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(54) SYSTEM AND METHOD FOR ROTATING A GAS TURBINE ENGINE DURING A MOTORING 
CYCLE

(57) Systems and methods for rotating a gas turbine
engine (110) during a motoring cycle are provided. The
system may comprise a controller (120) in electronic
communication with an auxiliary power unit (APU) (130),
a starter air valve (140), and a gas turbine engine (110).
The APU (130) may supply compressed air to the starter
air valve (140) which may supply the compressed air to
an engine starter (150) in mechanical communication

with the engine (110). The rotational speed of the engine
(110) may be controlled by the engine starter (150) based
on the pressure of the compressed air received from the
starter air valve (140). The controller (120) may be con-
figured to control airflow and air pressure through the
system, by modulating the airflow from the APU (130)
and/or from the starter air valve (140).
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Description

FIELD

[0001] The present disclosure relates to gas turbine
engines, and more specifically, to systems and methods
for rotating a gas turbine engine during a motoring cycle.

BACKGROUND

[0002] Gas turbine engines typically include a fan sec-
tion to drive inflowing air, a compressor section to pres-
surize inflowing air, a combustor section to burn a fuel in
the presence of the pressurized air, and a turbine section
to extract energy from the resulting combustion gases.
The fan section may include a plurality of fan blades cou-
pled to a fan hub. The compressor section and the turbine
section typically include a series of alternating rotors and
stators.
[0003] Gas turbine engines typically may undergo a
thermal stabilization or cooling cycle prior to engine op-
eration (e.g., a motoring cycle). Gas turbine engines, in-
cluding turbofan engines, may utilize an air turbine start-
er, configured to receive air from a starter air valve, for
a cooling cycle and subsequent spool up to ignition. Typ-
ical systems modulate the position of the starter air valve
to control airflow to the air turbine starter causing unde-
sirable wear in the starter air valve and poor system re-
liability and durability.

SUMMARY

[0004] In various embodiments, a system for rotating
a gas turbine engine during a motoring cycle is disclosed.
The system may comprise a starter air valve in fluid com-
munication with an engine starter, the engine starter con-
figured to cause rotation in a gas turbine engine in re-
sponse to receiving an airflow from the starter air valve;
an auxiliary power unit (APU) in fluid communication with
the starter air valve, the APU configured to provide a
supply airflow to the starter air valve; a sensor configured
to measure a rotational speed of the gas turbine engine;
a controller in electronic configuration with the starter air
valve, the APU, and the sensor; and a tangible, non-tran-
sitory memory configured to communicate with the con-
troller. The tangible, non-transitory memory may have
instructions stored thereon that, in response to execution
by the controller, cause the controller to perform opera-
tions comprising: receiving, by the controller, the rota-
tional speed of the gas turbine engine from the sensor;
transmitting, by the controller, an APU command to the
APU, wherein the APU command is based on the rota-
tional speed of the gas turbine engine and is configured
to control a pressure of the supply airflow to the starter
air valve; and transmitting, by the controller, a starter air
valve command to the starter air valve, wherein the start-
er air valve command is based on the engine sensor feed-
back and is configured to control an output pressure of

