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(57) Abrégée/Abstract:
A hybrid-electric propulsion system includes a propulsor, a turbomachine, and an electrical system having an electric machine
coupled to the turbomachine. A method for operating the propulsion system includes operating, by one or more computing
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(57) Abrege(suite)/Abstract(continued):
devices, the turbomachine to rotate the propulsor and generate thrust for the aircraft; receiving, by the one or more computing
devices, data Indicative of an un-commanded loss of the thrust generated from the turbomachine rotating the propulsor; and

providing, by the one or more computing devices, electrical power to the electric machine to add power to the turbomachine, tr
propulsor, or both In response to receiving the data indicative of the un-commanded loss of thrust.
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ABSTRACT

A hybrid-electric propulsion system includes a propulsor, a turbomachine, and an
electrical system having an electric machine coupled to the turbomachine. A method for
operating the propulsion system includes operating, by one or more computing devices, the
turbomachine to rotate the propulsor and generate thrust for the aircraft; receiving, by the
one or more computing devices, data indicative of an un-commanded loss of the thrust
generated from the turbomachine rotating the propulsor; and providing, by the one or more
computing devices, electrical power to the electric machine to add power to the
turbomachine, the propulsor, or both in response to receiving the data indicative of the un-

commanded loss of thrust.
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PROPULSION SYSTEM FOR AN AIRCRAFT

FIELD

[0001] The present subject matter relates generally to a hybrid-electric propulsion
system, and a method for operating the hybrid electric propulsion system during an un-

commanded loss of thrust.

BACKGROUND

[0002] A conventional commercial aircraft generally includes a fuselage, a pair ot
wings, and a propulsion system that provides thrust. The propulsion system typically
includes at least two aircraft engines, such as turbofan jet engines. Each turbofan jet engine
1s typically mounted to a respective one of the wings ot the aircratt, such as in a suspended

position beneath the wing, separated from the wing and fuselage.

[0003] During flight operations of the aircraft, it is possible that one or both of the
aircraft engines may experience an un-commanded loss of thrust. The un-commanded loss
of thrust may be a total loss of thrust, or a reduction in thrust, in response to, e.g., an
ingestion event (such as a bird strike, or ice ingestion) or a combustor blowout. The un-
commanded loss of thrust may limit a flight crew’s ability to control the aircraft and
perform certain functions. Accordingly, a propulsion system for an aircraft capable of

compensating for such an un-commanded loss of thrust would be useful.

BRIEF DESCRIPTION

10004] Aspects and advantages of the invention will be set forth in part in the following
description, or may be obvious from the description, or may be learned through practice of

the invention.

[0005] In an exemplary aspect of the present disclosure, a method for operating a

turbomachine of a hybrid-electric propulsion system of an aircraft is provided. The hybrid-
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electric propulsion system includes a propulsor, a turbomachine, and an electrical system
having an electric machine coupled to the turbomachine. The method includes operating,
by one or more computing devices, the turbomachine to rotate the propulsor and generate
thrust for the aircraft; receiving, by the one or more computing devices, data indicative of
an un-commanded loss of the thrust generated from the turbomachine rotating the
propulsor; and providing, by the one or more computing devices, electrical power to the
electric machine to add power to the turbomachine, the propulsor, or both 1n response to

receiving the data indicative of the un-commanded loss of thrust.

[0006] In certain exemplary aspects the electrical system further includes an electric
energy storage unit, and providing, by the one or more computing devices, electrical power

to the electric machine includes providing, by the one or more computing devices, electrical

power to the electric machine from the electric energy storage unit.

[0007] In certain exemplary aspects the turbomachine 1s a first turbomachine, wherein
the electric machine is a first electric machine, wherein the hybrid electric propulsion
system further includes a second turbomachine, wherein the electrical system further
includes a second electric machine coupled to the second turbomachine, and wherein
providing, by the one or more computing devices, electrical power to the electric machine
includes providing, by the one or more computing devices, electrical power to the first

electric machine from the second electric machine.

[0008] In certain exemplary aspects receiving, by the one or more computing devices,
data indicative of the un-commanded loss of the thrust includes receiving, by the one or
more computing devices, data indicative of a reduction in a rotational speed of the

turbomachine.

[0009] In certain exemplary aspects receiving, by the one or more computing devices,

data indicative of the un-commanded loss of the thrust includes receiving, by the one or
more computing devices, data indicative of an increased vibration of one or more

components of the turbomachine, of the propulsor, or both.

2
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[0010] In certain exemplary aspects receiving, by the one or more computing devices,
data indicative of the un-commanded loss of the thrust includes receiving, by one or more
computing devices, data indicative of a reduced pressure within the turbomachine. For
example, in certain exemplary aspects the data indicative of the reduced pressure within

the turbomachine is indicative of a combustor blowout.

[0011] In certain exemplary aspects, the method further includes terminating, by the
one or more computing devices, the provision of electrical power to the electric machine
to add power to the turbomachine, the propulsor, or both. For example, in certain exemplary
aspects, the method further includes receiving, by the one or more computing devices, data
indicative of a restoration of engine operability, wherein terminating, by the one or more
computing devices, the provision of electrical power to the electric machine includes
terminating, by the one or more computing devices, the provision of electrical power to the
electric machine in response to receiving, by the one or more computing devices, data

indicative of the restoration of engine operability.

[0012] For example, in certain exemplary aspects receiving, by the one or more
computing devices, data indicative of the restoration of engine operability includes
receiving, by the one or more computing devices, data indicative of a restoration of the
thrust generated from the turbomachine rotating the propulsor, and wherein the data
indicative of the restoration of the thrust includes data indicative of an operability

parameter of the turbomachine being within a certain operability range.

[0013] For example, 1n certain exemplary aspects receiving, by the one or more
computing devices, data indicative of the restoration of engine operability includes
receiving, by the one or more computing devices, data indicative of a restoration of the
thrust generated from the turbomachine rotating the propulsor, and wherein the data
indicative of the restoration of the thrust includes data indicative of at least one of a
rotational speed of the turbomachine being above a determined threshold or a pressure

within the turbomachine being above a determined threshold.
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[0014] Additionally, or alternatively, in certain exemplary aspects, the method further
includes receiving, by the one or more computing devices, data indicative of a charge level
of the electric energy storage unit, and wherein terminating, by the one or more computing
devices, the provision of electrical power to the electric machine includes terminating, by
the one or more computing devices, the provision of electrical power to the electric
machine in response to receiving, by the one or more computing devices, data indicative

of the charge level of the electric energy storage unit.

[0015] Additionally, or alternatively, in certain exemplary aspects, the method further
includes receiving, by the one or more computing devices, data indicative of a health of the
electric energy storage unit, and wherein terminating, by the one or more computing
devices, the provision of electrical power to the electric machine includes terminating, by
the one or more computing devices, the provision of electrical power to the electric
machine in response to receiving, by the one or more computing devices, data indicative

of the health of the electric energy storage unit.

[0016] Additionally, or alternatively, in certain exemplary aspects, the method turther
includes receiving, by the one or more computing devices, data indicative of a temperature
of the electric machine, and wherein terminating, by the one or more computing devices,
the provision of electrical power to the electric machine includes terminating, by the one
or more computing devices, the provision of electrical power to the electric machine in
response to receiving, by the one or more computing devices, data indicative of the

temperature of the electric machine.

(0017] In certain exemplary aspects providing, by the one or more computing devices,
electrical power to the electric machine includes transterring, by one or more computing

devices, at least about ten amps of electrical power to the electric machine.

(0018] In certain exemplary aspects providing, by the one or more computing devices,

electrical power to the electric machine includes providing, by the one or more computing
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devices, electrical power to the electric machine such that the electric machine provides at

least about fifteen horsepower of mechanical power to the turbomachine.

[0019] In certain exemplary aspects operating, by the one or more computing devices,
the turbomachine to rotate the propulsor and generate thrust for the aircraft includes
extracting, by the one or more computing devices electrical power from the electric

machine.

