
Printed by Jouve, 75001 PARIS (FR)

(19)
EP

3 
76

7 
09

0
A

1
*EP003767090A1*

(11) EP 3 767 090 A1
(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
20.01.2021 Bulletin 2021/03

(21) Application number: 20186056.6

(22) Date of filing: 15.07.2020

(51) Int Cl.:
F02C 3/113 (2006.01) F01D 15/10 (2006.01)

F02C 7/36 (2006.01) F02K 5/00 (2006.01)

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA ME
Designated Validation States: 
KH MA MD TN

(30) Priority: 15.07.2019 US 201916511276

(71) Applicant: Raytheon Technologies Corporation
Farmington, CT 06032 (US)

(72) Inventors:  
• GOLFIN, David A.

Middletown, CT Connecticut 06457 (US)
• TERWILLIGER, Neil

Meriden, CT Connecticut 06450 (US)

(74) Representative: Dehns
St. Bride’s House 
10 Salisbury Square
London EC4Y 8JD (GB)

(54) COMPRESSOR OPERABILITY CONTROL FOR HYBRID ELECTRIC PROPULSION

(57) A hybrid electric propulsion system (100) in-
cludes a gas turbine engine (120) having a low speed
spool (30) and a high speed spool (32). The low speed
spool includes a low pressure compressor (44) and tur-
bine (46), and the high speed spool includes a high pres-
sure compressor (52) and turbine (54). The hybrid elec-
tric propulsion system includes an electric generator
(213A) configured to extract power from the low speed
spool (30), an electric motor (212B) configured to aug-
ment rotational power of the high speed spool (32), and

a controller (256). The controller is operable to determine
(602) a target operating condition of the low pressure
compressor (44) to achieve a compressor stability margin
in the gas turbine engine, determine (604) a current op-
erating condition of the low pressure compressor (44),
and control (606) a power transfer between the electric
generator (213A) of the low speed spool (30) and the
electric motor (212B) of the high speed spool (32) to ad-
just the current operating condition based on the target
operating condition.
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Description

BACKGROUND

[0001] The subject matter disclosed herein generally
relates to rotating machinery and, more particularly, to a
method and an apparatus for compressor operability con-
trol for hybrid electric propulsion.
[0002] Gas turbine engines typically include multiple
spools with a compressor section and a turbine section
on opposite sides of a combustor section in an engine
core. As an example, in a two-spool design, fuel in air
that has been compressed by a low pressure compressor
(LPC) followed by a high pressure compressor (HPC) of
the compressor section is combusted. The combustion
takes place in the combustor section to create heated
gases with increased pressure and density. The heated
gases are used to rotate a high pressure turbine (HPT)
followed by a low pressure turbine (LPT) in the turbine
section that are used to produce thrust or power. Air flows
through the compressor and turbine sections differ at var-
ious operating conditions of an engine, with more air flow
being required at higher output levels and vice versa.
Aerodynamic interaction between the LPC and HPC with
respect to speed can impact compressor stability in the
compressor section. To maintain compressor stability,
engine bleeds are typically used to extract engine bleed
air; however, the use of engine bleeds can detract from
performance and efficiency of an engine. An alternate
approach to enhance engine stability is to control vane
angles of variable stator vanes within the compressor
section. Active control of variable stator vanes can im-
prove air flow and prevent stalling within the compressor
section but can also result in increased inter-turbine tem-
peratures between the HPT and LPT along with higher
exhaust gas temperatures, which may impact engine
component lifespan.

BRIEF DESCRIPTION

[0003] According to one embodiment, a hybrid electric
propulsion system includes a gas turbine engine having
a low speed spool and a high speed spool. The low speed
spool includes a low pressure compressor and a low
pressure turbine, and the high speed spool includes a
high pressure compressor and a high pressure turbine.
The hybrid electric propulsion system also includes an
electric generator configured to extract power from the
low speed spool, an electric motor configured to augment
rotational power of the high speed spool, and a controller.
The controller is operable to determine a target operating
condition of the low pressure compressor to achieve a
compressor stability margin in the gas turbine engine,
determine a current operating condition of the low pres-
sure compressor, and control a power transfer between
the electric generator of the low speed spool and the
electric motor of the high speed spool to adjust the current
operating condition based on the target operating condi-