the airflow to the engine starter.
[0005] In various embodiments, the operations may
further comprise the step of controlling, by the controller,
a speed of rotation in the gas turbine engine by modu-
lating the output pressure of the airflow to the engine
starter. The starter air valve command may comprise a
pulse width modulation (PWM) control scheme config-
ured to modulate the output pressure of the airflow to the
engine starter. The APU command may be configured
to modulate the APU into a main engine start (MES)
mode, a low pressure mode, or a high pressure mode.
In response to receiving the starter air valve command
the starter air valve may be configured to actuate into an
open position or an intermediary position. In response to
transmitting the starter air valve command and the APU
command, the APU and the starter air valve may be con-
figured to one of: modulate the APU to a MES mode and
modulate the starter air valve to an intermediary position;
and modulate the APU to a low pressure mode and mod-
ulate the starter air valve to an open position.
[0006] In various embodiments a method is disclosed.
The method may comprise: receiving, by a controller, an
engine sensor feedback from a sensor in electronic com-
munication with a gas turbine engine, wherein the engine
sensor feedback comprises measured characteristics of
the gas turbine engine; transmitting, by the controller, an
APU command to an APU in electronic communication
with the controller, wherein the APU command is based
on the engine sensor feedback, and wherein the APU is
configured to supply a compressed airflow to a starter air
valve in response to receiving the APU command; and
transmitting, by the controller, a starter air valve com-
mand to the starter air valve in electronic communication
with the controller, wherein the starter air valve command
is based on the engine sensor feedback, and wherein
the starter air valve is configured to actuate to control an
air outlet pressure of the compressed airflow to an engine
starter in response to receiving the starter air valve com-
mand.
[0007] In various embodiments, the method may also
comprise modulating, by the engine starter, a rotation
speed of the gas turbine engine in response to receiving
the compressed airflow from the starter air valve. The
method may comprise receiving, by the controller, a mo-
toring command, wherein the motoring command is con-
figured to initiate an airflow from the APU to the starter
air valve. The engine sensor feedback may comprise at
least one of a rotational speed measurement, a speed
signal, a position feedback, a temperature feedback, or
a pressure feedback. The method may further comprise
modulating, by the controller, the compressed airflow
from the starter air valve to the engine starter, wherein
the modulating is based on a pulse width modulation
(PWM) control scheme. The APU command may be con-
figured to modulate the APU into a main engine start
(MES) mode, a low pressure mode, or a high pressure
mode. In response to receiving the starter air valve com-
mand the starter air valve is configured to actuate into
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an open position or an intermediary position.
[0008] In various embodiments, an article of manufac-
ture is disclosed. The article of manufacture may include
a tangible, non-transitory computer-readable storage
medium having instructions stored thereon that, in re-
sponse to execution by a processor, cause the processor
to perform operations comprising: receiving, by the proc-
essor, an engine sensor feedback from a sensor in elec-
tronic communication with a gas turbine engine, wherein
the engine sensor feedback comprises measured char-
acteristics of the gas turbine engine; transmitting, by the
processor, an APU command to an APU in electronic
communication with the processor, wherein the APU
command is based on the engine sensor feedback, and
wherein the APU is configured to supply a compressed
airflow to a starter air valve in response to receiving the
APU command; and transmitting, by the processor, a
starter air valve command to the starter air valve in elec-
tronic communication with the processor, wherein the
starter air valve command is based on the engine sensor
feedback, and wherein the starter air valve is configured
to actuate to control an air outlet pressure to an engine
starter in response to receiving the starter air valve com-
mand.
[0009] In various embodiments, the article of manufac-
ture may further comprise the operation of modulating,
by the engine starter, a rotation speed of the gas turbine
engine in response to receiving the compressed airflow
from the starter air valve. The article of manufacture may
further comprise the operation of receiving, by the con-
troller, a motoring command, wherein the motoring com-
mand is configured to initiate an airflow from the APU to
the starter air valve. The engine sensor feedback may
comprise at least one of a rotational speed measurement,
a speed signal, a position feedback, a temperature feed-
back, or a pressure feedback. The article of manufacture
may further comprise the operation of modulating, by the
controller, the compressed airflow from the starter air
valve to the engine starter, wherein the modulating is
based on a pulse width modulation (PWM) control
scheme. The APU command is configured to modulate
the APU into a main engine start (MES) mode, a low
pressure mode, or a high pressure mode. In response to
receiving the starter air valve command, the starter air
valve may be configured to actuate into an open position
or an intermediary position.
[0010] The forgoing features and elements may be
combined in various combinations without exclusivity,
unless expressly indicated herein otherwise. These fea-
tures and elements as well as the operation of the dis-
closed embodiments will become more apparent in light
of the following description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The subject matter of the present disclosure is
particularly pointed out and distinctly claimed in the con-
cluding portion of the specification. A more complete un-

derstanding of the present disclosure, however, may best
be obtained by referring to the detailed description and
claims when considered in connection with the following
illustrative figures. In the following figures, like reference
numbers refer to similar elements and steps throughout
the figures.

FIG. 1 illustrates a block diagram for a system for
rotating a gas turbine engine during a motoring cycle,
in accordance with various embodiments;
FIG. 2 illustrates a cross-section view of an exem-
plary gas turbine engine, in accordance with various
embodiments;
FIG. 3 illustrates a cross-section view of an exem-
plary auxiliary power unit (APU), in accordance with
various embodiments; and
FIG. 4 illustrates a process flow for a method of ro-
tating a gas turbine engine during a motoring cycle,
in accordance with various embodiments.

[0012] Elements and steps in the figures are illustrated
for simplicity and clarity and have not necessarily been
rendered according to any particular sequence. For ex-
ample, steps that may be performed concurrently or in
different order are illustrated in the figures to help to im-
prove understanding of embodiments of the present dis-
closure.