[0020] In an exemplary embodiment of the present disclosure, a hybrid-electric
propulsion system for an aircraft is provided. The hybrid electric propulsion system
includes a propulsor, a turbomachine coupled to the propulsor for driving the propulsor and
generating thrust, and an electrical system including an electric machine, the electric
machine coupled to the turbomachine. The hybrid electric propulsion system further
includes a controller configured to receive data indicative of an un-commanded loss of
thrust generated from the turbomachine driving the propulsor, and further to provide
electrical power to the electric machine to add power to the turbomachine, the propulsor,

or both 1n response to receiving the data indicative of the un-commanded loss of the thrust.

[0021] In certain exemplary embodiments the electrical system further includes an
electric energy storage unit, and wherein in providing electrical power to the electric
machine, the controller is configured to provide electrical power to the electric machine

from the electric energy storage unit.

[0022] In certain exemplary embodiments the electric machine is configured to provide

at least about sixty-five horsepower of mechanical power to the turbomachine, the

propulsor, or both when electrical power is provided thereto.

[0023] These and other features, aspects and advantages of the present invention will

become better understood with reference to the following description and appended claims.
The accompanying drawings, which are incorporated in and constitute a part of this
specitication, illustrate embodiments of the invention and, together with the description,

serve to explain the principles of the invention.

S
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BRIEF DESCRIPTION OF THE DRAWINGS

10024] A full and enabling disclosure of the present invention, including the best mode

thereof, directed to one of ordinary skill in the art, is set forth in the specification, which

makes reference to the appended figures, in which:

[0025] FIG. 1 1s a top view of an aircraft according to various exemplary embodiments

of the present disclosure.

[0026] FIG. 2 is a schematic, cross-sectional view of a gas turbine engine mounted to

the exemplary aircraft of FIG. 1.

[0027] FIG. 3 is a schematic, cross-sectional view of an electric fan assembly in

accordance with an exemplary embodiment of the present disclosure.

[0028] FIG. 4 is a schematic view of a propulsion system in accordance with another

exemplary embodiment of the present disclosure.

[0029] FIG. 5 1s a flow diagram of a method for operating a gas turbine engine of a
hybrid electric propulsion system of an aircraft in accordance with an exemplary aspect of

the present disclosure.

[0030] FIG. 6 1s a flow diagram of a method for operating a gas turbine engine of a
hybrid electric propulsion system of an aircraft in accordance with another exemplary

aspect of the present disclosure

[0031] FIG. 7 1s a computing system according to example aspects of the present

disclosure.
DETAILED DESCRIPTION

[0032]  Reference will now be made in detail to present embodiments of the invention,
one or more examples of which are illustrated in the accompanying drawings. The detailed

description uses numerical and letter designations to refer to features in the drawings. Like
6
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or similar designations in the drawings and description have been used to refer to like or

similar parts of the invention.

[0033] As used herein, the terms “first”, “second”, and “third” may be used
interchangeably to distinguish one component from another and are not intended to signify

location or importance of the individual components.

[0034] The terms “forward” and “aft” refer to relative positions within a gas turbine
engine or vehicle, and refer to the normal operational attitude of the gas turbine engine or
vehicle. For example, with regard to a gas turbine engine, forward refers to a position closer

to an engine inlet and aft refers to a position closer to an engine nozzle or exhaust.

[0035] The terms “upstream” and “downstream” refer to the relative direction with
respect to a flow in a pathway. For example, with respect to a fluid flow, “upstream” refers
to the direction from which the fluid flows, and “downstream” refers to the direction to
which the fluid flows. However, the terms “upstream” and “downstream” as used herein

may also refer to a flow of electricity.

[0036] The singular forms “a”, “an”, and “the” include plural references unless the

context clearly dictates otherwise.

[0037] Approximating language, as used herein throughout the specification and
claims, 1s applied to modity any quantitative representation that could permissibly vary
without resulting in a change in the basic function to which it is related. Accordingly, a
value modified by a term or terms, such as “about”, “approximately”, and “substantially”,
are not to be limited to the precise value specified. In at least some instances, the
approximating language may correspond to the precision of an instrument for measuring
the value, or the precision of the methods or machines for constructing or manufacturing

the components and/or systems. For example, the approximating language may refer to

being within a ten percent margin.
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[0038] Here and throughout the specification and claims, range limitations are
combined and interchanged, such ranges are identified and include all the sub-ranges
contained therein unless context or language indicates otherwise. For example, all ranges
disclosed herein are inclusive of the endpoints, and the endpoints are independently

combinable with each other.

[0039] The present disclosure 1s generally related to a hybrid electric propulsion system
having a first turbomachine coupled to a first propulsor and an electrical system including
a tirst electric machine and an electric energy storage unit electrically connectable to the
first electric machine. The first electric machine 1s coupled to the first turbomachine, the
first propulsor, or both and accordingly may be driven by the first turbomachine and/or
may drive the first turbomachine and/or the first propulsor in certain operations. Moreover,
in other exemplary embodiments, the hybrid electric propulsion system may further include
a second propulsor, and the electrical system may further include a second electric machine
coupled to the second propulsor and electrically connectable to electric energy storage unit,

the first electric machine, or both.

[0040] For example, in certain exemplary embodiments, the first turbomachine and
first propulsor may together be configured as part of a turbofan engine and the second
propulsor may be configured as part of an electric propulsor assembly (e.g., an electric
fan). Alternatively, in other exemplary embodiments, the first turbomachine and first
propulsor may together be configured as part of a first turbofan engine and the second
propulsor may be configured as part of a second turbofan engine (e.g., with the hybrid
electric propulsion system further including a second turbomachine). Further, in other
exemplary embodiments these components may be configured as part of, e.g., turboprop

engine(s), or any other suitable gas turbine engine(s).

[0041] In certain operations, the hybrid electric propulsion system may be operated to
compensate for an un-commanded loss of thrust generated by the first turbomachine
rotating the first propulsor. For example, the method may operate the first turbomachine to

rotate the first propulsor to generate the thrust for the aircraft, and further may receive data

8
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indicative of an un-commanded loss of the thrust generated from the first turbomachine
rotating the first propulsor. For example, the received data may include data indicative of
a reduction 1n a rotational speed of the first turbomachine, a reduction of a pressure within
the first turbomachine, an increase in an amount of vibration of one or more components

within the first turbomachine, etc.

[0042] Further, in response to receiving the data indicative of the un-commanded loss
of the thrust, the method may provide electrical power to the first electric machine to add
power to the first turbomachine, the first propulsor, or both. For example, in certain
exemplary aspects, the method may provide electrical power to the first electric machine
from the electric energy storage unit to add power to the first turbomachine, the first
propulsor, or both. Such provision of electrical power to the first electric machine to add
power may supplement the loss of the thrust, such that the aircraft may continue to perform

in the immediate timeframe.

[0043] Moreover, in certain exemplary aspects, the method may terminate the
provision of electrical power to the first electric machine under certain situations. For
example, the method may terminate the provision of electrical power to the first electric
machine once the thrust is restored, once an electrical charge of the electric energy storage
unit falls below a normal threshold, once a temperature of the first electric machine exceeds

a certain threshold, etc.

[0044] Referring now to the drawings, wherein identical numerals indicate the same

elements throughout the figures, FIG. 1 provides a top view of an exemplary aircraft 10 as
may incorporate various embodiments of the present disclosure. As shown in FIG. 1, the
aircraft 10 defines a longitudinal centerline 14 that extends therethrough, a lateral direction
L, a forward end 16, and an aft end 18. Moreover, the aircraft 10 includes a fuselage 12,
extending longitudinally from the forward end 16 of the aircraft 10 to the aft end 18 of the
aircraft 10, and an empennage 19 at the aft end of the aircraft 10. Additionally, the aircraft
10 includes a wing assembly including a first, port side wing 20 and a second, starboard

side wing 22. The first and second wings 20, 22 each extend laterally outward with respect

9
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to the longitudinal centerline 14. The first wing 20 and a portion of the fuselage 12 together
define a first side 24 of the aircraft 10, and the second wing 22 and another portion of the
fuselage 12 together define a second side 26 of the aircraft 10. For the embodiment
depicted, the first side 24 of the aircraft 10 1s configured as the port side of the aircraft 10,

and the second side 26 of the aircraft 10 1s configured as the starboard side of the aircraft

10.