tion.
[0004] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include where the target operating con-
dition of the low pressure compressor is determined by
the controller with respect to one or more engine prop-
erties that enable an estimate of stability of the low pres-
sure compressor.
[0005] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include where the one or more engine
properties include one or more of: a vane angle, a com-
pressor corrected speed, a compressor pressure ratio,
a compressor flow corrected at compressor inlet proper-
ties, and a compressor flow corrected at compressor exit
properties.
[0006] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include where the target operating con-
dition is based on a target pressure ratio of the low pres-
sure compressor associated with a low pressure com-
pressor corrected air flow, the current operating condition
includes a current pressure ratio of the low pressure com-
pressor and a current corrected flow, and the low pres-
sure compressor corrected air flow and the current pres-
sure ratio are adjusted based on the target pressure ratio.
[0007] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include where the controller is further
configured to adjust the target pressure ratio based on a
rate of change in speed of the low pressure compressor.
[0008] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include where an exhaust gas tempera-
ture of the gas turbine engine is reduced based on trans-
ferring power between the electric generator of the low
speed spool and the electric motor of the high speed
spool while maintaining a substantially constant thrust.
[0009] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include where the controller is further
configured to transfer power from the electric generator
to an energy storage system.
[0010] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include where the controller is further
configured to transfer power from the energy storage sys-
tem to the electric motor.
[0011] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include where the controller is further
configured to transfer power from the electric generator
to the electric motor of the high speed spool absent a
change in output of a low pressure compressor vane ac-
tuator of the gas turbine engine.
[0012] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include where the target operating con-
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dition includes a target pressure ratio associated with a
combination of low pressure compressor corrected air
flow and vane angle.
[0013] According to an embodiment, a method for con-
trolling a hybrid electric propulsion system includes de-
termining, by a controller, a target operating condition of
a low pressure compressor to achieve a compressor sta-
bility margin in a gas turbine engine having a low speed
spool and a high speed spool, the low speed spool in-
cluding the low pressure compressor and a low pressure
turbine, and the high speed spool including a high pres-
sure compressor and a high pressure turbine. The con-
troller determines a current operating condition of the low
pressure compressor. A power transfer between an elec-
tric generator of the low speed spool and an electric motor
of the high speed spool is controlled to adjust the current
operating condition of the low pressure compressor
based on the target operating condition.
[0014] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include transferring power from the elec-
tric generator to an energy storage system.
[0015] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include transferring power from the en-
ergy storage system to the electric motor.
[0016] In addition to one or more of the features de-
scribed above or below, or as an alternative, further em-
bodiments may include transferring power from the elec-
tric generator to the electric motor of the high speed spool
absent a change in output of a low pressure compressor
vane actuator of the gas turbine engine.
[0017] A technical effect of the apparatus, systems and
methods is achieved by performing compressor opera-
bility control for a hybrid electric propulsion system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The following descriptions should not be con-
sidered limiting in any way. With reference to the accom-
panying drawings, like elements are numbered alike:

FIG. 1 is a partial cross-sectional illustration of a gas
turbine engine, in accordance with an embodiment
of the disclosure;

FIG. 2 is a schematic diagram of a hybrid electric
propulsion system with physical power flow connec-
tions (electrical and mechanical power), in accord-
ance with an embodiment of the disclosure;

FIG. 3 is a schematic diagram of control signal paths
of a hybrid electric propulsion system, in accordance
with an embodiment of the disclosure;

FIG. 4 is a plot that graphically illustrates a relation-
ship between compressor pressure and compressor
air flow in a gas turbine engine, in accordance with

an embodiment of the disclosure;

FIG. 5 is a plot that graphically illustrates a relation-
ship between compressor air flow and compressor
speed in a gas turbine engine, in accordance with
an embodiment of the disclosure;

FIG. 6 is a plot that graphically illustrates a relation-
ship between exhaust gas temperature and thrust in
a gas turbine engine, in accordance with an embod-
iment of the disclosure; and

FIG. 7 is a flow chart illustrating a method, in accord-
ance with an embodiment of the disclosure.

