressors of
the one or more compressor stator stages 34. Torque generated by the electric motor 56 will be
transferred using the previously stated path, powering the compressor(s) 36 and in compressor
stator stages 34, thereby creating the hybrid effect for powering the propulsion system 54. The
remaining sections of the propulsion system 54 (e.g., the hot section 24, the reduction gearbox
14, the propeller assembly 16, etc.) remain unchanged and function as described above with
respect to FIGS. 1 and 2. With illustrated configuration of the propulsion system 54 of FIGS. 3
and 4, the orientation of the electric motor 56 is in an ambient environment which has a
temperature well below the maximum operating temperature of the electric motor 56. That is,
the location of the electric motor 56 allows for operation in a favorable ambient temperature

environment. In addition, because the electric motor 56 is connected to the a high RPM
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compressor (e.g., the compressor impeller 36) , the overall footprint of the electric motor 56 can

be kept smaller due to the low torque high RPM requirements of the cold section 22.

[0041] As further illustrated in FIG. 4, a power source 60 may be coupled to the electric motor
56. The power source 60 may include one or more of, for example, one or more batteries, one or
more fuel cells, one or more auxiliary power units (APUs), and/or similar sources of electric
power. The one or more APUs may be electric generators that, for example, are disposed in one
or more of the cold section 22, the hot section 24, or in another location of the propulsion system
54 and operate to convert rotational torque received from of one or more of the shafts of the
propulsion system 54 described above into electrical power. Additionally, a controller 62 may
be included to control the amount of power transmitted to the electric motor in conjunction with
a particular operation of the propulsion system 54. For example, during a starting operation, the
controller may operate to allow for an increased amount of power to be transmitted from the
power source 60 to the electric motor relative to a cruising operation when the aircraft is at a
stable airspeed (i.e., the controller can determine various levels of power to be provided to the

electric motor 56 that coincide with particular operations of the propulsion system 54).

[0042] The controller 62 may be part of a larger computing system or control system or a
standalone unit electric power controller. In some embodiments, the controller 62 may be
communicatively coupled to a main control system, for example, a control system in a cockpit of
an aircraft that may provide a centralized control system for one or more portions of the
propulsion system 54. The controller 62 and/or any computing or control system associated
therewith, may operate in conjunction with software systems implemented as computer
executable instructions stored in a (tangible) non-transitory machine readable medium, such as
memory, a hard disk drive, or other short term and/or long term storage. Particularly, the
techniques to described below with respect to control of aspects of the power source and/or other
components of the propulsion system 54 may be accomplished, for example, using code or
instructions stored in the non-transitory machine readable medium and may be executed, for
example, by the controller 62 as well as by additional separate controllers controlling aspects of
the operation of the propulsion system 54 that are separate from the operation of the electric

motor 56.
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[0043] The controller 62 may be a general purpose or a special purpose processing device, such
as one or more application specific integrated circuits (ASICs), one or more processors, or
another processing device that interacts with one or more tangible, non-transitory machine-
readable medium (e.g., machine readable media) that collectively stores instructions executable
by the controller 62 to perform the methods and actions described herein. By way of example,
such machine-readable media can comprise RAM, ROM, EPROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other magnetic storage devices, or any other
medium which can be used to carry or store desired program code in the form of machine-
executable instructions or data structures and which can be accessed by the controller 62. In
some embodiment, the instructions executable by the controller 62 are instead generated and
transmitted to the controller 62 via separate processing device of a computing system and are
used to generate, for example, control signals or input signals to effect control of the power

source and/or the electric motor 56.

[0044] Any computing system controlling the controller 62 or control system inclusive of the
controller 62 may also include one or more input structures (e.g., one or more of a keypad,
mouse, touchpad, touchscreen, one or more switches, buttons, or the like) to allow a user to
interact with the computing system, for example, to start, control, or operate a graphical user
interface (GUI) or applications running on the computing system and/or to start, control, or
operate, for example, components utilized in a particular propulsion system 54 operation.
Alternatively, the control system of computing system operating the controller 62 may instead
automatically control the operation of the controller 62 based either on inputs from a user or

measured inputs of the propulsion system 54 that correspond to predetermined operations.

[0045] While FIGS. 3 and 4 illustrate one technique and system to provide hybridization of the
gas turbine engine of FIGS. 1 and 2, there may be other configurations that are instead chosen.
For example, FIGS. 5 and 6 represent a propulsion system 64 that utilizes a different manner to
couple the electric motor 56 to the auxiliary gearbox 18. It should be noted that the electric
motor 56 can be a single electric motor 56 or, for example, a plurality of electric motors 56 (e.g.,
two or more motors in tandem). Furthermore, the electric motor 56 can include, for example,
one stator and one or more rotors. As illustrated in FIG. 5, and in the cross-sectional side view

of the propulsion system 64 that has been sectioned to better illustrate elements therein of FIG. 6,
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the electric motor 56 is directly coupled to (or otherwise integrated with) the auxiliary gearbox
main shaft 50 via the motor shaft 58. In this manner, the auxiliary gearbox main shaft 50
operates as a bridge between the compressors of the one or more compressor stator stages 34 as
well as, for example the compressor impeller 36, and any auxiliary spur gears present in the
auxiliary gearbox 18. Additionally, the electric motor 56 can be connected directly to the motor
shaft 58 or can be connected to the motor shaft 58 through a set of gears or via a mechanical

coupler, such as a chain, one or more belts, one or more pulleys, and the like.

[0046] In some embodiments, the auxiliary gearbox main shaft 50 can be used to drive the
compressor section(s) (i.e., the one or more compressor stator stages 34 as well as, for example
the compressor impeller 36) or can be driven by the compressor section(s). Furthermore, in
some embodiments, the electric motor 56 can be mounted to a housing cover of the auxiliary
gearbox 18 and, for example, a new aperture can be formed in the housing cover to allow for the
direct interface of the motor shaft 58 with the auxiliary gearbox main shaft 50. In this manner,
torque is transferred from the motor shaft 58 directly to the auxiliary gearbox main shaft 50.
This then rotates the compressors of the one or more compressor stator stages 34 as well as, for
example the compressor impeller 36. Furthermore, the torque transferred by the electric motor
56 can augment the powering of the compressor(s), thereby creating the hybrid effect for
powering the propulsion system 64. The remaining sections of the propulsion system 64 (e.g.,
the hot section 24, the reduction gearbox 14, the propeller assembly 16, etc.) remain unchanged

and function as described above with respect to FIGS. 1 and 2.

[0047] With illustrated configuration of the propulsion system 64 of FIGS. 5 and 6, the
orientation of the electric motor 56 is in an ambient environment which has a temperature well
below the maximum operating temperature of the electric motor 56. That is, the location of the
electric motor 56 allows for operation in a favorable ambient temperature environment.
Moreover, since the electric motor 56 is connected to the a high RPM compressor (e.g., the
compressor impeller 36) , the overall footprint of the electric motor 56 can be kept smaller due to
the low torque high RPM requirements of the cold section 22. Due also to the direct connection
of the electric motor 56 in FIGS. 5 and 6, the illustrated configuration can also allow for a higher
electrical power injection into the propulsion system 64 relative to the configuration illustrated in

FIGS. 3 and 4, thus reducing additional fuel consumption.
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[0048] FIGS. 7 and 8 represent another technique and system to provide hybridization of the
gas turbine engine of FIGS. 1 and 2, specifically propulsion system 66 that includes coupling the
electric motor 56 to the propeller assembly 16. It should be noted that the electric motor 56 can
be a single electric motor 56 or, for example, a plurality of electric motors 56 (e.g., two or more
motors in tandem). Furthermore, the electric motor 56 can include, for example, one stator and
one or more rotors. As illustrated in FIG. 7, and in the cross-sectional side view of the
propulsion system 66 that has been sectioned to better illustrate elements therein of FIG. 8, the
electric motor 56 is directly coupled to (or otherwise integrated with) a motor shaft 68 of the
propeller assembly 16. The motor shaft 68 may be a part of, for example, the propeller drive
shaft 46. Accordingly, as illustrated in FIG. 8, the electric motor is attached to the reduction
gearbox 14 via (for example, the propeller drive shaft 46) and the motor shaft 68 is coupled to
the hub 49 of the propeller assemble 16 via, for example, a propeller hub mounting flange 70.

[0049] Thus, in contrast to the embodiments illustrated in FIGS. 1-6 in which the propeller
assembly 16 attaches directly to the reduction gearbox 14 via, for example, a hub mounting
flange, the propulsion system 66 illustrated in FIGS. 7 and 8 provides for the insertion of the
electric motor 56 between the propeller assembly 16 and the hub mounting flange. The motor
shaft 68 is attached directly to the propeller assembly 16 and the motor shaft 68 is also attached,
for example, to the power turbine shaft 44 using the propeller hub mounting flange 70 (with, for
example, the propeller drive shaft 46 as the power turbine shaft 44 or via the propeller drive shaft
46). Due to the location of the electric motor 56 in FIGS. 7 and 8, the electric motor 56 may be a

high torque-low RPM motor with a large diameter to length ratio.

[0050] The torque produced by the electric motor 56 operates to power (e.g., rotate) the
propeller of the propeller assembly 16 in addition to the shaft work produced by the power
turbines 42. This augmented power generation creates the hybrid effect in the propulsion system
66. The remaining sections of the propulsion system 66 (e.g., the hot section 24, the reduction
gearbox 14, the propeller assembly 16, etc.) remain unchanged and function as described above
with respect to FIGS. 1 and 2. Furthermore, the illustrated orientation in FIGS. 7 and 8 is
attractive since the electric motor 56 is in an ambient environment which has a temperature well
below the maximum operating temperature of the electric motor 56. The orientation of the

propulsion system 66 also avoids the need to change any OEM components due to motor torque,
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since the electric motor 56 is attached to sufficient parts. In some embodiments, the orientation
in FIGS. 7 and 8 can provide for a simpler engine augmentation, since no components related to
air pressure or flow generation are being modified. Additionally, less fuel can be burned and the
electric motor 56 can make up for lost power. Finally, in comparison to the orientations in FIGS.
3 and 4 and FIGS. 5 and 6, the configuration in FIGS. 7 and 8 can allow for a pure electric

operation of the engine in addition to operation in a hybrid mode.