[0045] Each of the wings 20, 22 for the exemplary embodiment depicted includes one
or more leading edge flaps 28 and one or more trailing edge flaps 30. The aircraft 10
further includes, or rather, the empennage 19 of the aircraft 10 includes, a vertical stabilizer
32 having a rudder flap (not shown) for yaw control, and a pair of horizontal stabilizers 34,
each having an elevator flap 36 for pitch control. The fuselage 12 additionally includes an
outer surface or skin 38. It should be appreciated however, that in other exemplary
embodiments of the present disclosure, the aircraft 10 may additionally or alternatively
include any other suitable configuration. For example, in other embodiments, the aircraft

10 may include any other configuration of stabilizer.

[0046] Reterring now also to FIGS. 2 and 3, the exemplary aircraft 10 of FIG. 1
additionally includes a hybrid-electric propulsion system 50 having a first propulsor
assembly 52 and a second propulsor assembly 34. FIG. 2 provides a schematic, cross-
sectional view of the first propulsor assembly 52, and FIG. 3 provides a schematic, cross-

sectional view of the second propulsor assembly 54. For the embodiment depicted, the

first propulsor assembly 52 and second propulsor assembly 54 are each configured in an

underwing-mounted configuration. However, as will be discussed below, one or both of

the first and second propulsor assemblies 52, 54 may in other exemplary embodiments be

mounted at any other suitable location.

[0047] More particularly, referring generally to FIGS. 1 through 3, the exemplary
hybrid-electric propulsion system 50 generally includes the first propulsor assembly 52
having a turbomachine and a prime propulsor (which, for the embodiment of FIG. 2 are

configured together as a gas turbine engine, or rather as a turbofan engine 100), an electric

10
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machine 56 (which for the embodiment depicted in FIG. 2 is an electric motor/generator)
drivingly coupled to the turbomachine, the second propulsor assembly 54 (which for the
embodiment of FIG. 3 1s configured as an electric propulsor assembly 200), an electric
energy storage unit 55 (electrically connectable to the electric machine 56 and/or the
electric propulsor assembly 200), a controller 72, and a power bus 58. The electric
propulsor assembly 200, the electric energy storage unit 55, and the electric machine 56
are each electrically connectable to one another through one or more electric lines 60 of
the power bus 58. For example, the power bus 58 may include various switches or other
power electronics movable to selectively electrically connect the various components of
the hybrid electric propulsion system 50. Additionally, the power bus 58 may further
include power electronics, such as inverters, converters, rectifiers, etc., for conditioning or

converting electrical power within the hybrid electric propulsion system S0.

[0048] As will be appreciated, the controller 72 may be configured to distribute
electrical power between the various components of the hybrid-electric propulsion system
50. For example, the controller 72 may be operable with the power bus 58 (including the
one or more switches or other power electronics) to provide electrical power to, or draw
electrical power from, the various components, such as the electric machine 56, to operate
the hybrid electric propulsion system 50 between various operating modes and perform
various functions. Such is depicted schematically as the electric lines 60 of the power bus

58 extending through the controller 72, and will be discussed in greater detail below.

[0049] The controller 72 may be a stand-alone controller, dedicated to the hybrid-
electric propulsion system 50, or alternatively, may be incorporated into one or more of a
main system controller for the aircratt 10, a separate controller for the exemplary turbofan
engine 100 (such as a full authority digital engine control system for the turbofan engine

100, also referred to as a FADEC), etc. For example, the controller 72 may be configured
in substantially the same manner as the exemplary computing system 500 described below
with reference to FIG. 7 (and may be configured to perform one or more of the functions

of the exemplary method 300, described below).

11
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[0050] Additionally, the electric energy storage unit 55 may be configured as one or
more batteries, such as one or more lithium-ion batteries, or alternatively may be
configured as any other suitable electrical energy storage devices. It will be appreciated
that for the hybrid-electric propulsion system 50 described herein, the electric energy
storage unit 535 1s configured to store a relatively large amount of electrical power. For
example, in certain exemplary embodiments, the electric energy storage unit may be
configured to store at least about fifty kilowatt hours ot electrical power, such as at least
about sixty-five kilowatt hours of electrical power, such as at least about seventy-five

kilowatts hours of electrical power, and up to about one thousand kilowatt hours of

electrical power.

[0051] Referring now particularly to FIGS. 1 and 2, the first propulsor assembly 52
includes a gas turbine engine mounted, or configured to be mounted, to the first wing 20
of the aircraft 10. More specifically, for the embodiment of FIG. 2, the gas turbine engine
includes a turbomachine 102 and a propulsor, the propulsor being a fan (referred to as “fan
104” with reference to FI1G. 2). Accordingly, tor the embodiment of FIG. 2, the gas turbine

engine 1s configured as a turbotan engine 100.

[0052] The turbofan engine 100 defines an axial direction Al (extending parallel to a
longitudinal centerline 101 provided for reference) and a radial direction R1. As stated, the

turbofan engine 100 includes the fan 104 and the turbomachine 102 disposed downstream

from the fan 104.

[0053] The exemplary turbomachine 102 depicted generally includes a substantially
tubular outer casing 106 that defines an annular inlet 108. The outer casing 106 encases,
1n serial flow relationship, a compressor section including a booster or low pressure (LP)
compressor 110 and a high pressure (HP) compressor 112; a combustion section 114; a
turbine section including a first, high pressure (HP) turbine 116 and a second, low pressure
(LP) turbine 118; and a jet exhaust nozzle section 120. The compressor section,
combustion section 114, and turbine section together define at least in part a core air

tlowpath 121 through the turbomachine 102.
12
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[0054] The exemplary turbomachine 102 of the turbofan engine 100 additionally
includes one or more shafts rotatable with at least a portion of the turbine section and, for
the embodiment depicted, at least a portion of the compressor section. More particularly,
for the embodiment depicted, the turbofan engine 100 includes a high pressure (HP) shatft
or spool 122, which drivingly connects the HP turbine 116 to the HP compressor 112.
Additionally, the exemplary turbofan engine 100 includes a low pressure (LP) shaft or
spool 124, which drivingly connects the LP turbine 118 to the LP compressor 110.

[0055] Further, the exemplary fan 104 depicted 1s configured as a variable pitch fan
having a plurality of fan blades 128 coupled to a disk 130 in a spaced apart manner. The
fan blades 128 extend outwardly from disk 130 generally along the radial direction R1.
Each fan blade 128 is rotatable relative to the disk 130 about a respective pitch axis P1 by
virtue of the fan blades 128 being operatively coupled to a suitable actuation member 132
configured to collectively vary the pitch of the fan blades 128. The fan 104 is mechanically
coupled to the LP shaft 124, such that the fan 104 1s mechanically driven by the second,
LP turbine 118. More particularly, the tan 104, including the fan blades 128, disk 130, and
actuation member 132, 1s mechanically coupled to the LP shaft 124 through a power
gearbox 134, and 1s rotatable about the longitudinal axis 101 by the LP shaft 124 across the
power gear box 134. The power gear box 134 includes a plurality of gears for stepping
down the rotational speed of the LP shaft 124 to a more efficient rotational fan speed.
Accordingly, the fan 104 1s powered by an LP system (including the LP turbine 118) of the

turbomachine 102.

[0056] Referring still to the exemplary embodiment of FIG. 2, the disk 130 is covered
by rotatable front hub 136 aerodynamically contoured to promote an airflow through the
plurality of fan blades 128. Additionally, the turbofan engine 100 includes an annular fan
casing or outer nacelle 138 that circumterentially surrounds the fan 104 and/or at least a
portion of the turbomachine 102. Accordingly, the exemplary turbofan engine 100 depicted
may be referred to as a “ducted” turbofan engine. Moreover, the nacelle 138 is supported

relative to the turbomachine 102 by a plurality of circumferentially-spaced outlet guide

13

CA 3009010 2018-06-21



317529A-2

vanes 140. A downstream section 142 of the nacelle 138 extends over an outer portion of

the turbomachine 102 so as to define a bypass airflow passage 144 therebetween.