DETAILED DESCRIPTION

[0019] A detailed description of one or more embodi-
ments of the disclosed apparatus and method are pre-
sented herein by way of exemplification and not limitation
with reference to the Figures.
[0020] FIG. 1 schematically illustrates a gas turbine
engine 20. The gas turbine engine 20 is disclosed herein
as a two-spool turbofan that generally incorporates a fan
section 22, a compressor section 24, a combustor section
26 and a turbine section 28. The fan section 22 drives
air along a bypass flow path B in a bypass duct, while
the compressor section 24 drives air along a core flow
path C for compression and communication into the com-
bustor section 26 then expansion through the turbine sec-
tion 28. Although depicted as a two-spool turbofan gas
turbine engine in the disclosed non-limiting embodiment,
it should be understood that the concepts described here-
in are not limited to use with two-spool turbofans as the
teachings may be applied to other types of turbine en-
gines including three-spool architectures.
[0021] The exemplary engine 20 generally includes a
low speed spool 30 and a high speed spool 32 mounted
for rotation about an engine central longitudinal axis A
relative to an engine static structure 36 via several bear-
ing systems 38. It should be understood that various
bearing systems 38 at various locations may alternatively
or additionally be provided, and the location of bearing
systems 38 may be varied as appropriate to the applica-
tion.
[0022] The low speed spool 30 generally includes an
inner shaft 40 that interconnects a fan 42, a low pressure
compressor 44 and a low pressure turbine 46. The inner
shaft 40 is connected to the fan 42 through a speed
change mechanism, which in exemplary gas turbine en-
gine 20 is illustrated as a geared architecture 48 to drive
the fan 42 at a lower speed than the low speed spool 30.
The high speed spool 32 includes an outer shaft 50 that
interconnects a high pressure compressor 52 and high
pressure turbine 54. A combustor 56 is arranged in ex-
emplary gas turbine 20 between the high pressure com-
pressor 52 and the high pressure turbine 54. An engine
static structure 36 is arranged generally between the high
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pressure turbine 54 and the low pressure turbine 46. The
engine static structure 36 further supports bearing sys-
tems 38 in the turbine section 28. The inner shaft 40 and
the outer shaft 50 are concentric and rotate via bearing
systems 38 about the engine central longitudinal axis A
which is collinear with their longitudinal axes.
[0023] The core airflow is compressed by the low pres-
sure compressor 44 then the high pressure compressor
52, mixed and burned with fuel in the combustor 56, then
expanded over the high pressure turbine 54 and low pres-
sure turbine 46. In some embodiments, stator vanes 45
in the low pressure compressor 44 and stator vanes 55
in the high pressure compressor 52 may be adjustable
during operation of the gas turbine engine 20 to support
various operating conditions. In other embodiments, the
stator vanes 45, 55 may be held in a fixed position. The
turbines 46, 54 rotationally drive the respective low speed
spool 30 and high speed spool 32 in response to the
expansion. It will be appreciated that each of the positions
of the fan section 22, compressor section 24, combustor
section 26, turbine section 28, and fan drive gear system
48 may be varied. For example, gear system 48 may be
located aft of combustor section 26 or even aft of turbine
section 28, and fan section 22 may be positioned forward
or aft of the location of gear system 48.
[0024] The engine 20 in one example is a high-bypass
geared aircraft engine. In a further example, the engine
20 bypass ratio is greater than about six (6), with an ex-
ample embodiment being greater than about ten (10),
the geared architecture 48 is an epicyclic gear train, such
as a planetary gear system or other gear system, with a
gear reduction ratio of greater than about 2.3 and the low
pressure turbine 46 has a pressure ratio that is greater
than about five. In one disclosed embodiment, the engine
20 bypass ratio is greater than about ten (10:1), the fan
diameter is significantly larger than that of the low pres-
sure compressor 44, and the low pressure turbine 46 has
a pressure ratio that is greater than about five 5:1. Low
pressure turbine 46 pressure ratio is pressure measured
prior to inlet of low pressure turbine 46 as related to the
pressure at the outlet of the low pressure turbine 46 prior
to an exhaust nozzle. The geared architecture 48 may
be an epicycle gear train, such as a planetary gear sys-
tem or other gear system, with a gear reduction ratio of
greater than about 2.3:1. It should be understood, how-
ever, that the above parameters are only exemplary of
one embodiment of a geared architecture engine and
that the present disclosure is applicable to other gas tur-
bine engines including direct drive turbofans.
[0025] A significant amount of thrust is provided by the
bypass flow B due to the high bypass ratio. The fan sec-
tion 22 of the engine 20 is designed for a particular flight
condition--typically cruise at about 0.8Mach and about
35,000 feet (10,668 meters). The flight condition of 0.8
Mach and 35,000 ft (10,668 meters), with the engine at
its best fuel consumption--also known as "bucket cruise
Thrust Specific Fuel Consumption (’TSFC’)"--is the in-
dustry standard parameter of lbm of fuel being burned