[0051] FIGS. 9 and 10 represent another technique and system to provide hybridization of the
gas turbine engine of FIGS. 1 and 2, specifically propulsion system 72 that includes coupling the
electric motor 56 to the propeller assembly 16 as well as the auxiliary gearbox 18. In the
manner, the propulsion system 72 combines the electric motor 56 of propulsion system 54 (or
propulsion system 64) with the electric motor 56 of propulsion system 66. Thus, the electric
motors 56 in the propulsion system of FIGS. 9 and 10 operate generally as described above with
respect to propulsion system 54 (or propulsion system 64) and propulsion system 66. With
respect to propulsion system 54 and propulsion system 64, there may be reduced thermal power
available for the power turbines 42, since the compressor turbine 40 is being powered (at least
partially) by the electric motor 56 coupled to the auxiliary gearbox 18, which results in a reduced
amount of fuel being consumed in the combustion process of the hot section 24. To maintain
sufficient power as being provided to the propeller assembly 16, a second electric motor 56 is
mounted between the reduction gearbox 14 and the propeller assembly 16 (as previously
described in conjunction with propulsion system 66. It should be noted that each of the electric
motors 56 in the propulsion system 72 (i.e., in the compressor section and the propeller section)
can be a single electric motor 56 or, for example, a plurality of electric motors 56 (e.g., two or
more motors in tandem). Furthermore, each of the electric motors 56 can include, for example,
one stator and one or more rotors. Additionally, the electric motor 56 in the compressor section
(e.g., the electric motor 56 previously illustrated in conjunction with propulsion system 54 and
propulsion system 64) can be connected directly to the motor shaft 58 or can be connected to the
motor shaft 58 through a set of gears or via a mechanical coupler, such as a chain, one or more

belts, one or more pulleys, and the like.

[0052] Given that electric motor placement in the propulsion system 72 are the same as in

propulsion system 54 (or propulsion system 64) and propulsion system 66, the mounting points
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and torque transmission paths will also be the same. The remaining sections of the propulsion
system 72 (e.g., the hot section 24, the reduction gearbox 14, the propeller assembly 16, etc.)
remain unchanged and function as described above with respect to FIGS. 1 and 2. Furthermore,
the benefits described above with respect to propulsion system 54 (or propulsion system 64) and
propulsion system 66 regarding the specific placement of the respective electric motors 56 still
apply to the propulsion system 72. By utilizing both a front and rear electric motor 56
configuration, increases in the efficiencies of the hybrid operation for the engine with the highest

savings in the specific fuel consumption can be achieved.

[0053] It should also be noted that FIG. 10 illustrates a single power source 60 for the electric
motors 56 as well as a single controller 62. It should be noted that one controller 62 instead may
be coupled to and control separate power sources 60 that are each coupled to a respective electric
motor. Likewise, in some embodiments, separate controllers 62 may each be coupled to
respective (e.g., separate) power sources 60 and each controller 62 may control the power from

each power source to its respective electric motor.

[0054] FIGS. 11 and 12 represent a further technique and system to provide hybridization of the
gas turbine engine of FIGS. 1 and 2, specifically propulsion system 74 that includes coupling the
electric motor 56 to the power turbine shaft 44 (e.g., inside of a power turbine shaft housing and
disposed between the power turbines 42 and the reduction gearbox 14). It should be noted that
the electric motors 56 in the propulsion system 74 can be a single electric motor 56 or, for
example, a plurality of electric motors 56 (e.g., two or more motors in tandem). Additionally,
the electric motor 56 can be connected directly to power turbine shaft 44 or can be connected to
power turbine shaft 44 through a set of gears or via a mechanical coupler, such as a chain, one or

more belts, one or more pulleys, and the like.

[0055] As illustrated in FIG. 11, and in the cross-sectional side view of the propulsion system
74 that has been sectioned to better illustrate elements therein of FIG. 12, the electric motor 56 is
directly coupled to the power turbine shaft 44. In one embodiment, as illustrated in FIG. 12, the
electric motor 56 includes a single stator 75 (e.g., formed as a single element and not as two
separate stator segments coupled together) that circumferentially surrounds a rotor 77.

Furthermore, the electric motor 56 can include, for example, the single stator 75 and one or more
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rotors 77. The electric motor 56 can be connected directly to the motor shaft 58 or can be
connected to the motor shaft 58 through a set of gears or via a mechanical coupler, such as a
chain, one or more belts, one or more pulleys, and the like. Torque generated by the electric
motor 56 will be directly imparted on the power turbine shaft 44. That torque is transmitted to
the reduction gearbox 14 and then to the propeller assembly 16. The power from the power

turbine being augmented by the electric motor 56 creates the hybrid effect.

[0056] The remaining sections of the propulsion system 74 (e.g., the hot section 24, the
reduction gearbox 14, the propeller assembly 16, etc.) remain unchanged and function as
described above with respect to FIGS. 1 and 2. Furthermore, this orientation of the electric
motor 56 in the propulsion system 74 allows for a reduction in size of the electric motor 56
relative to the electric motors 56 in propulsion systems 54, 64, 66, and 72 at least in part due to
the low torque high RPM position and operation of the electric motor of the propulsion system
74. Additionally, the orientation of the electric motor 56 in the propulsion system 74 also avoids
the need to change any OEM components with respect to the torque levels output by the electric
motor 56. Additionally, integration of the electric motor 56 in the propulsion system 74 may be
simplified, since no components related to air pressure or flow generation are being modified.
Finally, orientation of the electric motor 56 in the propulsion system 74 allows for less fuel being

burned and the lost power is made up using the electric motor 56.

[0057] Turning to FIG. 13, a flowchart 76 is illustrated. The flowchart 76 may represent a
control system flowchart that is used in conjunction with the propulsion system 72. However,
particular branches of the flowchart 76 also represent control operations for the propulsion
systems 54 and 64 as well as the propulsion systems 66 and 74. Furthermore, while the
flowchart 76 generally represents the use of a single controller 62, it should be noted that the
single controller 62 can control respective power sources 60 or a single power source 60 and/or

separate controllers 62 can implement the steps of the flowchart 76.

[0058] In step 78, the controller 62 receives readings from compressor turbine 40 (e.g.,
compressed air pressure, shaft RPM, etc.), readings from the combustion process (e.g.,
temperature), and readings from the propeller assembly 16 (e.g., shaft torque). These readings

may be recorded and/or transmitted from sensors disposed in the propulsion system 72 at
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locations proximate to the reading locations with operational parameters to be measured. In step
78, the controller 62 processes the input data and in step 80, the controller transmits commands
to the fuel injectors for combustion and to the motor controllers for the electric motors 56 to
govern their RPMs. The controller 62 may, as illustrated in step 82, control an amount of power
transmitted from the power source(s) 60 to the electric motor(s) 56. The electric motor 56
powering elements of the cold section 22 (e.g., the electric motor 56 of the compressors)
provides in step 84 a portion of the total necessary shaft work needed by the compressor(s) in
step 86. The remainder of the power required for a particular operation is provided by
combustion power in step 88, as also controlled by the controller 62 through, for example, an

amount of fuel mixed with the compressed air and combusted thereafter.

[0059] The controller 62 may, as further illustrated in step 82, control an amount of power
transmitted from the power source(s) 60 to the electric motor(s) 56. The electric motor 56
powering the propeller motor between the auxiliary gearbox 18 and the propeller assembly 16
(e.g., the electric motor 56 of the propeller assembly 16) provides in step 90 a portion of the total
necessary shaft work needed by the propeller assembly 16 in step 92. The remainder of the
power required for a particular operation is provided by combustion power in step 94, as also
controlled by the controller 62 through, for example, an amount of fuel mixed with the
compressed air and combusted thereafter. Furthermore, one or more of steps 84, 86, and 88 may
be omitted when controlling operations for the propulsion systems 54 and 64 while one or more
of steps 90, 92, and 94 can be omitted when controlling operations for the propulsion systems 66
and 74. Additionally, in some embodiments, it should be noted that the propulsion systems 66
and 74 may operate to provide voltages to the propeller assembly of between approximately 270
volts and 1000 volts, between approximately 270 volts and 800 volts, between approximately
500 volts and 1000 volts, between approximately 500 volts and 800 volts, approximately less

than 800 volts, approximately less than 1000 volts, or another value or range.

[0060] The techniques and systems provided above illustrate hybridization of the gas turbine
engine of FIGS. 1 and 2. However, the hybridization may additionally be applied to additional
gas turbine engines, for example, jet engines, such as turbojet or turbofan engines for example.
Examples of hybridization of techniques and systems for hybridization of a jet engine are

described below.
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[0061] FIG. 14 illustrates a propulsion system 96 that may be used in conjunction with, for
example, an aircraft. In some embodiments, the propulsion system 96 is a jet engine for an
aircraft that is a gas powered engine. The propulsion system 96 includes an engine inlet 98 and
an engine outlet 100 that illustrate a fluid flow path in the propulsion system 96. Air may pass
through a fan stage 102 and may flow towards a low pressure compressor stage 104 of the
propulsion system 96. In operation, the fan stage 102 has rotating fan blades that operate to draw
and/or direct air into the propulsion system 96 and pass it downstream to the low pressure
compressor stage 104. Additionally, in some embodiments, a guide vane 103 may be disposed
downstream of and adjacent to the fan stage 102. The guide vane 103 operates to guide or
otherwise channel air that has passed through the respective fan stage 102 downstream to, for

example, the low pressure compressor stage 104.

[0062] The low pressure compressor stage 104 may operate to initially compress air received
from the fan stage 102. The low pressure compressor stage 104 can include, for example, a fan
stage 106 and a fan stage 108, each having rotating fan blades that operate to compress the
received air as it passes therethrough. Fan stage 106 and the fan stage 108 thus represent a series
of fans, each containing rotating fan blades that each operate to compress air it has received as it
passes through each of the fan stage 106 and the fan stage 108 (e.g., through each stage of
compression). Additionally present in the low pressure compressor stage 104 are illustrated
guide vane 110 and guide vane 112 that correspond to each of fan stage 106 and fan stage 108,
respectively. The guide vane 110 and the guide vane 112 each operate to guide or otherwise
channel air that has passed through the respective fan stage 106 and fan stage 108. As
illustrated, the fan stage 106 and the fan stage 108 are directly connected to a common shaft, the
low pressure shaft 114, which operates to impart rotation to the fan stage 106 and the fan stage
108. As additionally illustrated, the low pressure shaft 114 can be additionally coupled to the fan
stage 102.