[0057] Referring still to FIG. 2, the hybrid-electric propulsion system 50 additionally
includes an electric machine 56, which for the embodiment depicted is'configured as an
electric motor/generator. The electric machine 56 1s, for the embodiment depicted,
positioned within the turbomachine 102 of the turbofan engine 100, inward of the core air
flowpath 121, and is coupled to/in mechanical communication with one of the shafts of the
turbofan engine 100. More specifically, for the embodiment depicted, the electric machine
1s coupled to the second, LP turbine 118 through the LP shaft 124. The electric machine 56
may be configured to convert mechanical power of the LP shaft 124 to electrical power
(such that the LP shaft 124 drives the electric machine 56), or alternatively the electric
machine 56 may be configured to convert electrical power provided thereto into mechanical

power tor the LP shaft 124 (such that the electric machine 56 drives, or assists with driving,

the LP shaft 124).

[0058] It should be appreciated, however, that in other exemplary embodiments, the
electric machine 56 may instead be positioned at any other suitable location within the
turbomachine 102 or elsewhere. For example, the electric machine 56 may be, in other
embodiments, mounted coaxially with the LP shaft 124 within the turbine section, or
alternatively may be offset from the LP shaft 124 and driven through a suitable gear train.
Additionally, or alternatively, in other exemplary embodiments, the electric machine 56
may instead be powered by the HP system, i.e., by the HP turbine 116 through, e.g., the
HP shaft 122, or by both the LP system (e.g., the LP shaft 124) and the HP system (e.g.,
the HP shaft 122) via a dual drive system. Additionally, or alternatively, still, in other
embodiments, the electric machine 56 may include a plurality of electric machines, e.g.,
with one being drivingly connected to the LP system (e.g., the LP shaft 124) and one being
drivingly connected to the HP system (e.g., the HP shaft 122). Further, although the electric
machine 56 1s described as an electric motor/generator, in other exemplary embodiments,

the electric machine 56 may be configured solely as an electric generator.

14
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[0059] Notably, in certain exemplary embodiments, the electric machine 56 may be
configured to generate at least about fifty kilowatts of electrical power when driven by the
turbomachine 102, such as at Ieast about sixty-five kilowatts of electrical power, such as at
least about seventy-five kilowatts of electrical power, such as at least about one hundred
kilowatts of electrical power, such as up to one thousand kilowatts of electrical power.
Additionally, or alternatively, the electric machine 56 may be configured to provide, or
otherwise add, at least about fifteen horsepower of mechanical power to the turbomachine
102 when the electric machine 56 1s provided electrical power from, e.g., the electric energy
storage unit 55. For example, in certain exemplary embodiments, the electric machine 56
may be configured to provide at least about sixty-five horsepower of mechanical power to
the turbomachine 102, such as at least about seventy-five horsepower of mechanical power
to the turbomachine 102, such as at least about one hundred horsepower, such as at least
about one hundred and twenty horsepower, such as up to about one thousand three hundred

horsepower.

(0060} Reterring still to FIGS. 1 and 2, the turbofan engine 100 further includes a
controller 150 and a plurality of sensors (not shown). The controller 150 may be a full
authority digital engine control system, also referred to as a FADEC. The controller 150 of
the turbofan engine 100 may be configured to control operation of, e.g., the actuation
member 132, the fuel delivery system, etc. Additionally, referring back also to FIG. 1, the
controller 150 of the turbotan engine 100 1s operably connected to the controller 72 of the

hybrid-electric propulsion system 50. Moreover, as will be appreciated, the controller 72

may further be operably connected to one or more of the first propulsor assembly 52
(including controller 150), the electric machine 56, the second propulsor assembly 54, and
the energy storage unit 55 through a suitable wired or wireless communication system

(depicted in phantom).

[0061] Moreover, although not depicted, in certain exemplary embodiments, the
turbofan engine 100 may further include one or more sensors positioned to, and configured

to, sense data indicative of one or more operational parameters of the turbofan engine 100.
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For example, the turbofan engine 100 may include one or more temperature sensors
configured to sense a temperature within a core air flowpath 121 of the turbomachine 102.
For example, such sensors may be configured to sense an exhaust gas temperature at an
exit of the combustion section 114. Additionally, or alternatively, the turbofan engine 100
may include one or more pressure sensors to sense data indicative of a pressure within the
core air flowpath 121 of the turbomachine 102, such as within a combustor within the
combustion section 114 of the turbomachine 102. Further, in still other exemplary
embodiments, the turbofan engine 100 may also include one or more speed sensors
configured to sense data indicative of a rotational speed of one or more components of the
turbofan engine 100, such as one or more of the LP spool 124 or the HP spool 122.
Additionally, in certain exemplary embodiments, the turbofan engine 100 may include one
or more sensors configured to sense data indicative of an amount of vibration of various
components within the turbofan engine, such as an amount of vibration of the LP

compressor 110, the HP compressor 112, or various support structures.

[0062] It should turther be appreciated that the exemplary turbofan engine 100
depicted in FIG. 2 may, in other exemplary embodiments, have any other suitable
configuration. For example, in other exemplary embodiments, the fan 104 may not be a
variable pitch fan, and further, in other exemplary embodiments, the LP shaft 124 may be
directly mechanically coupled to the fan 104 (1.e., the turbofan engine 100 may not include
the gearbox 134). Further, it should be appreciated that in other exemplary embodiments,

the turbotan engine 100 may be configured as any other suitable gas turbine engine. For

example, 1n other embodiments, the turbofan engine 100 may instead be configured as a

turboprop engine, an unducted turbofan engine, a turbojet engine, a turboshaft engine, etc.

[0063] Refterring now particularly to FIGS. 1 and 3, as previously stated the exemplary
hybrid-electric propulsion system 50 additionally includes the second propulsor assembly
54 mounted, for the embodiment depicted, to the second wing 22 of the aircraft 10.
Reterring particularly to FIG. 3, the second propulsor assembly 54 is generally configured

as an electric propulsor assembly 200 including an electric motor 206 and a propulsor/fan

16

CA 3009010 2018-06-21



317529A-2

204. The electric propulsor assembly 200 defines an axial direction A2 extending along a
longitudinal centerline axis 202 that extends therethrough for reference, as well as a radial

direction R2. For the embodiment depicted, the fan 204 is rotatable about the centerline

axis 202 by the electric motor 206.

[0064] The fan 204 includes a plurality of fan blades 208 and a fan shaft 210. The
plurality of fan blades 208 are attached to/rotatable with the fan shaft 210 and spaced
generally along a circumferential direction of the electric propulsor assembly 200 (not
shown). In certain exemplary embodiments, the plurality of fan blades 208 may be attached
in a fixed manner to the fan shaft 210, or alternatively, the plurality of fan blades 208 may
be rotatable relative to the fan shatt 210, such as in the embodiment depicted. For example,
the plurality of fan blades 208 each define a respective pitch axis P2, and for the
embodiment depicted are attached to the fan shaft 210 such that a pitch of each of the
plurality of fan blades 208 may be changed, e.g., in unison, by a pitch change mechanism
211. Changing the pitch of the plurality of fan blades 208 may increase an efficiency of the
second propulsor assembly 54 and/or may allow the second propulsor assembly 54 to
achieve a desired thrust profile. With such an exemplary embodiment, the fan 204 may be

referred to as a variable pitch fan.

[0065] Moreover, for the embodiment depicted, the electric propulsor assembly 200
depicted additionally includes a fan casing or outer nacelle 212, attached to a core 214 of

the electric propulsor assembly 200 through one or more struts or outlet guide vanes 216.

For the embodiment depicted, the outer nacelle 212 substantially completely surrounds the

fan 204, and particularly the plurality of fan blades 208. Accordingly, for the embodiment

depicted, the electric propulsor assembly 200 may be referred to as a ducted electric fan.

[0066] Reterring still particularly to FIG. 3, the fan shaft 210 is mechanically coupled

to the electric motor 206 within the core 214, such that the electric motor 206 drives the
fan 204 through the fan shaft 210. The tan shaft 210 is supported by one or more bearings
2185, such as one or more roller bearings, ball bearings, or any other suitable bearings.