divided by lbf of thrust the engine produces at that min-
imum point. "Low fan pressure ratio" is the pressure ratio
across the fan blade alone, without a Fan Exit Guide Vane
("FEGV") system. The low fan pressure ratio as disclosed
herein according to one non-limiting embodiment is less
than about 1.45. "Low corrected fan tip speed" is the ac-
tual fan tip speed in ft/sec divided by an industry standard
temperature correction of [(Tram °R)/(518.7 °R)]^0.5.
The "Low corrected fan tip speed" as disclosed herein
according to one non-limiting embodiment is less than
about 1150 ft/second (350.5 m/sec).
[0026] While the example of FIG. 1 illustrates one ex-
ample of the gas turbine engine 20, it will be understood
that any number of spools, inclusion or omission of the
gear system 48, and/or other elements and subsystems
are contemplated. Further, rotor systems described
herein can be used in a variety of applications and need
not be limited to gas turbine engines for aircraft applica-
tions. For example, rotor systems can be included in pow-
er generation systems, which may be ground-based as
a fixed position or mobile system, and other such appli-
cations.
[0027] FIG. 2 illustrates a hybrid electric propulsion
system 100 (also referred to as hybrid gas turbine engine
100) including a gas turbine engine 120 operably coupled
to an electrical power system 210 as part of a hybrid
electric aircraft. One or more mechanical power trans-
missions 150 (e.g., 150A, 150B) can be operably coupled
between the gas turbine engine 120 and the electrical
power system 210. The gas turbine engine 120 can be
an embodiment of the gas turbine engine 20 of FIG. 1
and includes one or more spools, such as low speed
spool 30 and high speed spool 32, each with at least one
compressor section and at least one turbine section op-
erably coupled to a shaft (e.g., low pressure compressor
44 and low pressure turbine 46 coupled to inner shaft 40
and high pressure compressor 52 and high pressure tur-
bine 54 coupled to outer shaft 50 as depicted in FIG. 1).
The electrical power system 210 can include a first elec-
tric motor 212A configured to augment rotational power
of the low speed spool 30 and a second electric motor
212B configured to augment rotational power of the high
speed spool 32. Although two electric motors 212A, 212B
are depicted in FIG. 2, it will be understood that there
may be only a single electric motor (e.g., only electric
motor 212B) or additional electric motors (not depicted).
The electrical power system 210 can also include a first
electric generator 213A configured to convert rotational
power of the low speed spool 30 to electric power and a
second electric generator 213B configured to convert ro-
tational power of the high speed spool 32 to electric pow-
er. Although two electric generators 213A, 213B are de-
picted in FIG. 2, it will be understood that there may be
only a single electric generator (e.g., only electric gener-
ator 213A) or additional electric generators (not depict-
ed). In some embodiments, one or more of the electric
motors 212A, 212B can be configured as a motor or a
generator depending upon an operational mode or sys-
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tem configuration, and thus one or more of the electric
generators 213A, 213B may be omitted.
[0028] In the example of FIG. 2, the mechanical power
transmission 150A includes a gearbox operably coupled
between the inner shaft 40 and a combination of the first
electric motor 212A and first electric generator 213A. The
mechanical power transmission 150B can include a gear-
box operably coupled between the outer shaft 50 and a
combination of the second electric motor 212B and sec-
ond electric generator 213B. In embodiments where the
electric motors 212A, 212B are configurable between a
motor and generator mode of operation, the mechanical
power transmission 150A, 150B can include a clutch or
other interfacing element(s).
[0029] The electrical power system 210 can also in-
clude motor drive electronics 214A, 214B operable to
condition current to the electric motors 212A, 212B (e.g.,
DC-to-AC converters). The electrical power system 210
can also include rectifier electronics 215A, 215B opera-
ble to condition current from the electric generators 213A,
213B (e.g., AC-to-DC converters). The motor drive elec-
tronics 214A, 214B and rectifier electronics 215A, 215B
can interface with an energy storage management sys-
tem 216 that further interfaces with an energy storage
system 218. The energy storage management system
216 can be a bi-directional DC-DC converter that regu-
lates voltages between energy storage system 218 and
electronics 214A, 214B, 215A, 215B. The energy storage
system 218 can include one or more energy storage de-
vices, such as a battery, a super capacitor, an ultra ca-
pacitor, and the like. The energy storage management
system 216 can facilitate various power transfers within
the hybrid electric propulsion system 100. For example,
power from the first electric generator 213A can be trans-
ferred 211 to the second electric motor 212B as a low
speed spool 30 to high speed spool 32 power transfer.
Other examples of power transfers may include a power
transfer from the second electric generator 213B to the
first electric motor 212A as a high speed spool 32 to low
speed spool 30 power transfer.
[0030] A power conditioning unit 220 and/or other com-
ponents can be powered by the energy storage system
218. The power conditioning unit 220 can distribute elec-
tric power to support actuation and other functions of the
gas turbine engine 120. For example, the power condi-
tioning unit 220 can power an integrated fuel control unit
222 to control fuel flow to the gas turbine engine 120.
The power conditioning unit 220 can power a plurality of
actuators 224, such as one or more of a low pressure
compressor bleed valve actuator 226, a low pressure
compressor vane actuator 228, a high pressure compres-
sor vane actuator 230, an active clearance control actu-
ator 232, and other such effectors. In some embodi-
ments, the low pressure compressor vane actuator 228
and/or the high pressure compressor vane actuator 230
can be omitted where active control of stator vanes 45,
55 of FIG. 1 is not needed. Collectively, any effectors that
can change a state of the gas turbine engine 120 and/or