[0063] Subsequent to (e.g., downstream from) the low pressure compressor stage 104 is a high
pressure compressor stage 116. The high pressure compressor stage 116 may operate to
additionally compress the low pressure compressed air received from the low pressure
compressor stage 104 to an increased (higher) pressure level. The high pressure compressor

stage 116 can include, for example, a fan stage 118 and a fan stage 120, each having rotating fan
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blades that operate to compress the received air as it passes therethrough. Fan stage 118 and the
fan stage 120 thus represent a series of fans (similar to fan stage 106 and fan stage 108), each
containing rotating fan blades that each operate to compress air it has received as it passes
through each of the fan stage 106 and the fan stage 108 (e.g., through each stage of
compression). Additionally present in the high pressure compressor stage 116 are illustrated
guide vane 122 and guide vane 124 that correspond to each of fan stage 118 and fan stage 120,
respectively. The guide vane 122 and the guide vane 124 each operate to guide or otherwise
channel air that has passed through the respective fan stage 118 and fan stage 120. As
illustrated, the fan stage 118 and the fan stage 120 are directly connected to a common shaft, the
high pressure shaft 126, which operates to impart rotation to the fan stage 118 and the fan stage
120. In some embodiments, the high pressure shaft 126 rotates more rapidly than the low
pressure shaft 114 which, for example, allows for the high pressure compressor stage 116 to
compress received air to a higher pressure than possible by the low pressure compressor stage

104 driven by the low pressure shaft 114.

[0064] The propulsion system 96 additionally includes a combustion section 128 that receives
the compressed air from the high pressure compressor stage 116, mixes the compressed air with
fuel, and ignites the mixture to generate a combustion gas utilizing a combustor. This
combustion gas can be utilized to power multiple turbines downstream of the combustion section

128 and passes as exhaust out of the engine outlet 100.

[0065] As illustrated, downstream of the combustion section 128 is a high pressure turbine stage
130. The high pressure turbine stage 130 may operate to impart rotation to the high pressure
shaft 126. The high pressure turbine stage 130 can include, for example, a turbine stage 132 and
a turbine stage 134, each having rotating fan blades that operate to receive energy as the
combustion gas passes through each of the turbine stage 132 and the turbine stage 134 (e.g.,
through each turbine stage). Additionally present in the high pressure turbine stage 130 are
illustrated guide vane 136 and guide vane 138 that correspond to each of turbine stage 132 and
turbine stage 134, respectively. The guide vane 136 and the guide vane 138 each operate to
guide or otherwise channel combustion gas that has passed through the respective turbine stage

132 and turbine stage 134. As illustrated, the turbine stage 132 and the turbine stage 134 are
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directly connected to a common shaft, the high pressure shaft 126, and the turbine stage 132 and
the turbine stage 134 operate to impart rotation to the high pressure shaft 126.

[0066] The combustion gas may exit the high pressure turbine stage 130 and may flow to the
low pressure turbine stage 140. The low pressure turbine stage 140 may operate to impart
rotation to the low pressure shaft 114. The low pressure turbine stage 140 can include, for
example, a turbine stage 142 and a turbine stage 144, each having rotating fan blades that operate
to receive energy as the combustion gas passes through each of the turbine stage 142 and the
turbine stage 144 (e.g., through each turbine stage). Additionally present in the low pressure
turbine stage 140 are illustrated guide vane 146 and guide vane 148 that correspond to each of
turbine stage 142 and turbine stage 144, respectively. The guide vane 146 and the guide vane
148 each operate to guide or otherwise channel combustion gas that has passed through the
respective turbine stage 142 and turbine stage 144. As illustrated, the turbine stage 142 and the
turbine stage 144 are directly connected to a common shaft, the low pressure shaft 114, and the
turbine stage 142 and the turbine stage 144 operate to impart rotation to the low pressure shaft
114 at a rotation speed lower than the rotation speed imparted to the high pressure shaft 126 due
to, for example, lesser energy being present in the combustion gas (due to the reduced
temperature of the combustion gas) when in the low pressure turbine stage 140 relative to the

high pressure turbine stage 130.

[0067] As noted above, present embodiments include techniques for hybridization of the
propulsion system 96. For example, the propulsion system 96 can include an electric motor 150
that operates in conjunction with the above described elements of the propulsion system 96. For
example, the electric motor 150 can be a front fan integrated motor that is disposed adjacent to
the fan stage 102. As illustrated, the electric motor 150 includes a motor housing 152 that
surrounds a motor stator 154. An airgap 156 may be provided adjacent to the motor stator 154 to
provide cooling fluid (e.g., air) and a motor rotor 158 may also be included in the electric motor

150.

[0068] In operation, the motor stator 154 may include windings while the motor rotor 158
includes one or more magnets. The motor stator 154 and motor rotor 158 may be operated as an

electric motor, where electrical power is applied to rotate fan blades of the fan stage 102.
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Alternatively, the motor stator 154 and motor rotor 158 may be operated as an electric generator.
For example, during a descent or landing of an aircraft, the motor stator 154 may be operated to
generate resistance to the rotation of fan stage 102. This may result in reduced net thrust
provided by propulsion system 96, leading to a reduction in the aircraft’s speed. This may also
result in the generation of electrical power, which may be used e.g., to charge one or more power

sources (e.g., electrochemical batteries) on board the aircraft.

[0069] In some embodiments, the fan stage 102 is integrated fan blade whereby the motor rotor
158 has its rotor magnet(s) positioned about a fan shroud encircling the fan stage, which may be
held in position (in some embodiments), via a compressive sleeve. Thus, the electric motor 150
provides torque directly to the integrated fan blade through the motor rotor 158, thus allowing for
hybrid and/or full electric operation. That is, the electric motor 150 can supplement rotation
provided by the low pressure shaft 114 in a hybrid mode or the low pressure shaft 114 can be
disengaged from the fan stage 102 and the electric motor 150 can solely provide rotation to the

fan blade of the fan stage 102 in an electric mode.

[0070] Likewise, the electric motor 150 can provide full power used by the propulsion system
96 generate any given thrust by transferring torque to the low pressure shaft 114 through the fan
stage (e.g., rotor integrated fan blades, as provided as a described example above). The electric
motor 150 can also provide a partial power required to generate any given thrust while the rest of
the power comes from the combustion generated in the combustion section 128. In other
embodiments, the electric motor 150 can also operate as a generator by capturing power from the
low pressure shaft 114 through fan stage 102 (e.g., through rotor integrated fan blades).
Likewise, through a combination of motoring/generating operations (similar to that outlined with
respect to FIG. 13), the electric motor 150 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 96).

[0071] FIG. 15 illustrates a second embodiment of propulsion system 96 that may be used in
conjunction with, for example, an aircraft. In addition to the elements described above with
respect to FIG. 14, the second embodiment of propulsion system 96 additionally includes a
reduction gearbox 160 as well as a drive shaft 162. In operation, the low pressure shaft 114 is

coupled to the reduction gearbox 160, which may operate to transmit rotation from the low
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pressure shaft 114 to the drive shaft 162 coupled to the fan stage 102. The reduction gearbox
160 may operate as a gearing mechanism that alters the rotation speed between the low pressure
shaft 114 and the drive shaft 162. Additionally, by separating the low pressure shaft 114 and the
drive shaft 162, the electric motor 150 may impart rotation to the fan stage 102 (when acting as
an electric motor) or remove energy from the fan stage 102 (when acting as an electric generator)

without affecting the operation of the low pressure shaft 114.

[0072] FIG. 16 illustrates a propulsion system 164 that may be used in conjunction with, for
example, an aircraft. In some embodiments, the propulsion system 164 is a jet engine for an
aircraft that 1s a gas powered engine. The propulsion system 164 includes an engine inlet 98 and
an engine outlet 100 that illustrate a fluid flow path in the propulsion system 164. Air may pass
through a fan stage 102 and may flow towards a low pressure compressor stage 104 of the
propulsion system 164. In operation, the fan stage 102 has rotating fan blades that operate to
draw and/or direct air into the propulsion system 164 and pass it downstream to the low pressure
compressor stage 104. Additionally, in some embodiments, a guide vane 103 may be disposed
downstream of and adjacent to the fan stage 102. The guide vane 103 operates to guide or
otherwise channel air that has passed through the respective fan stage 102 downstream to, for

example, the low pressure compressor stage 104.

[0073] The low pressure compressor stage 104 may operate to initially compress air received
from the fan stage 102. The low pressure compressor stage 104 can include, for example, a fan
stage 106 and a fan stage 108, each having rotating fan blades that operate to compress the
received air as it passes therethrough. Fan stage 106 and the fan stage 108 thus represent a series
of fans, each containing rotating fan blades that each operate to compress air it has received as it
passes through each of the fan stage 106 and the fan stage 108 (e.g., through each stage of
compression). Additionally present in the low pressure compressor stage 104 are illustrated
guide vane 110 and guide vane 112 that correspond to each of fan stage 106 and fan stage 108,
respectively. The guide vane 110 and the guide vane 112 each operate to guide or otherwise
channel air that has passed through the respective fan stage 106 and fan stage 108. As
illustrated, the fan stage 106 and the fan stage 108 are directly connected to a common shaft, the

low pressure shaft 114, which operates to impart rotation to the fan stage 106 and the fan stage
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108. As additionally illustrated, the low pressure shaft 114 can be additionally coupled to the fan
stage 102.

[0074] Subsequent to (e.g., downstream from) the low pressure compressor stage 104 is a high
pressure compressor stage 116. The high pressure compressor stage 116 may operate to
additionally compress the low pressure compressed air received from the low pressure
compressor stage 104 to an increased (higher) pressure level. The high pressure compressor
stage 116 can include, for example, a fan stage 118 and a fan stage 120, each having rotating fan
blades that operate to compress the received air as it passes therethrough. Fan stage 118 and the
fan stage 120 thus represent a series of fans (similar to fan stage 106 and fan stage 108), each
containing rotating fan blades that each operate to compress air it has received as it passes
through each of the fan stage 118 and the fan stage 120 (e.g., through each stage of
compression). Additionally present in the high pressure compressor stage 116 are illustrated
guide vane 122 and guide vane 124 that correspond to each of fan stage 118 and fan stage 120,
respectively. The guide vane 122 and the guide vane 124 each operate to guide or otherwise
channel air that has passed through the respective fan stage 118 and fan stage 120. As
illustrated, the fan stage 118 and the fan stage 120 are directly connected to a common shaft, the
high pressure shaft 126, which operates to impart rotation to the fan stage 118 and the fan stage
120. In some embodiments, the high pressure shaft 126 rotates more rapidly than the low
pressure shaft 114 which, for example, allows for the high pressure compressor stage 116 to
compress received air to a higher pressure than possible by the low pressure compressor stage

104 driven by the low pressure shaft 114.

[0075] The propulsion system 96 additionally includes a combustion section 128 that receives
the compressed air from the high pressure compressor stage 116, mixes the compressed air with
fuel, and ignites the mixture to generate a combustion gas utilizing a combustor. This
combustion gas can be utilized to power multiple turbines downstream of the combustion section

128 and passes as exhaust out of the engine outlet 100.