Additionally, the electric motor 206 may be an inrunner electric motor (i.e., including a
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rotor positioned radially inward of a stator), or alternatively may be an outrunner electric
motor (1.e., including a stator positioned radially inward of a rotor), or alternatively, still,
may be an axial flux electric motor (1.e., with the rotor neither outside the stator nor inside

the stator, but rather offset from 1t along the axis of the electric motor).

[0067] As briefly noted above, the electrical power source (e.g., the electric machine
56 or the electric energy storage unit 35) 1s electrically connected with the electric
propulsor assembly 200 (i.e., the electric motor 206) for providing electrical power to the
electric propulsor assembly 200. More particularly, the electric motor 206 is in electrical
communication with the electric machine 56 and/or the electric energy storage unit 55
through the electrical power bus 58, and more particularly through the one or more

electrical cables or lines 60 extending therebetween.

10068] It should be appreciated, however, that in other exemplary embodiments the
exemplary hybrid-electric propulsion system 50 may have any other suitable configuration,
and further, may be integrated into an aircraft 10 in any other suitable manner. For example,
1n other exemplary embodiments, the electric propulsor assembly 200 of the hybrid electric
propulsion system 50 may instead be configured as a plurality of electric propulsor
assemblies 200 and/or the hybrid electric propulsion system 50 may further include a

plurality ot gas turbine engines (such as turbotan engine 100) and electric machines 56.

10069] Further, 1in other exemplary embodiments, the electric propulsor assembly(ies)
200 and/or gas turbine engine(s) and electric machine(s) 56 may be mounted to the aircraft
10 at any other suitable location in any other suitable manner (including, e.g., tail mounted
configurations). For example, in certain exemplary embodiments, the electric propulsor
assembly may be configured to ingest boundary layer air and reenergize such boundary
layer air to provide a propulsive benefit for the aircraft (the propulsive benefit may be
thrust, or may simply be an increase in overall net thrust for the aircraft by reducing a drag

on the aircraft).
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(0070] Moreover, in still other exemplary embodiments, the exemplary hybrid electric
propulsion system 50 may have still other configurations. For example, in other exemplary
embodiments, the hybrid electric propulsion system 50 may not include a “pure” electric
propulsor assembly. For example, referring now briefly to FIG. 4, a schematic diagram of
a hybrid-electric propulsion system 50 in accordance with yet another exemplary
embodiment of the present disclosure is provided. The exemplary hybrid electric
propulsion system 50 depicted in FIG. 4 may be configured in a similar manner as one or

more the exemplary hybrid electric propulsion systems 50 described above with reference

to FIGS. 1 through 3.

[0071] For example, the exemplary hybrid-electric propulsion system 50 of FIG. 4
generally includes a first propulsor assembly 52 and a second propulsor assembly 54. The
first propulsor assembly generally includes a first turbomachine 102A and a first propulsor
104A, and similarly, the second propulsor assembly 54 generally includes a second
turbomachine 102B and a second propulsor 104B. Each of the first and second
turbomachines 102A, 102B generally includes a low pressure system having a low pressure
compressor 110 drivingly coupled to a low pressure turbine 118 through a low pressure
shaft 124, as well as a high pressure system having a high pressure compressor 112
drivingly coupled to a high pressure turbine 116 through a high pressure shaft 122.
Additionally, the first propulsor 104A is drivingly coupled to the low pressure system of
the first turbomachine 102A and the second propulsor 104B is drivingly coupled to the low

pressure system of the second turbomachine 102B. In certain exemplary embodiments, the

first propulsor 104A and first turbomachine 102A may be configured as a first turbofan
engine and similarly, the second propulsor 104B and second turbomachine 102B may be
configured as a second turbofan engine (e.g., similar to the exeniplary turbotan engine 100
of F1G. 2). Alternatively, however, these components may instead be configured as parts
of a turboprop engine or any other suitable turbomachine-driven propulsion device.
Further, in certain exemplary embodiments, the first propulsor assembly 52 may be
mounted to a first wing of an aircraft and the second propulsor assembly 54 may be

mounted to a second wing of the aircraft (similar, e.g., to the exemplary embodiment of
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FIG. 1). Of course, in other exemplary embodiments, any other suitable configuration may
be provided (e.g., both may be mounted to the same wing, one or both may be mounted to

a tail of the aircraft, etc.).

[0072] Moreover, the hybrid electric propulsion system 50 of FIG. 4 additionally
includes an electrical system. The electrical system includes a first electric machine 56A,
a second electric machine 56B, and an electric energy storage unit 55 electrically
connectable to the first electric machine 56A and second electric machine 56B. The first
electric machine 56A is additionally coupled to the first turbomachine 102A. More
specifically, for the embodiment depicted, the first electric machine 56A is coupled to the
high pressure system of the first turbomachine 102A, and more specifically still, is coupled
to the high-pressure spool 122 of the first turbomachine 102A. In such a manner, the first
electric machine 56A may extract power from the high pressure system of the first

turbomachine 102A and/or provide power to the high-pressure system of the first

turbomachine 102A.

10073] Further, 1t will be appreciated that for the embodiment depicted, the second
propulsor assembly 54 1s not configured as a pure electric propulsor asSembly. Instead, the
second propulsor assembly 54 is configured as part of a hybrid electric propulsor. More
particularly, the second electric machine 56B is coupled to the second propulsor 104B, and
1S turther coupled to the low pressure system of the second turbomachine 102B. In such a

manner, the second electric machine 56B may extract power from the low pressure system
of the second turbomachine 102B and/or provide power to the low pressure system of the

first turbomachine 102A. More particularly, in certain exemplary aspects, the second

electric machine 56 may drive, or assist with driving the second propulsor 104B.

[0074] As 1s also depicted in FIG. 4, the exemplary hybrid electric propulsion system
50 turther includes a controller 72 and a power bus 58. The first electric machine 56A, the
second electric machine 56B, and the electric energy storage unit 55 are each electrically
connectable to one another through one or more electric lines 60 of the power bus 58. For

example, the power bus 58 may include various switches or other power electronics
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movable to selectively electrically connect the various components of the hybrid electric
propulsion system 50, and optionally to convert or condition such electrical power

transterred therethrough.

[0075] Furthermore, 1t should be appreciated that in still other exemplary
embodiments, the exemplary hybrid electric propulsion system 50 may have other suitable
configurations. For example, although the exemplary embodiment of FIG. 4 includes a first
electric machine S6A coupled to the high-pressure system of the first turbomachine 102A
and the second electric machine 56B coupled to the low pressure system of the second
turbomachine 102B, in other exemplary embodiments, each of the electric machines 56A,
56B may be coupled to the low pressure system, or alternatively may be coupled to the
high-pressure system. Alternatively, in other exemplary embodiments the electrical system
may further include an additional electric machine coupled to the low pressure system of
the first turbomachine 102A and/or an additional electric machine coupled to the high-

pressure system of the second turbomachine 102B.

[0076] As previously discussed, the present disclosure generally provides for a method
for operating a hybrid electric propulsion system during an un-commanded loss of thrust.
More specifically, referring to FIG. 5, a flow diagram is provided of a method 300 for
operating a turbomachine of a hybrid electric propulsion system of an aircraft in accordance
with an exemplary aspect of the present disclosure. The exemplary method 300 of FIG. 5

may be utilized with one or more the exemplary hybrid electric propulsion systems

described above with reference to FIGS. 1 through 4.

[0077] For example, the hybrid electric propulsion system may include a first
propulsor, a first turbomachine, and an electrical system, the electrical system including a
first electric machine coupled to the first turbomachine and an electric energy storage unit

electrically connectable to the first electric machine. In certain exemplary aspects, the first
turbomachine may be configured with the first propulsor as a turbofan engine, or
alternatively, as any other suitable gas turbine engine. Additionally, in certain exemplary
aspects the hybrid electric propulsion system may further include a second propulsor and
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the electrical system may further include a second electric machine coupled to the second
propulsor. The second electric machine and second propulsor may be configured as an
electric propulsor assembly (such as an electric fan), or alternatively, the hybrid electric
propulsion system may further include a second turbomachine configured with the second
propulsor as a second turbofan engine, or alternatively, as any other suitable gas turbine

engine.