the electrical power system 210 may be referred to as
hybrid electric system control effectors 240. Examples
of the hybrid electric system control effectors 240 can
include the electric motors 212A, 212B, electric genera-
tors 213A, 213B, integrated fuel control unit 222, actua-
tors 224 and/or other elements (not depicted).
[0031] FIG. 3 is a schematic diagram of control signal
paths 250 of the hybrid electric propulsion system 100
of FIG. 2 and is described with continued reference to
FIGS. 1 and 2. A controller 256 can interface with the
motor drive electronics 214A, 214B, rectifier electronics
215A, 215B, energy storage management system 216,
integrated fuel control unit 222, actuators 224, and/or oth-
er components (not depicted) of the hybrid electric pro-
pulsion system 100. In embodiments, the controller 256
can control and monitor for fault conditions of the gas
turbine engine 120 and/or the electrical power system
210. For example, the controller 256 can be integrally
formed or otherwise in communication with a full authority
digital engine control (FADEC) of the gas turbine engine
120. In embodiments, the controller 256 can include a
processing system 260, a memory system 262, and an
input/output interface 264. The controller 256 can also
include various operational controls, such as a power
transfer control 266 that controls the hybrid electric sys-
tem control effectors 240 as further described herein.
[0032] The processing system 260 can include any
type or combination of central processing unit (CPU), in-
cluding one or more of: a microprocessor, a digital signal
processor (DSP), a microcontroller, an application spe-
cific integrated circuit (ASIC), a field programmable gate
array (FPGA), or the like. The memory system 262 can
store data and instructions that are executed by the
processing system 260. In embodiments, the memory
system 262 may include random access memory (RAM),
read only memory (ROM), or other electronic, optical,
magnetic, or any other computer readable medium onto
which is stored data and algorithms in a non-transitory
form. The input/output interface 264 is configured to col-
lect sensor data from the one or more system sensors
and interface with various components and subsystems,
such as components of the motor drive electronics 214A,
214B, rectifier electronics 215A, 215B, energy storage
management system 216, integrated fuel control unit
222, actuators 224, and/or other components (not de-
picted) of the hybrid electric propulsion system 100. The
controller 256 provides a means for controlling the hybrid
electric system control effectors 240 based on a power
transfer control 266 that is dynamically updated during
operation of the hybrid electric propulsion system 100.
The means for controlling the hybrid electric system con-
trol effectors 240 can be otherwise subdivided, distribut-
ed, or combined with other control elements.
[0033] The power transfer control 266 can apply con-
trol laws and access/update models to determine how to
control and transfer power to and from the hybrid electric
system control effectors 240. For example, sensed
and/or derived parameters related to speed, flow rate,
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pressure ratios, temperature, thrust, and the like can be
used to establish operational schedules and transition
limits to maintain efficient operation of the gas turbine
engine 120. To maintain operational stability of the com-
pressor section 24 of FIG. 1, the power transfer control
266 can control the hybrid electric system control effec-
tors 240 to selectively transfer power between the low
speed spool 30 and the high speed spool 32 of FIG. 1.
A compressor map or other control schedules can define
relationships between multiple operating parameters of
the gas turbine engine 120. Schedules may seek to op-
erate the compressor section 24 close to a stall line under
certain operating conditions for efficient operation with-
out resulting in a stall event. A stall line can be considered
a stability limit line or a "not-to-exceed" operating line,
with a stall margin providing a protective operating mar-
gin to avoid a stall event. To maintain a stall margin, one
approach is control the low pressure compressor bleed
valve actuator 226 to selectively open engine bleeds;
however, this may result in reduced operating efficiency
if the compressed bleed air is dumped overboard or not
otherwise used. An alternate approach is to control the
low pressure compressor vane actuator 228 and/or the
high pressure compressor vane actuator 230 to adjust
vane angles of the stator vanes 45, 55 and modify a com-
pressor ratio and/or a compressor air flow of the com-
pressor section 26. Such vane-based adjustments avoid
the loss of compressed air through engine bleeds but
may result in higher downstream temperatures. In exem-
plary embodiments, the power transfer control 266 can
control a power transfer between the first electric gener-
ator 213A of the low speed spool 30 and the second
electric motor 212B of the high speed spool 32 to adjust
a current operating condition of the gas turbine engine
120 based on a target operating condition for increasing
stability in the compressor section 24. The power transfer
from the low speed spool 30 to the high speed spool 32
shifts the relationship between the speed of the low speed
spool 30 and the high speed spool 32 while the power
transfer is active. This results in the same speed (e.g.,
N1) of the low speed spool 30 with a higher speed (N2)
of the high speed spool 32 based on the power transfer.
Thus, a conventional relationship between a pressure
ratio of the low pressure compressor 44 and a low pres-
sure compressor air flow is shifted and may result in a
reduced value of the pressure ratio of the low pressure
compressor 44 and an increased value of the low pres-
sure compressor air flow.
[0034] In embodiments, the power transfer control 266
can determine a low pressure compressor stability mar-
gin for combinations of engine properties, including vane
angle, compressor corrected speed, a compressor pres-
sure ratio, a compressor flow corrected at compressor
inlet properties, and compressor flow corrected at com-
pressor exit properties. A simplified model can be created
and used in flight. As one example, a minimum compres-
sor inlet flow corrected to compressor exit properties can
be tabulated as a function of vane angle and compressor