[0076] As illustrated, downstream of the combustion section 128 is a high pressure turbine stage
130. The high pressure turbine stage 130 may operate to impart rotation to the high pressure
shaft 126. The high pressure turbine stage 130 can include, for example, a turbine stage 132 and
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a turbine stage 134, each having rotating fan blades that operate to receive energy as the
combustion gas passes through each of the turbine stage 132 and the turbine stage 134 (e.g.,
through each turbine stage). Additionally present in the high pressure turbine stage 130 are
illustrated guide vane 136 and guide vane 138 that correspond to each of turbine stage 132 and
turbine stage 134, respectively. The guide vane 136 and the guide vane 138 each operate to
guide or otherwise channel combustion gas that has passed through the respective turbine stage
132 and turbine stage 134. As illustrated, the turbine stage 132 and the turbine stage 134 are
directly connected to a common shaft, the high pressure shaft 126, and the turbine stage 132 and
the turbine stage 134 operate to impart rotation to the high pressure shaft 126.

[0077] The combustion gas may exit the high pressure turbine stage 130 and may flow to the
low pressure turbine stage 140. The low pressure turbine stage 140 may operate to impart
rotation to the low pressure shaft 114. The low pressure turbine stage 140 can include, for
example, a turbine stage 142 and a turbine stage 144, each having rotating fan blades that operate
to receive energy as the combustion gas passes through each of the turbine stage 142 and the
turbine stage 144 (e.g., through each turbine stage). Additionally present in the low pressure
turbine stage 140 are illustrated guide vane 146 and guide vane 148 that correspond to each of
turbine stage 142 and turbine stage 144, respectively. The guide vane 146 and the guide vane
148 each operate to guide or otherwise channel combustion gas that has passed through the
respective turbine stage 142 and turbine stage 144. As illustrated, the turbine stage 142 and the
turbine stage 144 are directly connected to a common shaft, the low pressure shaft 114, and the
turbine stage 142 and the turbine stage 144 operate to impart rotation to the low pressure shaft
114 at a rotation speed lower than the rotation speed imparted to the high pressure shaft 126 due
to, for example, lesser energy being present in the combustion gas (due to the reduced
temperature of the combustion gas) when in the low pressure turbine stage 140 relative to the

high pressure turbine stage 130.

[0078] As noted above, present embodiments include techniques for hybridization of the
propulsion system 164. For example, the propulsion system 164 can include an electric motor
166 that operates in conjunction with the above described elements of the propulsion system 164.
For example, the electric motor 166 can be a front fan integrated motor that is disposed adjacent

to the fan stage 106. As illustrated, the electric motor 166 includes a motor housing 152 that
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surrounds a motor stator 154. An airgap 156 may be provided adjacent to the motor stator 154 to
provide cooling fluid (e.g., air) and a motor rotor 158 may also be included in the electric motor

166.

[0079] In operation, the motor stator 154 may include windings while the motor rotor 158
includes one or more magnets. The motor stator 154 and motor rotor 158 may be operated as an
electric motor, where electrical power is applied to rotate fan blades of the fan stage 106.
Alternatively, the motor stator 154 and motor rotor 158 may be operated as an electric generator.
For example, during a descent or landing of an aircraft, the motor stator 154 may be operated to
generate resistance to the rotation of fan stage 106. This may result in reduced net thrust
provided by propulsion system 164, leading to a reduction in the aircraft’s speed. This may also
result in the generation of electrical power, which may be used e.g., to charge one or more power

sources (e.g., electrochemical batteries) on board the aircraft.

[0080] In some embodiments, the fan stage 106 is integrated fan blade whereby the motor rotor
158 has its rotor magnet(s) positioned about a fan shroud encircling the fan stage 102, which
may be held in position (in some embodiments), via a compressive sleeve. Thus, the electric
motor 166 provides torque directly to the integrated fan blade through the motor rotor 158,
thereby allowing for hybrid and/or full electric operation. That is, the electric motor 166 can
supplement rotation provided by the low pressure shaft 114 in a hybrid mode or the low pressure
shaft 114 can be disengaged from the fan stage 102 and the electric motor 166 can solely provide

rotation to the fan blade of the fan stage 102 in an electric mode.

[0081] Likewise, the electric motor 166 can provide full power used by the propulsion system
96 generate any given thrust by transferring torque to the low pressure shaft 114 through the fan
stage 106 (e.g., rotor integrated fan blades, as provided as a described example above). The
electric motor 166 can also provide a partial power required to generate any given thrust while
the rest of the power comes from the combustion generated in the combustion section 128. In
other embodiments, the electric motor 166 can also operate as a generator by capturing power
from the low pressure shaft 114 through fan stage 102 (e.g., through rotor integrated fan blades).

Likewise, through a combination of motoring/generating operations (similar to that outlined with
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respect to FIG. 13), the electric motor 166 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 164).

[0082] FIG. 17 illustrates a second embodiment of propulsion system 164 that may be used in
conjunction with, for example, an aircraft. In addition to the elements described above with
respect to FIG. 16, the second embodiment of propulsion system 164 additionally includes a
reduction gearbox 160 as well as a drive shaft 162. In operation, the low pressure shaft 114 is
coupled to the reduction gearbox 160, which may operate to transmit rotation from the low
pressure shaft 114 to the drive shaft 162 coupled to the fan stage 102. The reduction gearbox
160 may operate as a gearing mechanism that alters the rotation speed between the low pressure

shaft 114 and the drive shaft 162.

[0083] FIG. 18 illustrates a propulsion system 168 that may be used in conjunction with, for
example, an aircraft. In some embodiments, the propulsion system 168 is a jet engine for an
aircraft that 1s a gas powered engine. The propulsion system 168 includes an engine inlet 98 and
an engine outlet 100 that illustrate a fluid flow path in the propulsion system 168. Air may pass
through a fan stage 102 and may flow towards a low pressure compressor stage 104 of the
propulsion system 168. In operation, the fan stage 102 has rotating fan blades that operate to
draw and/or direct air into the propulsion system 168 and pass it downstream to the low pressure
compressor stage 104. Additionally, in some embodiments, a guide vane 103 may be disposed
downstream of and adjacent to the fan stage 102. The guide vane 103 operates to guide or
otherwise channel air that has passed through the respective fan stage 102 downstream to, for

example, the low pressure compressor stage 104.

[0084] The low pressure compressor stage 104 may operate to initially compress air received
from the fan stage 102. The low pressure compressor stage 104 can include, for example, a fan
stage 106 and a fan stage 108, each having rotating fan blades that operate to compress the
received air as it passes therethrough. Fan stage 106 and the fan stage 108 thus represent a series
of fans, each containing rotating fan blades that each operate to compress air it has received as it
passes through each of the fan stage 106 and the fan stage 108 (e.g., through each stage of
compression). Additionally present in the low pressure compressor stage 104 are illustrated

guide vane 110 and guide vane 112 that correspond to each of fan stage 106 and fan stage 108,
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respectively. The guide vane 110 and the guide vane 112 each operate to guide or otherwise
channel air that has passed through the respective fan stage 106 and fan stage 108. As
illustrated, the fan stage 106 and the fan stage 108 are directly connected to a common shaft, the
low pressure shaft 114, which operates to impart rotation to the fan stage 106 and the fan stage
108. As additionally illustrated, the low pressure shaft 114 can be additionally coupled to the fan
stage 102.

[0085] Subsequent to (e.g., downstream from) the low pressure compressor stage 104 is a high
pressure compressor stage 116. The high pressure compressor stage 116 may operate to
additionally compress the low pressure compressed air received from the low pressure
compressor stage 104 to an increased (higher) pressure level. The high pressure compressor
stage 116 can include, for example, a fan stage 118 and a fan stage 120, each having rotating fan
blades that operate to compress the received air as it passes therethrough. Fan stage 118 and the
fan stage 120 thus represent a series of fans (similar to fan stage 106 and fan stage 108), each
containing rotating fan blades that each operate to compress air it has received as it passes
through each of the fan stage 118 and the fan stage 120 (e.g., through each stage of
compression). Additionally present in the high pressure compressor stage 116 are illustrated
guide vane 122 and guide vane 124 that correspond to each of fan stage 118 and fan stage 120,
respectively. The guide vane 122 and the guide vane 124 each operate to guide or otherwise
channel air that has passed through the respective fan stage 118 and fan stage 120. As
illustrated, the fan stage 118 and the fan stage 120 are directly connected to a common shaft, the
high pressure shaft 126, which operates to impart rotation to the fan stage 118 and the fan stage
120. In some embodiments, the high pressure shaft 126 rotates more rapidly than the low
pressure shaft 114 which, for example, allows for the high pressure compressor stage 116 to
compress received air to a higher pressure than possible by the low pressure compressor stage

104 driven by the low pressure shaft 114.

[0086] The propulsion system 168 additionally includes a combustion section 128 that receives
the compressed air from the high pressure compressor stage 116, mixes the compressed air with
fuel, and ignites the mixture to generate a combustion gas utilizing a combustor. This
combustion gas can be utilized to power multiple turbines downstream of the combustion section

128 and passes as exhaust out of the engine outlet 100.
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[0087] As illustrated, downstream of the combustion section 128 is a high pressure turbine stage
130. The high pressure turbine stage 130 may operate to impart rotation to the high pressure
shaft 126. The high pressure turbine stage 130 can include, for example, a turbine stage 132 and
a turbine stage 134, each having rotating fan blades that operate to receive energy as the
combustion gas passes through each of the turbine stage 132 and the turbine stage 134 (e.g.,
through each turbine stage). Additionally present in the high pressure turbine stage 130 are
illustrated guide vane 136 and guide vane 138 that correspond to each of turbine stage 132 and
turbine stage 134, respectively. The guide vane 136 and the guide vane 138 each operate to
guide or otherwise channel combustion gas that has passed through the respective turbine stage
132 and turbine stage 134. As illustrated, the turbine stage 132 and the turbine stage 134 are
directly connected to a common shaft, the high pressure shaft 126, and the turbine stage 132 and
the turbine stage 134 operate to impart rotation to the high pressure shaft 126.

[0088] The combustion gas may exit the high pressure turbine stage 130 and may flow to the
low pressure turbine stage 140. The low pressure turbine stage 140 may operate to impart
rotation to the low pressure shaft 114. The low pressure turbine stage 140 can include, for
example, a turbine stage 142 and a turbine stage 144, each having rotating fan blades that operate
to receive energy as the combustion gas passes through each of the turbine stage 142 and the
turbine stage 144 (e.g., through each turbine stage). Additionally present in the low pressure
turbine stage 140 are illustrated guide vane 146 and guide vane 148 that correspond to each of
turbine stage 142 and turbine stage 144, respectively. The guide vane 146 and the guide vane
148 each operate to guide or otherwise channel combustion gas that has passed through the
respective turbine stage 142 and turbine stage 144. As illustrated, the turbine stage 142 and the
turbine stage 144 are directly connected to a common shaft, the low pressure shaft 114, and the
turbine stage 142 and the turbine stage 144 operate to impart rotation to the low pressure shaft
114 at a rotation speed lower than the rotation speed imparted to the high pressure shaft 126 due
to, for example, lesser energy being present in the combustion gas (due to the reduced
temperature of the combustion gas) when in the low pressure turbine stage 140 relative to the

high pressure turbine stage 130.