[0078] Referring now to FIG. 5, the method 300 generally includes at (302) operating,
by one or more computing devices, the first turbomachine to rotate the first propulsor and
generate thrust for the aircraft. In certain exemplary aspects, operating, by the one or more
computing devices, the first turbomachine to rotate the first propulsor and generate thrust
for the aircraft at (302) may include operating the first turbomachine in a steady-state
operating condition, such as in a cruise operating condition. Additionally, for tﬁe
exemplary aspect depicted, operating, by the one or more computing devices, the first
turbomachine to rotate the first propulsor and generate thrust for the aircraft at (302) also
includes at (303) extracting, by the one or more computing devices, electrical power from
the first electric machine. For example, extracting electrical power at (303) may include
extracting at least about ten (10) amps of electrical power. The electrical power extracted
from the first electric machine during operation of the first turbomachine at (302) may be

extracted to electric energy storage unit, and/or, if included, the second electric machine.

[0079] Moreover, the exemplary method 300 depicted includes at (304) receiving, by
the one or more computing devices, data indicative of an un-commanded loss of the thrust
generated from the first turbomachine rotating the first propulsor at (302). The data
received at (304) may be any data indicative of an amount of thrust generated from the first
turbomachine rotating the first propulsor being reduced in a manner not commanded by,

e.g., a thight crew of the aircraft, or one or more controllers of the aircraft.

[0080]  For example, for the exemplary aspect of the method 300 depicted in FIG. 5,

recetving, by the one or more computing devices, data indicative of the un-commanded

loss of thrust at (304) may include, as is depicted in phantom, at (306) receiving, by the
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one or more computing devices, data indicative ot a reduction in a rotational speed of the
turbomachine. For example, in certain exemplary aspects, receiving, by the one or more
computing devices, data indicative of the reduction in the rotational speed of the
turbomachine at (306) may include receiving data indicative of a reduction 1n a rotational
speed of a low pressure system of the turbomachine, a reduction 1n a rotational speed of a
high-pressure system of the turbomachine, a deceleration of the low pressure system of the
turbomachine, a deceleration of the high-pressure system of the turbomachine, an increase
in a speed parameter mismatch between two spools of the turbomachine, etc. The data

received at (306) may be from one or more sensors within the first turbomachine.

[0081] Additionally, or alternatively, as 1s also depicted in phantom, in other
exemplary aspects of the present disclosure, the receiving, by the one or more computing
devices, data indicative of the un-commanded loss of the thrust at (304) may include at
(308) receiving, by the one or more computing devices, data indicative of an increased
vibration of one or more components of the first turbomachine, the first propulsor, or both.
For example, receiving, by the one or more computing devices, data indicative of the
increased vibration of one or more components of the first turbomachine, the first
propulsor, or both at (308) may include receiving data indicative of a vibration of the
propulsor being above a predetermined threshold, a vibration of a low pressure compressor
of the first turbomachine being above a predetermined threshold, a vibration of one or more
support members within the first turbomachine being above a predetermined threshold, etc.

[t will be appreciated that while vibration, in and of itself, may not be used to measure

thrust directly, an increase in the amount of vibration may be indicative of a loss of thrust

(e.g., indicative of engine health).

[0082] It will be appreciated, that receiving, by the one or more computing devices,

data indicative of the reduction in the rotational speed of the turbomachine at (306) and/or
receving, by the one or more computing devices, data indicative of the increased vibration
of one or more components of the first turbomachine, the first propulsor, or both at (308)

may 1indicate that an ingestion event has occurred. For example, having one or more of
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these symptoms may indicate that the first turbomachine has ingested one or more birds
(commonly referred to as a “bird strike”), ice (which may be common during icing

conditions), etc.

[0083] Moreover, reterring still to the exemplary aspect of the method 300 depicted in
FIG. 5, in still other exemplary aspects, as is again depicted in phantom, receiving, by the
one or more computing devices, data indicative of the un-commanded loss of the thrust at
(304) may additionally or alternatively include at (310) receiving, by the one or more
computing devices, data indicative of a reduced pressure within the first turbomachine. In
certain exemplary aspects, the data indicative of the reduced pressure within the
turbomachine received at (310) may be data indicative of a reduced pressure within a low
pressure compressor, a reduced pressure within a high pressure compressor, a reduced
pressure within a combustion section of the first turbomachine (such as a reduced pressure
within a combustion chamber of the combustion section of the first turbomachine), a
reduced pressure at an outlet nozzle of the first turbomachine, etc. The data indicative of
the reduced pressure within the turbomachine received at (310) may indicate a loss of the
thrust generated from the turbomachine rotating the first propulsor by indicating a
reduction in an airflow through the turbomachine. Additionally, or alternatively, wherein
the data indicative of the reduced pressure within the turbomachine received at (310) is
data indicative of the reduced pressure within the combustion section of the first
turbomachine, the data indicative of a reduced pressure within the turbomachine received

at (310) may be indicative of a combustor blowout.

(0084 ] Reterring still to FIG. 5, the method 300 may supplement power to the first
turbomachine 1n response to receiving the data indicative of the un-commanded loss of
thrust at (304). More specifically, the method 300 further includes at (312) providing, by
the one or more computing devices, electrical power to the first electric machine to add
power to the first turbomachine, the first propulsor, or both in response to receiving the
data indicative of the un-commanded loss of thrust at (304) (i.e., providing electrical power

to the first electric machine to drive one or more components of the first turbomachine, the
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first propulsor, or both in response to receiving the data indicative of the un-commanded
loss of thrust at (304)). More specifically, for the exemplary aspect depicted, providing, by
the one or more computing devices, electrical power to the first electric machine at (312)
further includes at (314) providing, by the one or more computing devices, electrical power
to the first electric machine from the electric energy storage unit. Additionally, for the
exemplary aspect of the method 300 depicted, providing, by the one or more computing
.devices, electrical power to the first electric machine at (312) includes at (315) providing
at least about ten amps of electrical power to the first electric machine and at least about

fifteen horsepower of mechanical power to the first turbomachine, the first propulsor, or

both.

[0085] It should be appreciated, however, that in other exemplary aspects, electrical
power may be provided to the first electric machine from any other suitable power source.
For example, in certain exemplary aspects, the second electric machine of the electrical
system of the hybrid electric propulsion system may be included, and may be coupled to a
second turbomachine. With such an exemplary aspect, the second electric machine maly
extract electrical power from the rotation of the second turbomachine. Accordingly, as is
depicted in phantom, with such an exemplary aspect providing, by the one or more
computing devices, electrical power to the first electric machine at (312) may further
include at (316) providing, by the one or more computing devices, electrical power to the

first electric machine from the second electric machine.

[0086] In either of the above exemplary aspects, providing, by the one or more
computing devices, electrical power to the first electric machine at (312) to add power to
the first turbomachine, the first propulsor, or both in response to receiving the data
indicative of the un-commanded loss of the thrust at (304) may allow for the hybrid electric
propulsion system to substantially instantaneously supplement a reduced power output to
the first turbomachine, at least partially restoring operation of the first turbomachine and
first propulsor to generate the thrust. Such as possible despite the event(s) leading to the

un-commanded loss of the thrust. For example, within a relatively short period of time
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after, e.g., an ingestion event or combustor blowout, by providing electrical power to the
first electric machine such that the first electric machine may add power to the first
turbomachine, the first propulsor, or both, the first propulsor may be back up and rotating
and generating thrust for the aircraft. Notably, in certain exemplary aspects, the first electric
machine may be coupled to a low pressure system of the first turbomachine, such that
rotation of the first electric machine directly rotates the first propulsor (see, e.g., FIG. 2),
or alternatively, the first electric machine may be coupled to a high pressure system of the
first turbomachine, such that rotation of the first electric machine increases an airflow
through the first turbomachine such as the first turbomachine may continue to drive the

first propulsor (see FIG. 4).