corrected speed such that low pressure compressor op-
erability is satisfied with the combination or a higher cor-
rected flow. In flight, any time the calculated compressor
corrected flow falls below a tabulated limit, power transfer
from the low speed spool 30 to the high speed spool 32
can be increased. Power transfer may be requested to
be higher than the limit for other reasons, and a minimum
power transfer can be used to maintain a minimum exit-
corrected flow and satisfy compressor operability. Alter-
natively, compressor operability margin may be actively
calculated in an onboard model and a minimum opera-
bility margin may be reached by increasing power trans-
fer.
[0035] Referring now to FIG. 4, plot 300 graphically
illustrates a relationship between compressor pressure
and compressor air flow in a gas turbine engine, such as
the gas turbine engine 20, 120 of FIGS. 1 and 2. Line
302 illustrates an example relationship between a pres-
sure ratio 310 of the low pressure compressor 44 and a
low pressure compressor corrected air flow 312 under
normal operating conditions without using the hybrid
electric system control effectors 240 of FIGS. 2 and 3.
Line 304 illustrates an example relationship between the
pressure ratio 310 of the low pressure compressor 44
and the low pressure compressor corrected air flow 312
using the low pressure compressor vane actuator 228
and/or the high pressure compressor vane actuator 230
to adjust vane angles of the stator vanes 45, 55 to improve
low pressure compressor stall margin. Line 306 illus-
trates an example relationship between the pressure ra-
tio 310 of the low pressure compressor 44 and the low
pressure compressor corrected air flow 312 using a pow-
er transfer between the first electric generator 213A of
the low speed spool 30 and the second electric motor
212B of the high speed spool 32 to adjust a current op-
erating condition of the gas turbine engine 120 to improve
low pressure compressor stall margin. The lines 302 and
304 have higher values of the pressure ratio 310 of the
low pressure compressor 44 as the low pressure com-
pressor corrected air flow 312 increases, resulting in be-
ing closer to a stall event than line 306.
[0036] Referring now to FIG. 5, plot 400 graphically
illustrates a relationship between compressor air flow and
compressor speed in a gas turbine engine, such as the
gas turbine engine 20, 120 of FIGS. 1 and 2. Line 402
illustrates an example relationship between a low pres-
sure compressor air flow 410 and a speed 412 of the low
pressure compressor 44 under normal operating condi-
tions without using the hybrid electric system control ef-
fectors 240 of FIGS. 2 and 3. The low pressure compres-
sor air flow 410 may differ from the low pressure com-
pressor corrected air flow 312 of FIG. 4, for instance,
using a different but related pressure associated with por-
tions of the compressor section 24 of FIG. 1. The speed
412 may be corrected or normalized value of N1 speed.
Line 404 illustrates an example relationship between the
low pressure compressor air flow 410 and the speed 412
of the low pressure compressor 44 using the low pressure
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compressor vane actuator 228 and/or the high pressure
compressor vane actuator 230 to adjust vane angles of
the stator vanes 45, 55 to improve low pressure com-
pressor stall margin. Line 406 illustrates an example re-
lationship between the low pressure compressor air flow
410 and the speed 412 of the low pressure compressor
44 using a power transfer between the first electric gen-
erator 213A of the low speed spool 30 and the second
electric motor 212B of the high speed spool 32 to adjust
a current operating condition of the gas turbine engine
120 to improve low pressure compressor stall margin.
The lines 402 and 404 have lower values of the low pres-
sure compressor air flow 410 as the speed 412 of the
low pressure compressor 44 increases. The air higher
flow to speed relationship can provide a wider stall margin
for the low pressure compressor 44.
[0037] Referring now to FIG. 6, plot 500 graphically
illustrates a relationship between exhaust gas tempera-
ture 510 and thrust 512 in a gas turbine engine at medium
to high power, such as the gas turbine engine 20, 120 of
FIGS. 1 and 2. Line 502 illustrates an example relation-
ship between exhaust gas temperature 510 and thrust
512 under normal operating conditions without using the
hybrid electric system control effectors 240 of FIGS. 2
and 3. Line 504 illustrates an example relationship be-
tween exhaust gas temperature 510 and thrust 512 when
improving low pressure compressor stall margin using
the low pressure compressor vane actuator 228 and/or
the high pressure compressor vane actuator 230 to ad-
just vane angles of the stator vanes 45, 55. Line 506
illustrates an example relationship between exhaust gas
temperature 510 and thrust 512 using a power transfer
between the first electric generator 213A of the low speed
spool 30 and the second electric motor 212B of the high
speed spool 32 to adjust a current operating condition of
the gas turbine engine 120 to improve low pressure com-
pressor stall margin. As can be seen in FIG. 6, at a given
value of thrust 512, line 504 indicates a larger value of
exhaust gas temperature 510 than line 502, and line 506
has a lower value of exhaust gas temperature 510 than
both of lines 502, 504. Thus, even though the low pres-
sure compressor stall margin has been improved from
line 502 to either 504 or 506, line 506 has the additional
benefit of reducing hot section temperatures while the
conventional means of managing low pressure compres-
sor margin (line 504) is detrimental to hot section tem-
peratures and to engine life.
[0038] Referring now to FIG. 7 with continued refer-
ence to FIGS. 1-6, FIG. 7 is a flow chart illustrating a
method 600 for compressor operability control for a hy-
brid electric propulsion system, in accordance with an
embodiment. The method 600 may be performed, for ex-
ample, by the hybrid electric propulsion system 100 of
FIG. 2. For purposes of explanation, the method 600 is
described primarily with respect to the hybrid electric pro-
pulsion system 100 of FIG. 2; however, it will be under-
stood that the method 600 can be performed on other
configurations (not depicted).