[0089] As noted above, present embodiments include techniques for hybridization of the

propulsion system 168. For example, the propulsion system 168 can include an electric motor
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166 that operates in conjunction with the above described elements of the propulsion system 168.
In some embodiments, electric motor 166 can be similar to electric motor 150. Additionally, for
example, the electric motor 166 can be a low pressure compressor blade integrated motor that is
disposed adjacent to the low pressure compressor stage 104. More particularly, the electric
motor 166 can be coupled to the fan stage 106 or, for example, a blade or fan therein. As
illustrated, the electric motor 166 includes a motor housing 152 that surrounds a motor stator
154. An airgap 156 may be provided adjacent to the motor stator 154 to provide cooling fluid

(e.g., air) and a motor rotor 158 may also be included in the electric motor 150.

[0090] In operation, the motor stator 154 may include windings while the motor rotor 158
includes one or more magnets. The motor stator 154 and motor rotor 158 may be operated as an
electric motor, where electrical power is applied to rotate fan blades of the fan stage 106.
Alternatively, the motor stator 154 and motor rotor 158 may be operated as an electric generator.
For example, during a descent or landing of an aircraft, the motor stator 154 may be operated to
generate resistance to the rotation of fan stage 106. This may result in reduced net thrust
provided by propulsion system 168, leading to a reduction in the aircraft’s speed. This may also
result in the generation of electrical power, which may be used e.g., to charge one or more power

sources (e.g., electrochemical batteries) on board the aircraft.

[0091] In some embodiments, the fan stage 106 is integrated fan blade whereby the motor rotor
158 has its rotor magnet(s) positioned about a fan shroud encircling the fan stage 106, which
may be held in position (in some embodiments), via a compressive sleeve. Thus, the electric
motor 166 provides torque directly to the integrated fan blade through the motor rotor 158,
thereby allowing for hybrid and/or full electric operation. That is, the electric motor 166 can
supplement rotation provided by the low pressure shaft 114 in a hybrid mode or the low pressure
shaft 114 can be disengaged from the fan stage 106 and the electric motor 166 can solely provide

rotation to the fan blade of the fan stage 106 in an electric mode.

[0092] Likewise, the electric motor 166 can provide full power used by the propulsion system
168 generate any given thrust by transferring torque to the low pressure shaft 114 through the fan
stage 106 (e.g., rotor integrated fan blades, as provided as a described example above). The

electric motor 166 can also provide a partial power required to generate any given thrust while
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the rest of the power comes from the combustion generated in the combustion section 128. In
other embodiments, the electric motor 166 can also operate as a generator by capturing power
from the low pressure shaft 114 through fan stage 106 (e.g., through rotor integrated fan blades).
Likewise, through a combination of motoring/generating operations (similar to that outlined with
respect to FIG. 13), the electric motor 166 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 168).

[0093] Additionally, the propulsion system 168 can include an additional electric motor 170
that operates in conjunction with the above described elements of the propulsion system 168. In
some embodiments, electric motor 170 can be similar to electric motor 150 or electric motor 166.
For example, the electric motor 170 can be a low pressure compressor blade integrated motor
that 1s disposed adjacent to the low pressure compressor stage 104. More particularly, the
electric motor 170 can be coupled to the fan stage 108 or, for example, a blade or fan therein. As
illustrated, the electric motor 170 includes a motor housing 152 that surrounds a motor stator
154. An airgap 156 may be provided adjacent to the motor stator 154 to provide cooling fluid

(e.g., air) and a motor rotor 158 may also be included in the electric motor 150.

[0094] In operation, the motor stator 154 may include windings while the motor rotor 158
includes one or more magnets. The motor stator 154 and motor rotor 158 may be operated as an
electric motor, where electrical power is applied to rotate fan blades of the fan stage 108.
Alternatively, the motor stator 154 and motor rotor 158 may be operated as an electric generator.
For example, during a descent or landing of an aircraft, the motor stator 154 may be operated to
generate resistance to the rotation of fan stage 108. This may result in reduced net thrust
provided by propulsion system 168, leading to a reduction in the aircraft’s speed. This may also
result in the generation of electrical power, which may be used e.g., to charge one or more power

sources (e.g., electrochemical batteries) on board the aircraft.

[0095] In some embodiments, the fan stage 108 is integrated fan blade whereby the motor rotor
158 has its rotor magnet(s) positioned about a fan shroud encircling the fan stage 108, which
may be held in position (in some embodiments), via a compressive sleeve. Thus, the electric
motor 170 provides torque directly to the integrated fan blade through the motor rotor 158,

thereby allowing for hybrid and/or full electric operation. That is, the electric motor 170 can
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supplement rotation provided by the low pressure shaft 114 in a hybrid mode or the low pressure
shaft 114 can be disengaged from the fan stage 108 and the electric motor 170 can solely provide

rotation to the fan blade of the fan stage 108 in an electric mode.

[0096] Likewise, the electric motor 170 can provide full power used by the propulsion system
168 generate any given thrust by transferring torque to the low pressure shaft 114 through the fan
stage 108 (e.g., rotor integrated fan blades, as provided as a described example above). The
electric motor 170 can also provide a partial power required to generate any given thrust while
the rest of the power comes from the combustion generated in the combustion section 128. In
other embodiments, the electric motor 170 can also operate as a generator by capturing power
from the low pressure shaft 114 through fan stage 108 (e.g., through rotor integrated fan blades).
Likewise, through a combination of motoring/generating operations (similar to that outlined with
respect to FIG. 13), the electric motor 170 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 168).

[0097] Furthermore, it should be noted that the electric motor 166 and the electric motor 170
can work in tandem to supplement rotation provided by the low pressure shaft 114 in a hybrid
mode or the low pressure shaft 114 can be disengaged from either or both of the fan stage 106
and the fan stage 108 and the electric motor 166 and the electric motor 170 can together provide
rotation to the respective fan blade of the fan stage 106 and the fan blade of the fan stage 108 in

an electric mode.

[0098] Likewise, the electric motor 166 and the electric motor 170 in tandem can provide full
power used by the propulsion system 168 generate any given thrust by transferring torque to the
low pressure shaft 114 through the fan stage 106 and the fan stage 108 (e.g., rotor integrated fan
blades, as provided as a described example above). The electric motor 166 and the electric
motor 170 can also provide a partial power required to generate any given thrust while the rest of
the power comes from the combustion generated in the combustion section 128. In other
embodiments, the electric motor 166 and the electric motor 170 can also operate as a generator
by capturing power from the low pressure shaft 114 through fan stage 106 and fan stage 108
respectively (e.g., through rotor integrated fan blades). Likewise, through a combination of

motoring/generating operations (similar to that outlined with respect to FIG. 13), the electric
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motor 166 and the electric motor 170 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 168).

[0099] FIG. 19 illustrates a second embodiment of propulsion system 168 that may be used in
conjunction with, for example, an aircraft. In addition to the elements described above with
respect to FIG. 18, the second embodiment of propulsion system 168 additionally includes a
reduction gearbox 160 as well as a drive shaft 162. In operation, the low pressure shaft 114 is
coupled to the reduction gearbox 160, which may operate to transmit rotation from the low
pressure shaft 114 to the drive shaft 162 coupled to the fan stage 102. The reduction gearbox
160 may operate as a gearing mechanism that alters the rotation speed between the low pressure

shaft 114 and the drive shaft 162.

[00100] FIG. 20 illustrates a propulsion system 172 that may be used in conjunction with, for
example, an aircraft. In some embodiments, the propulsion system 172 is a jet engine for an
aircraft that 1s a gas powered engine. The propulsion system 172 includes an engine inlet 98 and
an engine outlet 100 that illustrate a fluid flow path in the propulsion system 172. Air may pass
through a fan stage 102 and may flow towards a low pressure compressor stage 104 of the
propulsion system 172. In operation, the fan stage 102 has rotating fan blades that operate to
draw and/or direct air into the propulsion system 172 and pass it downstream to the low pressure
compressor stage 104. Additionally, in some embodiments, a guide vane 103 may be disposed
downstream of and adjacent to the fan stage 102. The guide vane 103 operates to guide or
otherwise channel air that has passed through the respective fan stage 102 downstream to, for

example, the low pressure compressor stage 104.

[00101] The low pressure compressor stage 104 may operate to initially compress air received
from the fan stage 102. The low pressure compressor stage 104 can include, for example, a fan
stage 106 and a fan stage 108, each having rotating fan blades that operate to compress the
received air as it passes therethrough. Fan stage 106 and the fan stage 108 thus represent a series
of fans, each containing rotating fan blades that each operate to compress air it has received as it
passes through each of the fan stage 106 and the fan stage 108 (e.g., through each stage of
compression). Additionally present in the low pressure compressor stage 104 are illustrated

guide vane 110 and guide vane 112 that correspond to each of fan stage 106 and fan stage 108,
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respectively. The guide vane 110 and the guide vane 112 each operate to guide or otherwise
channel air that has passed through the respective fan stage 106 and fan stage 108. As
illustrated, the fan stage 106 and the fan stage 108 are directly connected to a common shaft, the
low pressure shaft 114, which operates to impart rotation to the fan stage 106 and the fan stage
108. As additionally illustrated, the low pressure shaft 114 can be additionally coupled to the fan
stage 102.

[00102] Subsequent to (e.g., downstream from) the low pressure compressor stage 104 is a high
pressure compressor stage 116. The high pressure compressor stage 116 may operate to
additionally compress the low pressure compressed air received from the low pressure
compressor stage 104 to an increased (higher) pressure level. The high pressure compressor
stage 116 can include, for example, a fan stage 118 and a fan stage 120, each having rotating fan
blades that operate to compress the received air as it passes therethrough. Fan stage 118 and the
fan stage 120 thus represent a series of fans (similar to fan stage 106 and fan stage 108), each
containing rotating fan blades that each operate to compress air it has received as it passes
through each of the fan stage 118 and the fan stage 120 (e.g., through each stage of
compression). Additionally present in the high pressure compressor stage 116 are illustrated
guide vane 122 and guide vane 124 that correspond to each of fan stage 118 and fan stage 120,
respectively. The guide vane 122 and the guide vane 124 each operate to guide or otherwise
channel air that has passed through the respective fan stage 118 and fan stage 120. As
illustrated, the fan stage 118 and the fan stage 120 are directly connected to a common shaft, the
high pressure shaft 126, which operates to impart rotation to the fan stage 118 and the fan stage
120. In some embodiments, the high pressure shaft 126 rotates more rapidly than the low
pressure shaft 114 which, for example, allows for the high pressure compressor stage 116 to
compress received air to a higher pressure than possible by the low pressure compressor stage

104 driven by the low pressure shaft 114.