[0087] Furthermore, referring still to the exemplary aspect of the method 300 depicted
in FIG. 5, the method 300 also includes at (318) terminating, by the one or more computing
devices, the provision of electrical power to the first electric machine to add power to the
first turbomachine, the first propulsor, or both at (312). More specifically, referring now
also to FIG. 6, providing a more detailed flow diagram of an exemplary aspect of the
method 300 of FIG. 5, for the exemplary aspect depicted, the method 300 further includes
receiving, by the one or more computing devices, data indicative of a restoration of engine
operability, or more particularly includes at (320) receiving, by the one or more computing
devices, data indicative of a restoration of the thrust generated from the first turbomachine
rotating the first propulsor. The data indicative of the restoration of the thrust received at
(320) may be data indicative of an operability parameter of the first turbomachine being
within a desired range. For example, in certain exemplary aspects, the data received at
(320) may be data indicative of a rotational speed of one or more components of the
turbomachine being above a determined threshold. For example, the rotational speed may

be a speed ot a spool of the first turbomachine to which the first electric machine is not ‘
coupled. Additionally, or alternatively, the data indicative of the restoration of the thrust
recetved at (320) may be data indicative of a pressure within the turbomachine being above

a determined threshold, or data indicative of a temperature within the turbomachine (such

as, €.g., an exhaust gas temperature) being above a determined threshold. Notably,
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however, 1n other exemplary aspects, the data may not necessarily indicate restoration of
thrust, and instead may simply indicate the engine is operating (e.g., that the engine has

returned to 1dle after rolling back from idle inadvertently).

[0088] Referring still to the FIG. 6, in such an exemplary aspect, terminating, by the
one or more computing devices, the provision of electrical power to the first electric
machine at (318) further includes at (322) terminating, by the one or more computing
device, the provision of electrical power to the first electric machine in response to

receiving, by the one or more computing devices, the data indicative of the restoration

thrust at (320).

[0089] Moreover, in still other exemplary aspects method may terminate provision
electrical power to the first electric machine in response to receiving information indicative
of various other indicators. For example as is depicted, the exemplary method 300 of FIG.
6 turther includes at (324) receiving, by the one or more computing devices, data indicative
of a charge level of the electric energy storage unit. For example, the data received at (324)
indicative of the charge level of the energy storage unit may be data indicative of the charge
level of the energy storage unit being at, below, or approaching a minimum charge
threshold. Accordingly, with such an exemplary aspect, terminating, by the one or more
computing devices, the provision of electrical power to the first electric machine at (318)
may include at (326) terminating, by the one or more computing devices, the provision of
clectrical power to the first electric machine in response to receiving, by the one or more

computing devices, data indicative of the charge level of the electric energy storage unit at

(324).

[0090] Additionally, or alternatively, still, the method 300 may terminate the provision
of electrical power based on still other indicators. For example, as is also depicted, the

method 300 of FIG. 6 further includes at (328) receiving, by the one or more computing
devices, data indicative of a temperature of the first electric machine. For example, the data
indicative of the temperature of the first electric machine received at (328) may be data

indicative of the temperature the first electric machine being at, or approaching, an upper
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temperature threshold for the first electric machine. The first electric machine may be at a
greater risk of damage when operated above the upper temperature threshold. Accordingly,
with such an exemplary aspect, terminating, by the one or more computing devices, the
provision of electrical power to the first electric machine at (318) may include at (330)
terminating, by the one or more computing devices, the provision of electrical power to the
first electric machine in response to receiving, by the one or more computing devices, data

indicative of the temperature the first electric machine at (328).

0091} Further, 1n still other exemplary aspects method may terminate provision
electrical power based on still other indicators. For example as is depicted, the exemplary
method 300 of FIG. 6 further includes at (332) receiving, by the one or more computing
devices, data indicative of a health of the electric energy storage unit. For example, the data
received at (332) indicative of the health of the energy storage unit may be data indicative
of a temperature of the electric energy storage unit being above, or below, a desired
operating temperature threshold. Accordingly, with such an exemplary aspect, terminating,
by the one or more computing devices, the provision of electrical power to the first electric
machine at (318) may include at (334) terminating, by the one or more computing devices,
the provision of electrical power to the first electric machine in response to receiving, by
the one or more computing devices, data indicative of the health of the electric energy

storage unit at (324).

[0092] Operating hybrid electric propulsion system in accordance with one or more of
the above exemplary aspects may allow for a more seamless operation of the hybrid electric

propulsion system.

[0093] Referring now to FIG. 7, an example computing system 500 according to
example embodiments of the present disclosure is depicted. The computing system 500

can be used, for example, as a controller 72 in a hybrid electric propulsion system 50. The
computing system 500 can include one or more computing device(s) 510. The computing
device(s) 510 can include one or more processor(s) 510A and one or more memory

device(s) S10B. The one or more processor(s) 510A can include any suitable processing
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device, such as a microprocessor, microcontroller, integrated circuit, logic device, and/or
other suitable processing device. The one or more memory device(s) 510B can include
one or more computer-readable media, including, but not limited to, non-transitory
computer-readable media, RAM, ROM, hard drives, flash drives, and/or other memory

devices.

[0094] The one or more memory device(s) 510B can store information accessible by
the one or more processor(s) S10A, including computer-readable instructions 510C that
can be executed by the one or more processor(s) S10A. The instructions 510C can be any
set of instructions that when executed by the one or more processor(s) S10A, cause the one
or more processor(s) S10A to perform operations. In some embodiments, the instructions
510C can be executed by the one or more processor(s) S10A to cause the one or more
processor(s) 510A to perform operations, such as any of the operations and functions for
which the computing system 500 and/or the computing device(s) 510 are configured, the
operations for operating a turbomachine (e.g, method 300), as described herein, and/or any
other operations or functions of the one or more computing device(s) 510. Accordingly,
the method 300 may be computer-implemented methods. The instructions 510C can be
software written in any suitable programming language or can be implemented in
hardware. Additionally, and/or alternatively, the instructions 510C can be executed in
logically and/or virtually separate threads on processor(s) 5S10A. The memory device(s)
510B can further store data 510D that can be accessed by the processor(s) 510A. For

example, the data 510D can include data indicative of power flows, data indicative of

power demands of various loads in a hybrid electric propulsion system, data indicative of
operational parameters of the hybrid electric propulsion system, including of a

turbomachine of the hybrid electric propulsion system.

[0095] The computing device(s) 510 can also include a network interface 510E used to
communicate, for example, with the other components of system 500 (e.g., via a network).
The network interface S10E can include any suitable components for interfacing with one

or more network(s), including for example, transmitters, receivers, ports, controllers,

29

CA 3009010 2018-06-21



317529A-2

antennas, and/or other suitable components. One or more external display devices (not

depicted) can be configured to receive one or more commands from the computing

device(s) S10.

[0096] The technology discussed herein makes reference to computer-based systems
and actions taken by and information sent to and from computer-based systems. One of
ordinary skill in the art will recognize that the inherent tlexibility of computer-based
systems allows for a great variety of possible configurations, combinations, and divisions
of tasks and functionality between and among components. For instance, processes
discussed herein can be implemented using a single computing device or multiple
computing devices working in combination. Databases, memory, instructions, and
applications can be implemented on a single system or distributed across multiple systems.

Distributed components can operate sequentially or in parallel.

[0097] Although specific features of various embodiments may be shown in some
drawings and not in others, this is for convenience only. In accordance with the principles
of the present disclosure, any feature of a drawing may be reterenced and/or claimed in

combination with any feature of any other drawing.

(0098] While there have been described herein what are considered to be preferred and
exemplary embodiments of the present 1nvention, other modifications of these
embodiments falling within the scope of the invention described herein shall be apparent

to those skilled in the art.
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WHAT IS CLAIMED IS:

1. A method for operating a turbomachine of a hybrid-electric propulsion
system of an aircraft, the hybrid-electric propulsion system comprising a propulsor, a
turbomachine, and an electrical system having an electric machine coupled to the
turbomachine, the method comprising:

operating, by one or more computing devices, the turbomachine to rotate the
propulsor and generate thrust for the aircraft;

receiving, by the one or more computing devices, data indicative of an un-
commanded loss of the thrust generated from the turbomachine rotating the propulsor; and

providing, by the one or more computing devices, electrical power to the electric
machine to add power to the turbomachine, the propulsor, or both in response to receiving

the data indicative of the un-commanded loss of thrust.