[0039] Method 600 pertains to the controller 256 exe-
cuting embedded code for the power transfer control 266
to control components of the hybrid electric system con-
trol effectors 240. At block 602, controller 256 can deter-
mine a target operating condition of a low pressure com-
pressor 44 to achieve a compressor stability margin in a
gas turbine engine 120 including a low speed spool 30
and a high speed spool 32, where the low speed spool
30 includes the low pressure compressor 44 and a low
pressure turbine 46, and the high speed spool 32 includes
a high pressure compressor 52 and a high pressure tur-
bine 54. The target operating condition of the low pres-
sure compressor 44 can be determined by the controller
256 with respect to one or more engine properties that
enable an estimate of stability of the low pressure com-
pressor. The one or more engine properties can include
one or more of: a vane angle, a compressor corrected
speed, a compressor pressure ratio, a compressor flow
corrected at compressor inlet properties, and a compres-
sor flow corrected at compressor exit properties. The one
or more engine properties can be used as a proxy for
stability in making stability estimates by the controller
256. The target operating condition can be based on a
target pressure ratio 310 of the low pressure compressor
44 associated with a low pressure compressor corrected
air flow 312. Further, the target operating condition can
include a target pressure ratio 310 associated with a com-
bination of a low pressure compressor corrected air flow
and a vane angle of the stator vanes 45, 55.
[0040] At block 604, the controller 256 can determine
a current operating condition of the low pressure com-
pressor 44. The current operating condition can include
a current pressure ratio of the low pressure compressor
44, such as a ratio relating the input pressure at the low
pressure compressor 44 to a midpoint between the low
pressure compressor 44 and the high pressure compres-
sor 52 or an output of the high pressure compressor 52.
The current operating condition can also include a current
corrected flow.
[0041] At block 606, the controller 256 can control a
power transfer between an electric generator 213A of the
low speed spool 30 and an electric motor 212B of the
high speed spool 32 to adjust the current operating con-
dition of the low pressure compressor 44 based on the
target operating condition. The low pressure compressor
corrected air flow 312 and the current pressure ratio can
be adjusted based on the target pressure ratio (e.g., con-
trol to correspond with line 306).
[0042] At block 608, the controller 256 can adjust the
target operating condition. The target operating condition
can be adjusted based on a state change or parameter
that modifies compressor performance. For instance, the
target operating condition can be adjusted based on a
rate of change in speed 412 of the low pressure com-
pressor 44. For example, the controller 256 can be further
configured to adjust the target pressure ratio based on a
rate of change in speed 412 of the low pressure com-
pressor 44. Rate changes can be used for predictive con-
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trols as one or more additional state parameters. The
method 600 can loop back to block 604 and continue
making adjustments and updating the target operating
condition as the gas turbine engine 120 changes oper-
ating conditions with respect to speed 412, thrust 512,
or other such parameters.
[0043] In embodiments, an exhaust gas temperature
510 of the gas turbine engine 120 (as well as other hot
section temperatures) can be reduced based on trans-
ferring power between the electric generator 213A of the
low speed spool 44 and the electric motor 212B of the
high speed spool 32 while maintaining a substantially
constant thrust 512. Further, various power transfer op-
tions can be implemented to assist in control operations.
For instance, power from the electric generator 213A can
be transferred to an energy storage system 218. Power
from the energy storage system 218 can be transferred
to the electric motor 212B. Transferring of power from
the electric generator 213A to the electric motor 212B of
the high speed spool 32 can be performed absent a
change in output of a low pressure compressor vane ac-
tuator 228 of the gas turbine engine 120. In some em-
bodiments, one or more stages of variable vanes 45, 55
can be removed where compressor operability control
can be fully managed by power transfers using one or
more of the electric motors 212A, 212B and electric gen-
erators 213A, 213B. Additionally, rotational power can
be transferred between the low speed spool 30 and either
the electric generator 213A or a low speed spool electric
motor 212A through a first mechanical power transmis-
sion 150A. Further, rotational power can be transferred
between the high speed spool 32 and either the electric
motor 212B or a high speed spool electric generator 213B
through a second mechanical power transmission 150B.
[0044] While the above description has described the
flow process of FIG. 7 in a particular order, it should be
appreciated that unless otherwise specifically required
in the attached claims that the ordering of the steps may
be varied. Also, it is clear to one of ordinary skill in the
art that, the stability enhancement provided by the dy-
namic torque and power capability of the coupled electric
motor system described herein can be combined with
and enhance other surge control features, such as surge
control valves, variable stators, and fuel flow control.
[0045] The term "about" is intended to include the de-
gree of error associated with measurement of the partic-
ular quantity based upon the equipment available at the
time of filing the application.
[0046] The terminology used herein is for the purpose
of describing particular embodiments only and is not in-
tended to be limiting of the present disclosure. As used
herein, the singular forms "a", "an" and "the" are intended
to include the plural forms as well, unless the context
clearly indicates otherwise. It will be further understood
that the terms "comprises" and/or "comprising," when
used in this specification, specify the presence of stated
features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addi-

tion of one or more other features, integers, steps, oper-
ations, element components, and/or groups thereof.
[0047] While the present disclosure has been de-
scribed with reference to an exemplary embodiment or
embodiments, it will be understood by those skilled in the
art that various changes may be made and equivalents
may be substituted for elements thereof without depart-
ing from the scope of the present disclosure. In addition,
many modifications may be made to adapt a particular
situation or material to the teachings of the present dis-
closure without departing from the essential scope there-
of. Therefore, it is intended that the present disclosure
not be limited to the particular embodiment disclosed as
the best mode contemplated for carrying out this present
disclosure, but that the present disclosure will include all
embodiments falling within the scope of the claims.

Claims

1. A hybrid electric propulsion system (100) compris-
ing:

a gas turbine engine (120) comprising a low
speed spool (30) and a high speed spool (32),
the low speed spool comprising a low pressure
compressor (44) and a low pressure turbine
(46), and the high speed spool comprising a high
pressure compressor (52) and a high pressure
turbine (54);
an electric generator (213A) configured to ex-
tract power from the low speed spool (30);
an electric motor (212B) configured to augment
rotational power of the high speed spool (32);
and
a controller (256) operable to:

determine (602) a target operating condition
of the low pressure compressor (44) to
achieve a compressor stability margin in the
gas turbine engine;
determine (604) a current operating condi-
tion of the low pressure compressor (44);
and
control (606) a power transfer between the
electric generator (213A) of the low speed
spool (30) and the electric motor (212B) of
the high speed spool (32) to adjust the cur-
rent operating condition based on the target
operating condition.