[00103] The propulsion system 172 additionally includes a combustion section 128 that receives
the compressed air from the high pressure compressor stage 116, mixes the compressed air with
fuel, and ignites the mixture to generate a combustion gas utilizing a combustor. This
combustion gas can be utilized to power multiple turbines downstream of the combustion section

128 and passes as exhaust out of the engine outlet 100.
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[00104] As illustrated, downstream of the combustion section 128 is a high pressure turbine
stage 130. The high pressure turbine stage 130 may operate to impart rotation to the high
pressure shaft 126. The high pressure turbine stage 130 can include, for example, a turbine stage
132 and a turbine stage 134, each having rotating fan blades that operate to receive energy as the
combustion gas passes through each of the turbine stage 132 and the turbine stage 134 (e.g.,
through each turbine stage). Additionally present in the high pressure turbine stage 130 are
illustrated guide vane 136 and guide vane 138 that correspond to each of turbine stage 132 and
turbine stage 134, respectively. The guide vane 136 and the guide vane 138 each operate to
guide or otherwise channel combustion gas that has passed through the respective turbine stage
132 and turbine stage 134. As illustrated, the turbine stage 132 and the turbine stage 134 are
directly connected to a common shaft, the high pressure shaft 126, and the turbine stage 132 and
the turbine stage 134 operate to impart rotation to the high pressure shaft 126.

[00105] The combustion gas may exit the high pressure turbine stage 130 and may flow to the
low pressure turbine stage 140. The low pressure turbine stage 140 may operate to impart
rotation to the low pressure shaft 114. The low pressure turbine stage 140 can include, for
example, a turbine stage 142 and a turbine stage 144, each having rotating fan blades that operate
to receive energy as the combustion gas passes through each of the turbine stage 142 and the
turbine stage 144 (e.g., through each turbine stage). Additionally present in the low pressure
turbine stage 140 are illustrated guide vane 146 and guide vane 148 that correspond to each of
turbine stage 142 and turbine stage 144, respectively. The guide vane 146 and the guide vane
148 each operate to guide or otherwise channel combustion gas that has passed through the
respective turbine stage 142 and turbine stage 144. As illustrated, the turbine stage 142 and the
turbine stage 144 are directly connected to a common shaft, the low pressure shaft 114, and the
turbine stage 142 and the turbine stage 144 operate to impart rotation to the low pressure shaft
114 at a rotation speed lower than the rotation speed imparted to the high pressure shaft 126 due
to, for example, lesser energy being present in the combustion gas (due to the reduced
temperature of the combustion gas) when in the low pressure turbine stage 140 relative to the

high pressure turbine stage 130.

[00106] As noted above, present embodiments include techniques for hybridization of the

propulsion system 172. For example, the propulsion system 172 can include an electric motor
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150 that operates in conjunction with the above described elements of the propulsion system 172.
For example, the electric motor 150 can be a front fan integrated motor that is disposed adjacent
to the fan stage 102. As illustrated, the electric motor 150 includes a motor housing 152 that
surrounds a motor stator 154. An airgap 156 may be provided adjacent to the motor stator 154 to
provide cooling fluid (e.g., air) and a motor rotor 158 may also be included in the electric motor

150.

[00107] In operation, the motor stator 154 may include windings while the motor rotor 158
includes one or more magnets. The motor stator 154 and motor rotor 158 may be operated as an
electric motor, where electrical power is applied to rotate fan blades of the fan stage 102.
Alternatively, the motor stator 154 and motor rotor 158 may be operated as an electric generator.
For example, during a descent or landing of an aircraft, the motor stator 154 may be operated to
generate resistance to the rotation of fan stage 102. This may result in reduced net thrust
provided by propulsion system 172, leading to a reduction in the aircraft’s speed. This may also
result in the generation of electrical power, which may be used e.g., to charge one or more power

sources (e.g., electrochemical batteries) on board the aircraft.

[00108] In some embodiments, the fan stage 102 is integrated fan blade whereby the motor rotor
158 has its rotor magnet(s) positioned about a fan shroud encircling the fan stage 102, which
may be held in position (in some embodiments), via a compressive sleeve. Thus, the electric
motor 150 provides torque directly to the integrated fan blade through the motor rotor 158,
thereby allowing for hybrid and/or full electric operation. That is, the electric motor 150 can
supplement rotation provided by the low pressure shaft 114 in a hybrid mode or the low pressure
shaft 114 can be disengaged from the fan stage 102 and the electric motor 150 can solely provide

rotation to the fan blade of the fan stage 102 in an electric mode.

[00109] Likewise, the electric motor 150 can provide full power used by the propulsion system
172 generate any given thrust by transferring torque to the low pressure shaft 114 through the fan
stage 102 (e.g., rotor integrated fan blades, as provided as a described example above). The
electric motor 150 can also provide a partial power required to generate any given thrust while
the rest of the power comes from the combustion generated in the combustion section 128. In

other embodiments, the electric motor 150 can also operate as a generator by capturing power
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from the low pressure shaft 114 through fan stage 102 (e.g., through rotor integrated fan blades).
Likewise, through a combination of motoring/generating operations (similar to that outlined with
respect to FIG. 13), the electric motor 150 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 172).

[00110] Additionally, the propulsion system 172 can include an additional electric motor 166
that operates in conjunction with the above described elements of the propulsion system 172. In
some embodiments, electric motor 166 can be similar to electric motor 150. Additionally, for
example, the electric motor 166 can be a low pressure compressor blade integrated motor that is
disposed adjacent to the low pressure compressor stage 104. More particularly, the electric
motor 166 can be coupled to the fan stage 106 or, for example, a blade or fan therein. As
illustrated, the electric motor 166 includes a motor housing 152 that surrounds a motor stator
154. An airgap 156 may be provided adjacent to the motor stator 154 to provide cooling fluid

(e.g., air) and a motor rotor 158 may also be included in the electric motor 150.

[00111] In operation, the motor stator 154 may include windings while the motor rotor 158
includes one or more magnets. The motor stator 154 and motor rotor 158 may be operated as an
electric motor, where electrical power is applied to rotate fan blades of the fan stage 106.
Alternatively, the motor stator 154 and motor rotor 158 may be operated as an electric generator.
For example, during a descent or landing of an aircraft, the motor stator 154 may be operated to
generate resistance to the rotation of fan stage 106. This may result in reduced net thrust
provided by propulsion system 172, leading to a reduction in the aircraft’s speed. This may also
result in the generation of electrical power, which may be used e.g., to charge one or more power

sources (e.g., electrochemical batteries) on board the aircraft.

[00112] In some embodiments, the fan stage 106 is integrated fan blade whereby the motor rotor
158 has its rotor magnet(s) positioned about a fan shroud encircling the fan stage 106, which
may be held in position (in some embodiments), via a compressive sleeve. Thus, the electric
motor 166 provides torque directly to the integrated fan blade through the motor rotor 158,
thereby allowing for hybrid and/or full electric operation. That is, the electric motor 166 can

supplement rotation provided by the low pressure shaft 114 in a hybrid mode or the low pressure
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shaft 114 can be disengaged from the fan stage 106 and the electric motor 166 can solely provide

rotation to the fan blade of the fan stage 106 in an electric mode.

[00113] Likewise, the electric motor 166 can provide full power used by the propulsion system
172 generate any given thrust by transferring torque to the low pressure shaft 114 through the fan
stage 106 (e.g., rotor integrated fan blades, as provided as a described example above). The
electric motor 166 can also provide a partial power required to generate any given thrust while
the rest of the power comes from the combustion generated in the combustion section 128. In
other embodiments, the electric motor 166 can also operate as a generator by capturing power
from the low pressure shaft 114 through fan stage 106 (e.g., through rotor integrated fan blades).
Likewise, through a combination of motoring/generating operations (similar to that outlined with
respect to FIG. 13), the electric motor 166 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 172).

[00114] Furthermore, it should be noted that the electric motor 150 and the electric motor 166
can work in tandem to supplement rotation provided by the low pressure shaft 114 in a hybrid
mode or the low pressure shaft 114 can be disengaged from either or both of the fan stage 102
and the fan stage 106 and the electric motor 150 and the electric motor 166 can together provide
rotation to the respective fan blade of the fan stage 102 and the fan blade of the fan stage 106 in

an electric mode.

[00115] Likewise, the electric motor 150 and the electric motor 166 in tandem can provide full
power used by the propulsion system 172 generate any given thrust by transferring torque to the
low pressure shaft 114 through the fan stage 102 and the fan stage 106 (e.g., rotor integrated fan
blades, as provided as a described example above). The electric motor 150 and the electric
motor 166 can also provide a partial power required to generate any given thrust while the rest of
the power comes from the combustion generated in the combustion section 128. In other
embodiments, the electric motor 150 and the electric motor 166 can also operate as a generator
by capturing power from the low pressure shaft 114 through fan stage 102 and fan stage 106,
respectively (e.g., through rotor integrated fan blades). Likewise, through a combination of

motoring/generating operations (similar to that outlined with respect to FIG. 13), the electric
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motor 150 and the electric motor 166 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 172).

[00116] FIG. 21 illustrates a second embodiment of propulsion system 172 that may be used in
conjunction with, for example, an aircraft. In addition to the elements described above with
respect to FIG. 20, the second embodiment of propulsion system 172 additionally includes a
reduction gearbox 160 as well as a drive shaft 162. In operation, the low pressure shaft 114 is
coupled to the reduction gearbox 160, which may operate to transmit rotation from the low
pressure shaft 114 to the drive shaft 162 coupled to the fan stage 102. The reduction gearbox
160 may operate as a gearing mechanism that alters the rotation speed between the low pressure

shaft 114 and the drive shaft 162.

[00117] FIG. 22 illustrates a propulsion system 174 that may be used in conjunction with, for
example, an aircraft. In some embodiments, the propulsion system 174 is a jet engine for an
aircraft that 1s a gas powered engine. The propulsion system 174 includes an engine inlet 98 and
an engine outlet 100 that illustrate a fluid flow path in the propulsion system 174. Air may pass
through a fan stage 102 and may flow towards a low pressure compressor stage 104 of the
propulsion system 174. In operation, the fan stage 102 has rotating fan blades that operate to
draw and/or direct air into the propulsion system 174 and pass it downstream to the low pressure
compressor stage 104. Additionally, in some embodiments, a guide vane 103 may be disposed
downstream of and adjacent to the fan stage 102. The guide vane 103 operates to guide or
otherwise channel air that has passed through the respective fan stage 102 downstream to, for

example, the low pressure compressor stage 104.