2. The method of claim 1, wherein the electrical system further comprises
an electric energy storage unit, and wherein providing, by the one or more computing
devices, electrical power to the electric machine comprises providing, by the one or more
computing devices, electrical power to the electric machine from the electric energy storage

unit.

3. The method of claim 1, wherein the turbomachine 1s a first turbomachine,
wherein the electric machine 1s a first electric machine, wherein the hybrid electric

propulsion system further comprises a second turbomachine, wherein the electrical system

further comprises a second electric machine coupled to the second turbomachine, and
wherein providing, by the one or more computing devices, electrical power to the electric

machine comprises providing, by the one or more computing devices, electrical power to

the first electric machine from the second electric machine.

3. The method of claim 1, wherein receiving, by the one or more computing

devices, data indicative of the un-commanded loss of the thrust comprises receiving, by the
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one or more computing devices, data indicative of a reduction 1n a rotational speed ot the

turbomachine.

5. The method of claim 1, wherein receiving, by the one or more computing
devices, data indicative of the un-commanded loss of the thrust comprises receiving, by the
one or more computing devices, data indicative of an increased vibration of one or more

components of the turbomachine, of the propulsor, or both.

6. The method of claim 1, wherein receiving, by the one or more computing
devices, data indicative of the un-commanded loss of the thrust comprises receiving, by
one or more computing devices, data indicative of a reduced pressure within the

turbomachine.

7. The method of claim 6, wherein the data indicative of the reduced

pressure within the turbomachine is indicative ot a combustor blowout.

8. The method of claim 1, further comprising:
terminating, by the one or more computing devices, the provision of electrical

power to the electric machine to add power to the turbomachine, the propulsor, or both.

9. The method ot claim 8, further comprising:

receiving, by the one or more computing devices, data indicative of a restoration
of engine operability, and wherein terminating, by the one or more computing devices, the
provision of electrical power to the electric machine comprises terminating, by the one or
more computing devices, the provision of electrical power to the electric machine in
response to receiving, by the one or more computing devices, data indicative of the

restoration of engine operability.

10.  The method of claim 9, wherein receiving, by the one or more computing
devices, data indicative of the restoration of engine operability comprises receiving, by the
one or more computing devices, data indicative of a restoration of the thrust generated from

the turbomachine rotating the propulsor, and wherein the data indicative of the restoration
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of the thrust comprises data indicative of an operability parameter of the turbomachine

being within a certain operability range.

11.  The method of claim 9, wherein receiving, by the one or more computing
devices, data indicative of the restoration of engine operability comprises receiving, by the
one or more computing devices, data indicative of a restoration of the thrust generated from
the turbomachine rotating the propulsor, and wherein the data indicative of the restoration
of the thrust comprises data indicative of at least one of a rotational speed of the
turbomachine being above a determined threshold or a pressure within the turbomachine

being above a determined threshold.

12.  The method of claim 8, further comprising:

receiving, by the one or more computing devices, data indicative of a charge
level of the electric energy storage unit, and wherein terminating, by the one or more
computing devices, the provision of electrical power to the electric machine comprises
terminating, by the one or more computing devices, the provision of electrical power to the
electric machine in response to receiving, by the one or more computing devices, data

indicative of the charge level of the electric energy storage unit.

13.  The method of claim 8, further comprising:
receiving, by the one or more computing devices, data indicative of a health of
the electric energy storage unit, and wherein terminating, by the one or more computing

devices, the provision of electrical power to the electric machine comprises terminating,

by the one or more computing devices, the provision of electrical power to the electric
machine in response to receiving, by the one or more computing devices, data indicative

of the health of the electric energy storage unit.

14.  The method of claim 8, further comprising:
receiving, by the one or more computing devices, data indicative of a
temperature of the electric machine, and wherein terminating, by the one or more

computing devices, the provision of electrical power to the electric machine comprises
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terminating, by the one or more computing devices, the provision of electrical power to the
electric machine in response to receiving, by the one or more computing devices, data

indicative of the temperature of the electric machine.

15.  The method of claim 1, wherein providing, by the one or more computing
devices, electrical power to the electric machine comprises transferring, by one or more

computing devices, at least about ten amps of electrical power to the electric machine.

16.  The method of claim 1, wherein providing, by the one or more computing
devices, electrical power to the electric machine comprises providing, by the one or more
computing devices, electrical power to the electric machine such that the electric machine

provides at least about fifteen horsepower of mechanical power to the turbomachine.

17.  The method of claim 1, wherein operating, by the one or more computing
devices, the turbomachine to rotate the propulsor and generate thrust for the aircraft
comprises extracting, by the one or more computing devices electrical power from the

electric machine.

18. A hybrid-electric propulsion system for an aircratt comprising:

a propulsor;

a turbomachine coupled to the propulsor tor driving the propulsor and generating
thrust;

an electrical system comprising an electric machine, the electric machine
coupled to the turbomachine; and

a controller configured to receive data indicative of an un-commanded loss of
thrust generated from the turbomachine driving the propulsor, and further to provide
electrical power to the electric machine to add power to the turbomachine, the propulsor,

or both in response to receiving the data indicative of the un-commanded loss of the thrust.

19.  The hybrid-electric propulsion system of claim 18, wherein the electrical

system further comprises an electric energy storage unit, and wherein in providing
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electrical power to the electric machine, the controller is configured to provide electrical

power to the electric machine from the electric energy storage unit.

20.  The hybrid-electric propulsion system of claim 18, wherein the electric
machine is configured to provide at least about sixty-five horsepower of mechanical power

to the turbomachine, the propulsor, or both when electrical power is provided thereto.
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OPERATING, BY ONE OR MORE COMPUTING DEVICES, THE FIRST TURBOMACHINE TO ROTATE THE
FIRST PROPULSOR AND GENERATE THRUST FOR THE AIRCRAFT -

EXTRACTING, BY THE ONE OR MORE COMPUTING DEVICES ELECTRICAL POWER FROM
THE FIRST ELECTRIC MACHINE 04

RECEIVING, BY THE ONE OR MORE COMPUTING DEVICES, DATA INDICATIVE OF AN UN-COMMANDED
LOSS OF THE THRUST GENERATED FROM THE TURBOMACHINE ROTATING THE FIRST PROPULSOR

306

______ RECEIVING, BY THE ONE OR MORE COMPUTING DEVICES, DATA INDICATIVE OF A

REDUCTION IN A ROTATIONAL SPEED OF THE TURBOMACHINE

308

______ RECEIVING, BY THE ONE OR MORE COMPUTING DEVICES, DATA INDICATIVE OF AN

INCREASED VIBRATION OF ONE OR MORE COMPONENTS OF THE FIRST

TURBOMACHINE, THE FIRST PROPULSOR, OR BOTH 0

______ RECEIVING, BY THE ONE OR MORE COMPUTING DEVICES, DATA INDICATIVE OF A
REDUCED PRESSURE WITHIN THE FIRST TURBOMACHINE 19

PROVIDING, BY THE ONE OR MORE COMPUTING DEVICES, ELECTRICAL POWER TO THE FIRST
ELECTRIC MACHINE TO ADD POWER TO THE FIRST TURBOMACHINE, THE FIRST PROPULSOR, OR BOTH
[N RESPONSE TO RECEIVING THE DATA INDICATIVE OF THE UN-COMMANDED LOSS OF THRUST

314

PROVIDING, BY THE ONE OR MORE COMPUTING DEVICES, ELECTRICAL POWER TO THE
FIRST ELECTRIC MACHINE FROM THE ELECTRIC ENERGY STORAGE UNIT

315

PROVIDING AT LEAST ABOUT TEN AMPS OF ELECTRICAL POWER TO THE FIRST ELECTRIC
MACHINE AND AT LEAST ABOUT FIFTEEN HORSEPOWER OF MECHANICAL POWER TO
THE FIRST TURBOMACHINE, THE FIRST PROPULSOR, OR BOTH

316

TERMINATING, BY THE ONE OR MORE COMPUTING DEVICES, THE PROVISION OF ELECTRICAL
POWER TO THE FIRST ELECTRIC MACHINE TO ADD POWER TO THE FIRST TURBOMACHINE, THE
FIRST PROPULSOR, OR BOTH

FIG. 5
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