2. The hybrid electric propulsion system of claim 1,
wherein the target operating condition of the low
pressure compressor (44) is determined by the con-
troller (256) with respect to one or more engine prop-
erties that enable an estimate of stability of the low
pressure compressor.
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3. The hybrid electric propulsion system of claim 2,
wherein the one or more engine properties comprise
one or more of: a vane angle, a compressor correct-
ed speed, a compressor pressure ratio, a compres-
sor flow corrected at compressor inlet properties,
and a compressor flow corrected at compressor exit
properties.

4. The hybrid electric propulsion system of claim 2,
wherein the target operating condition is based on a
target pressure ratio of the low pressure compressor
(44) associated with a low pressure compressor cor-
rected air flow, the current operating condition com-
prises a current pressure ratio of the low pressure
compressor and a current corrected flow, and the
low pressure compressor corrected air flow and the
current pressure ratio are adjusted based on the tar-
get pressure ratio,
optionally wherein the controller (256) is further con-
figured to adjust the target pressure ratio based on
a rate of change in speed of the low pressure com-
pressor (44).

5. The hybrid electric propulsion system of any preced-
ing claim, wherein an exhaust gas temperature (510)
of the gas turbine engine (20) is reduced based on
transferring power between the electric generator
(213A) of the low speed spool (30) and the electric
motor (212B) of the high speed spool (32) while
maintaining a substantially constant thrust (512).

6. The hybrid electric propulsion system of any preced-
ing claim, wherein the controller (256) is further con-
figured to transfer power from the electric generator
(213A) to an energy storage system (218),
optionally wherein the controller (256) is further con-
figured to transfer power from the energy storage
system (218) to the electric motor (212B).

7. The hybrid electric propulsion system of any preced-
ing claim, wherein the controller (256) is further con-
figured to transfer power from the electric generator
(213A) to the electric motor (212B) of the high speed
spool (32) absent a change in output of a low pres-
sure compressor vane actuator of the gas turbine
engine (20).

8. The hybrid electric propulsion system of any preced-
ing claim, wherein the target operating condition
comprises a target pressure ratio associated with a
combination of low pressure compressor (44) cor-
rected air flow and vane angle.

9. A method (600) for controlling a hybrid electric pro-
pulsion system, the method comprising:

determining (602), by a controller (256), a target
operating condition of a low pressure compres-

sor (44) to achieve a compressor stability margin
in a gas turbine engine (20) comprising a low
speed spool (30) and a high speed spool (32),
the low speed spool comprising the low pressure
compressor (44) and a low pressure turbine
(46), and the high speed spool comprising a high
pressure compressor (52) and a high pressure
turbine (54);
determining (604), by the controller a current op-
erating condition of the low pressure compres-
sor; and
controlling (606) a power transfer between an
electric generator (213A) of the low speed spool
(30) and an electric motor (212B) of the high
speed spool (32) to adjust the current operating
condition of the low pressure compressor (44)
based on the target operating condition.

10. The method of claim 9, wherein the target operating
condition of the low pressure compressor (44) is de-
termined by the controller (256) with respect to one
or more engine properties that enable an estimate
of stability of the low pressure compressor,
optionally wherein the one or more engine properties
comprise one or more of: a vane angle, a compressor
corrected speed, a compressor pressure ratio, a
compressor flow corrected at compressor inlet prop-
erties, and a compressor flow corrected at compres-
sor exit properties.

11. The method of claim 9 or 10, wherein the target op-
erating condition is based on a target pressure ratio
of the low pressure compressor (44) associated with
a low pressure compressor corrected air flow, the
current operating condition comprises a current
pressure ratio of the low pressure compressor (44)
and a current corrected flow, and the low pressure
compressor corrected air flow and the current pres-
sure ratio are adjusted based on the target pressure
ratio,
optionally wherein the controller (256) is further con-
figured to adjust the target pressure ratio based on
a rate of change in speed of the low pressure com-
pressor (44).

12. The method of any of claims 9 to 11, wherein an
exhaust gas temperature (510) of the gas turbine
engine (120) is reduced based on transferring power
between the electric generator (213A) of the low
speed spool (30) and the electric motor (212B) of
the high speed spool (32) while maintaining a sub-
stantially constant thrust (512).

13. The method of any of claims 9 to 12, further com-
prising:

transferring power from the electric generator
(213A) to an energy storage system (218),
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optionally, further comprising:
transferring power from the energy storage sys-
tem (218) to the electric motor (212B).

14. The method of any of claims 9 to 13, further com-
prising:
transferring power from the electric generator (213A)
to the electric motor (212B) of the high speed spool
(32) absent a change in output of a low pressure
compressor vane actuator of the gas turbine engine
(120).

15. The method of any of claims 9 to 14, wherein the
target operating condition comprises a target pres-
sure ratio associated with a combination of low pres-
sure compressor corrected air flow and vane angle.
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