[00118] The low pressure compressor stage 104 may operate to initially compress air received
from the fan stage 102. The low pressure compressor stage 104 can include, for example, a fan
stage 106 and a fan stage 108, each having rotating fan blades that operate to compress the
received air as it passes therethrough. Fan stage 106 and the fan stage 108 thus represent a series
of fans, each containing rotating fan blades that each operate to compress air it has received as it
passes through each of the fan stage 106 and the fan stage 108 (e.g., through each stage of
compression). Additionally present in the low pressure compressor stage 104 are illustrated

guide vane 110 and guide vane 112 that correspond to each of fan stage 106 and fan stage 108,
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respectively. The guide vane 110 and the guide vane 112 each operate to guide or otherwise
channel air that has passed through the respective fan stage 106 and fan stage 108. As
illustrated, the fan stage 106 and the fan stage 108 are directly connected to a common shaft, the
low pressure shaft 114, which operates to impart rotation to the fan stage 106 and the fan stage
108. As additionally illustrated, the low pressure shaft 114 can be additionally coupled to the fan
stage 102.

[00119] Subsequent to (e.g., downstream from) the low pressure compressor stage 104 is a high
pressure compressor stage 116. The high pressure compressor stage 116 may operate to
additionally compress the low pressure compressed air received from the low pressure
compressor stage 104 to an increased (higher) pressure level. The high pressure compressor
stage 116 can include, for example, a fan stage 118 and a fan stage 120, each having rotating fan
blades that operate to compress the received air as it passes therethrough. Fan stage 118 and the
fan stage 120 thus represent a series of fans (similar to fan stage 106 and fan stage 108), each
containing rotating fan blades that each operate to compress air it has received as it passes
through each of the fan stage 118 and the fan stage 120 (e.g., through each stage of
compression). Additionally present in the high pressure compressor stage 116 are illustrated
guide vane 122 and guide vane 124 that correspond to each of fan stage 118 and fan stage 120,
respectively. The guide vane 122 and the guide vane 124 each operate to guide or otherwise
channel air that has passed through the respective fan stage 118 and fan stage 120. As
illustrated, the fan stage 118 and the fan stage 120 are directly connected to a common shaft, the
high pressure shaft 126, which operates to impart rotation to the fan stage 118 and the fan stage
120. In some embodiments, the high pressure shaft 126 rotates more rapidly than the low
pressure shaft 114 which, for example, allows for the high pressure compressor stage 116 to
compress received air to a higher pressure than possible by the low pressure compressor stage

104 driven by the low pressure shaft 114.

[00120] The propulsion system 174 additionally includes a combustion section 128 that receives
the compressed air from the high pressure compressor stage 116, mixes the compressed air with
fuel, and ignites the mixture to generate a combustion gas utilizing a combustor. This
combustion gas can be utilized to power multiple turbines downstream of the combustion section

128 and passes as exhaust out of the engine outlet 100.
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[00121] As illustrated, downstream of the combustion section 128 is a high pressure turbine
stage 130. The high pressure turbine stage 130 may operate to impart rotation to the high
pressure shaft 126. The high pressure turbine stage 130 can include, for example, a turbine stage
132 and a turbine stage 134, each having rotating fan blades that operate to receive energy as the
combustion gas passes through each of the turbine stage 132 and the turbine stage 134 (e.g.,
through each turbine stage). Additionally present in the high pressure turbine stage 130 are
illustrated guide vane 136 and guide vane 138 that correspond to each of turbine stage 132 and
turbine stage 134, respectively. The guide vane 136 and the guide vane 138 each operate to
guide or otherwise channel combustion gas that has passed through the respective turbine stage
132 and turbine stage 134. As illustrated, the turbine stage 132 and the turbine stage 134 are
directly connected to a common shaft, the high pressure shaft 126, and the turbine stage 132 and
the turbine stage 134 operate to impart rotation to the high pressure shaft 126.

[00122] The combustion gas may exit the high pressure turbine stage 130 and may flow to the
low pressure turbine stage 140. The low pressure turbine stage 140 may operate to impart
rotation to the low pressure shaft 114. The low pressure turbine stage 140 can include, for
example, a turbine stage 142 and a turbine stage 144, each having rotating fan blades that operate
to receive energy as the combustion gas passes through each of the turbine stage 142 and the
turbine stage 144 (e.g., through each turbine stage). Additionally present in the low pressure
turbine stage 140 are illustrated guide vane 146 and guide vane 148 that correspond to each of
turbine stage 142 and turbine stage 144, respectively. The guide vane 146 and the guide vane
148 each operate to guide or otherwise channel combustion gas that has passed through the
respective turbine stage 142 and turbine stage 144. As illustrated, the turbine stage 142 and the
turbine stage 144 are directly connected to a common shaft, the low pressure shaft 114, and the
turbine stage 142 and the turbine stage 144 operate to impart rotation to the low pressure shaft
114 at a rotation speed lower than the rotation speed imparted to the high pressure shaft 126 due
to, for example, lesser energy being present in the combustion gas (due to the reduced
temperature of the combustion gas) when in the low pressure turbine stage 140 relative to the

high pressure turbine stage 130.

[00123] As noted above, present embodiments include techniques for hybridization of the

propulsion system 174. For example, the propulsion system 174 can include an electric motor
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150 that operates in conjunction with the above described elements of the propulsion system 174.
For example, the electric motor 150 can be a front fan integrated motor that is disposed adjacent
to the fan stage 102. As illustrated, the electric motor 150 includes a motor housing 152 that
surrounds a motor stator 154. An airgap 156 may be provided adjacent to the motor stator 154 to
provide cooling fluid (e.g., air) and a motor rotor 158 may also be included in the electric motor

150.

[00124] In operation, the motor stator 154 may include windings while the motor rotor 158
includes one or more magnets. The motor stator 154 and motor rotor 158 may be operated as an
electric motor, where electrical power is applied to rotate fan blades of the fan stage 102.
Alternatively, the motor stator 154 and motor rotor 158 may be operated as an electric generator.
For example, during a descent or landing of an aircraft, the motor stator 154 may be operated to
generate resistance to the rotation of fan stage 102. This may result in reduced net thrust
provided by propulsion system 174, leading to a reduction in the aircraft’s speed. This may also
result in the generation of electrical power, which may be used e.g., to charge one or more power

sources (e.g., electrochemical batteries) on board the aircraft.

[00125] In some embodiments, the fan stage 102 is integrated fan blade whereby the motor rotor
158 has its rotor magnet(s) positioned about a fan shroud encircling the fan stage 102, which
may be held in position (in some embodiments), via a compressive sleeve. Thus, the electric
motor 150 provides torque directly to the integrated fan blade through the motor rotor 158,
thereby allowing for hybrid and/or full electric operation. That is, the electric motor 150 can
supplement rotation provided by the low pressure shaft 114 in a hybrid mode or the low pressure
shaft 114 can be disengaged from the fan stage 102 and the electric motor 150 can solely provide

rotation to the fan blade of the fan stage 102 in an electric mode.

[00126] Likewise, the electric motor 150 can provide full power used by the propulsion system
174 generate any given thrust by transferring torque to the low pressure shaft 114 through the fan
stage 102 (e.g., rotor integrated fan blades, as provided as a described example above). The
electric motor 150 can also provide a partial power required to generate any given thrust while
the rest of the power comes from the combustion generated in the combustion section 128. In

other embodiments, the electric motor 150 can also operate as a generator by capturing power
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from the low pressure shaft 114 through fan stage 102 (e.g., through rotor integrated fan blades).
Likewise, through a combination of motoring/generating operations (similar to that outlined with
respect to FIG. 13), the electric motor 150 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 174).

[00127] Additionally, the propulsion system 174 can additionally include electric motor 166 and
electric motor 170, which operate in conjunction with the above described elements of the
propulsion system 174. In some embodiments, one or both of electric motor 166 and electric
motor 170 can be similar to electric motor 150. Additionally, for example, the electric motor
166 can be a low pressure compressor blade integrated motor that is disposed adjacent to the low
pressure compressor stage 104. More particularly, the electric motor 166 can be coupled to the
fan stage 106 or, for example, a blade or fan therein. Similarly, for example, the electric motor
170 can be a low pressure compressor blade integrated motor that is disposed adjacent to the low
pressure compressor stage 104. More particularly, the electric motor 170 can be coupled to the
fan stage 108 or, for example, a blade or fan therein. As illustrated, each of the electric motor
166 and the electric motor 170 include a motor housing 152 that surrounds a motor stator 154.
An airgap 156 may be provided adjacent to the motor stator 154 to provide cooling fluid (e.g.,

air) and a motor rotor 158 may also be included in the electric motor 150.

[00128] In operation, the motor stator 154 may include windings while the motor rotor 158
includes one or more magnets. The motor stator 154 and motor rotor 158 may be operated as an
electric motor, where electrical power is applied to rotate fan blades of the fan stage 106 or the
fan stage 108, respectively. Alternatively, the motor stator 154 and motor rotor 158 may be
operated as an electric generator. For example, during a descent or landing of an aircraft, the
motor stator 154 may be operated to generate resistance to the rotation of fan stage 106 and/or
fan stage 108, respectively. This may result in reduced net thrust provided by propulsion system
174, leading to a reduction in the aircraft’s speed. This may also result in the generation of
electrical power, which may be used e.g., to charge one or more power sources (e.g.,

electrochemical batteries) on board the aircraft.

[00129] In some embodiments, the fan stage 106 is integrated fan blade whereby the motor rotor

158 has its rotor magnet(s) positioned about a fan shroud encircling the fan stage 106, which
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may be held in position (in some embodiments), via a compressive sleeve. Thus, the electric
motor 166 provides torque directly to the integrated fan blade through the motor rotor 158,
thereby allowing for hybrid and/or full electric operation. That is, the electric motor 166 can
supplement rotation provided by the low pressure shaft 114 in a hybrid mode or the low pressure
shaft 114 can be disengaged from the fan stage 106 and the electric motor 166 can solely provide

rotation to the fan blade of the fan stage 106 in an electric mode.

[00130] Likewise, in some embodiments, the fan stage 108 is integrated fan blade whereby the
motor rotor 158 has its rotor magnet(s) positioned about a fan shroud encircling the fan stage
108, which may be held in position (in some embodiments), via a compressive sleeve. Thus, the
electric motor 170 provides torque directly to the integrated fan blade through the motor rotor
158, thereby allowing for hybrid and/or full electric operation. That is, the electric motor 170
can supplement rotation provided by the low pressure shaft 114 in a hybrid mode or the low
pressure shaft 114 can be disengaged from the fan stage 108 and the electric motor 170 can

solely provide rotation to the fan blade of the fan stage 108 in an electric mode.

[00131] Additionally, the electric motor 166 and/or the electric motor 170 can provide full
power used by the propulsion system 174 generate any given thrust by transferring torque to the
low pressure shaft 114 through the fan stage 106 or the fan stage 108, respectively (e.g., rotor
integrated fan blades, as provided as a described example above). The electric motor 166 and/or
the electric motor 170 can also provide a partial power required to generate any given thrust
while the rest of the power comes from the combustion generated in the combustion section 128.
In other embodiments, the electric motor 166 and/or the electric motor 170 can also operate as a
generator by capturing power from the low pressure shaft 114 through fan stage 106 or fan stage
108, respectively (e.g., through rotor integrated fan blades). Likewise, through a combination of
motoring/generating operations (similar to that outlined with respect to FIG. 13), the electric
motor 166 and/or the electric motor 170 can increase the overall operational efficiency of the

engine (e.g., the propulsion system 174).

[00132] Furthermore, it should be noted that two or more of the electric motor 150, the electric
motor 166, and/or the electric motor 170 can work in tandem to supplement rotation provided by

the low pressure shaft 114 in a hybrid mode or the low pressure shaft 114 can be disengaged
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from either, both, or all of the fan stage 102, the fan stage 106, and the fan stage 108 and the two
or more of the electric motor 150, the electric motor 166, and/or the electric motor 170 can
together provide rotation to the respective fan blade of the fan stage 102, the fan blade of the fan
stage 106, and the fan blade of the fan stage 108 in an electric mode.

[00133] Likewise, two or more of the electric motor 150, the electric motor 166, and/or the
electric motor 170 can work in tandem to provide full power used by the propulsion system 174
to generate any given thrust by transferring torque to the low pressure shaft 114 through the
respective fan stage 102, fan stage 106, and the fan stage 108 (e.g., rotor integrated fan blades, as
provided as a described example above). Two or more of the electric motor 150, the electric
motor 166, and/or the electric motor 170 can also provide a partial power required to generate
any given thrust while the rest of the power comes from the combustion generated in the
combustion section 128. In other embodiments, two or more of the electric motor 150, the
electric motor 166, and/or the electric motor 170 can also operate as a generator by capturing
power from the low pressure shaft 114 respectively through fan stage 102, fan stage 106, and fan
stage 108 (e.g., through rotor integrated fan blades). Likewise, through a combination of
motoring/generating operations (similar to that outlined with respect to FIG. 13), two or more of
the electric motor 150, the electric motor 166, and/or the electric motor 170 can increase the

overall operational efficiency of the engine (e.g., the propulsion system 174).

[00134] FIG. 23 illustrates a second embodiment of propulsion system 174 that may be used in
conjunction with, for example, an aircraft. In addition to the elements described above with
respect to FIG. 22, the second embodiment of propulsion system 174 additionally includes a
reduction gearbox 160 as well as a drive shaft 162. In operation, the low pressure shaft 114 is
coupled to the reduction gearbox 160, which may operate to transmit rotation from the low
pressure shaft 114 to the drive shaft 162 coupled to the fan stage 102. The reduction gearbox
160 may operate as a gearing mechanism that alters the rotation speed between the low pressure

shaft 114 and the drive shaft 162.

[00135] It should further be noted that each of the electric motor 150, electric motor 166, and
electric motor 170 may be coupled to a power source 60 that is coupled to a controller 62, similar

to the power source 60 and controller 62 illustrated in FIGS. 4, 6, 8, 10, and 12. Additionally
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where more than one of the electric motor 150, electric motor 166, and electric motor 170 is
present (e.g., in the propulsion system 168, the propulsion system 172, and/or the propulsion
system 174) each of respective electric motor 150, electric motor 166, and electric motor 170
present in the propulsion system 168, the propulsion system 172, and/or the propulsion system
174 can be coupled to its own power source 60 and its own controller 62. Alternatively, where
more than one of the electric motor 150, electric motor 166, and electric motor 170 is present
(e.g., in the propulsion system 168, the propulsion system 172, and/or the propulsion system
174) two or more of the electric motor 150, electric motor 166, and electric motor 170 present in
the propulsion system 168, the propulsion system 172, and/or the propulsion system 174 can be

coupled to a common power source 60 and common controller 62.

[00136] This written description uses examples to disclose the above description to enable any
person skilled in the art to practice the disclosure, including making and using any devices or
systems and performing any incorporated methods. The patentable scope of the disclosure is
defined by the claims, and may include other examples that occur to those skilled in the art.
Such other examples are intended to be within the scope of the claims if they have structural
elements that do not differ from the literal language of the claims, or if they include equivalent
structural elements with insubstantial differences from the literal languages of the claims.
Accordingly, while the above disclosed embodiments may be susceptible to various
modifications and alternative forms, specific embodiments have been shown by way of example
in the drawings and have been described in detail herein. However, it should be understood that
the embodiments are not intended to be limited to the particular forms disclosed. Rather, the
disclosed embodiment are to cover all modifications, equivalents, and alternatives falling within

the spirit and scope of the embodiments as defined by the following appended claims.
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CLAIMS

What 1s claimed is:

1. A system, comprising:

a first electric motor that when in operation imparts rotation to a fan stage of an engine;

a combustion section of the engine comprising a combustor that when in operation
generates combustion gas through ignition of fuel and compressed air; and

a turbine of the engine coupled to a shaft of the engine, wherein the turbine when in
operation receives the combustion gas from the combustion section and imparts rotation to the

shaft using the combustion gas.

2. The system of claim 1, wherein the fan stage comprises an integrated fan blade.

3. The system of claim 2, wherein the first electric motor is disposed about the integrated

fan blade to provide torque directly to the integrated fan blade.

4. The system of claim 2, comprising a second electric motor that when in operation imparts

rotation to a second fan stage of the engine.

5. The system of claim 4, wherein the second fan stage comprises a second integrated fan
blade.
6. The system of claim 5, wherein the second electric motor is disposed about the second

integrated fan blade to provide torque directly to the second integrated fan blade.
7. The system of claim 6, comprising a second shaft coupled to the integrated fan blade and
the second integrated fan blade, wherein the torque provided to the integrated fan blade and the

second integrated fan blade is imparted to the second shaft.

8. The system of claim 6, comprising:



WO 2023/067527 PCT/IB2022/060067
45

a second shaft coupled to the integrated fan blade, wherein the torque provided to the
integrated fan blade is imparted to the second shaft; and
a third shaft coupled to the second integrated fan blade, wherein the torque provided to

the integrated fan blade is imparted to the third shaft.

9. The system of claim 1, wherein the shaft is directly coupled to the first electric motor and
the fan stage.
10. The system of claim 9, wherein the first electric motor when in operation imparts rotation

to the fan stage by imparting rotation to the shaft to rotate an impeller of the fan stage.

11. The system of claim 1, wherein the shaft is coupled to the first electric motor via a gear

train and wherein the shaft is coupled to the fan stage.

12. The system of claim 1, comprising a second electric motor that when in operation

imparts rotation to a propeller of the engine.

13. The system of claim 1, wherein the first electric motor comprises a plurality of electric
motors.
14. The system of claim 1, wherein the first electric motor comprises a stator and a one or

more rotors.

15. A system, comprising;

a propeller assembly comprising a propeller;

a drive shaft coupled to the propeller assembly, wherein the drive shaft when in operation
generates rotation of the propeller;

a reduction gearbox coupled to the drive shaft, wherein the reduction gearbox when in

operation alters a rotation speed between a power turbine shaft and the drive shaft; and
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an electric motor disposed between the propeller assembly and the reduction gearbox,
wherein the electric motor is coupled to the drive shaft, wherein the electric motor when in

operation imparts torque to at least partially rotate the drive shaft.

16. The system of claim 15, wherein the electric motor when in operation imparts torque to

solely rotate the drive shaft to provide electric operation of the propeller.

17. The system of claim 15, comprising a second electric motor that when in operation

imparts rotation to a fan stage of the system.

18. The system of claim 17, comprising a controller coupled to the electric motor and the
second electric motor, wherein the controller when in operation controls an amount of power

transmitted to each of the electric motor and the second electric motor.

19. A system, comprising:

an electric motor that when in operation imparts rotation to a fan stage of an engine;

a combustion section of the engine comprising a combustor that when in operation
generates combustion gas through ignition of fuel and compressed air;

a turbine of the engine coupled to a shaft of the engine, wherein the turbine when in
operation receives the combustion gas from the combustion section and imparts rotation to the
shaft using the combustion gas; and

a controller coupled to the electric motor, wherein the controller when in operation

controls an amount of power transmitted to the electric motor.

20. The system of claim 19, wherein the controller is coupled to the turbine of the engine,
wherein the controller when in operation controls an amount of fuel provided to the combustion
section in conjunction with control of the amount of power transmitted to the electric motor to

facilitate hybrid operation of the engine.
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Box No. IT Observations where certain claims were found unsearchable (Continuation of item 2 of the first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. O Claim Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. O Claim Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an extent that
no meaningful intemational search can be carried out, specifically:

3. [0 Claim Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this intemational application, as follows:

The claims are directed to a plurality of inventive concepts as follows:

Group A - Claims 1-14, 19, and 20 are directed to a system with an electric motor that rotates a fan stage of an engine, a combustion
section that generates combustion gas to power a turbine that rotates a shaft; and

Group B - Claims 15-18 are directed to a system with a drive shaft that turns a propeller, a reduction gearbox between the drive shaft
and a power turbine shaft, and electric motor coupled to the drive shaft between the reduction gearbox and the propeller, wherein the

motor when in operation rotates the drive shaft.

The claims must be limited to one inventive concept as set out in PCT Rule 13.
1. O  Asall required additional search fees were timely paid by the applicant, this intermational search report covers all seerchable claims.

2. B Asall searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. O As only some of the required additional search fees were timely paid by the applicant, this intemational search report covers only
those claims for which [ees were paid, specifically claim Nos.:

4. T No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted to the
invention first mentioned in the claims; it is covered by claim Nos.:

Remark on Protest O The additional search fees were accompanied by the applicant’s protest and, where applicable, the payment
of a protest fee.

O The additional search fees were accompanied by the applicant’s protest but the applicable protest fee was not
paid within the tme limit specified in the invitation.

U No protest accompanied the payment of additional search fees.
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