DETAILED DESCRIPTION

[0013] The detailed description of exemplary embodi-
ments herein makes reference to the accompanying
drawings, which show exemplary embodiments by way
of illustration. While these exemplary embodiments are
described in sufficient detail to enable those skilled in the
art to practice the disclosures, it should be understood
that other embodiments may be realized and that logical
changes and adaptations in design and construction may
be made in accordance with this disclosure and the
teachings herein. Thus, the detailed description herein
is presented for purposes of illustration only and not of
limitation.
[0014] The scope of the disclosure is defined by the
appended claims and their legal equivalents rather than
by merely the examples described. For example, the
steps recited in any of the method or process descriptions
may be executed in any order and are not necessarily
limited to the order presented. Furthermore, any refer-
ence to singular includes plural embodiments, and any
reference to more than one component or step may in-
clude a singular embodiment or step. Also, any reference
to attached, fixed, coupled, connected or the like may
include permanent, removable, temporary, partial, full
and/or any other possible attachment option. Additional-
ly, any reference to without contact (or similar phrases)
may also include reduced contact or minimal contact.
Surface shading lines may be used throughout the fig-
ures to denote different parts but not necessarily to de-
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note the same or different materials.
[0015] As used herein, "electronic communication"
means communication of electronic signals with physical
coupling (e.g., "electrical communication" or "electrically
coupled") or without physical coupling and via an elec-
tromagnetic field (e.g., "inductive communication" or "in-
ductively coupled" or "inductive coupling"). As used here-
in, "transmit" may include sending electronic data from
one system component to another via electronic commu-
nication between the components. Additionally, as used
herein, "electronic data" may include encompassing in-
formation such as commands, queries, files, data for stor-
age, and the like in digital or any other form.
[0016] As used herein, "aft" refers to the direction as-
sociated with a tail (e.g., the back end) of an aircraft, or
generally, to the direction of exhaust of a gas turbine
engine. As used herein, "forward" refers to the direction
associated with a nose (e.g., the front end) of the aircraft,
or generally, to the direction of flight or motion.
[0017] In various embodiments, and with reference to
FIG. 1, a system 100 for rotating a gas turbine engine
during a motoring cycle is disclosed. Various compo-
nents of a gas turbine engine, including the rotor systems,
may heat or cool at different rates following operation
and shutdown, leading to unequal thermal expansion
which may physically deform the engine components.
Such thermal inequality may lead to bowed rotors which
can cause deflection of the rotor systems. Starting the
gas turbine engine in this bowed condition can lead to
tip strike of the rotor blades against nearby engine com-
ponents, such as blade outer air seals (BOAS). System
100, as provided herein, may aid in the uniform cooling
of gas turbine engine components during start-up and
may reduce engine maintenance times. System 100 may
be configured to regulate airflow to the engine starter. By
controlling airflow to the engine starter, the speed of the
gas turbine engine can be regulated to uniformly distrib-
ute engine temperature, thereby reducing the bowing of
rotor systems, particularly during engine start-up. In that
respect, and as discussed further herein, system 100
may allow for the modulation of airflow from multiple
sources (e.g., APU 130 and starter air valve 140) to in-
crease system 100 durability and reliability, and decrease
undesirable wear in system 100 components. Moreover,
the modulation of airflow from multiple sources may cre-
ate a robust system for controlling airflow to the gas tur-
bine engine’s air turbine for reliable and precise starting
conditions. In various embodiments, system 100 may
comprise a gas turbine engine 110, a controller 120, an
auxiliary power unit (APU) 130, a starter air valve 140,
and an engine starter 150.
[0018] In various embodiments, and with reference to
FIG. 2, an exemplary gas turbine engine 110 is illustrated.
Gas turbine engine 110 is disposed about axial centerline
axis 270, which may also be referred to as axis of rotation
270. Gas turbine engine 110 may comprise a fan 272,
compressor sections 274 and 276, a combustion section
278, and turbine sections 280, 285. The fan 272 may

drive air into compressor sections 274, 276, which may
further drive air along a core flow path for compression
and communication into the combustion section 278. Air
compressed in the compressor sections 274, 276 may
be mixed with fuel and burned in combustion section 278
and expanded across the turbine sections 280, 285. The
turbine sections 280, 285 may include high pressure ro-
tors 282 and low pressure rotors 284, which rotate in
response to the expansion. The turbine sections 280,
285 may comprise alternating rows of rotary airfoils or
rotor blades 286 and stator vane assemblies 287, housed
within an engine casing 281. Cooling air may be supplied
to the turbine sections 280, 285 from the compressor
sections 274, 276. A plurality of bearings 289 may sup-
port spools in the gas turbine engine 110. FIG. 2 provides
a general understanding of the sections in a gas turbine
engine, and is not intended to limit the disclosure.
[0019] The present disclosure may extend to all types
of applications and to all types of turbine engines, includ-
ing, for example, turbojets, turboshafts, and three spool
(plus fan) turbofans wherein an intermediate spool in-
cludes an intermediate pressure compressor ("IPC") be-
tween a low pressure compressor ("LPC") and a high
pressure compressor ("HPC"), and an intermediate pres-
sure turbine ("IPT") between the high pressure turbine
("HPT") and the low pressure turbine ("LPT").
[0020] In various embodiments, and with reference
again to FIG. 1, system 100 may further comprise one
or more feedback elements to monitor and measure var-
ious gas turbine engine 110 characteristics. For example,
a sensor 115 may be coupled to or in electronic commu-
nication with gas turbine engine 110. Sensor 115 may
comprise a speed sensor, position sensor, temperature
sensor, pressure sensor or other sensing device. Sensor
115 may be configured to measure a characteristic of an
engine component or gas turbine engine 110. Sensor
115 may be configured to measure, for example, a rota-
tional speed or angular velocity of gas turbine engine
110. Sensor 115 may be configured to transmit the rota-
tional speed measurement to controller 120, thereby pro-
viding engine sensor feedback about gas turbine engine
110 to controller 120. The engine sensor feedback may
be, for example, a speed signal, or may be position feed-
back, temperature feedback, pressure feedback or other
data.
[0021] In various embodiments, controller 120 may be
in electronic communication with sensor 115, APU 130,
and starter air valve 140, via a valve control device 145.
In various embodiments, controller 120 may also be in
electronic communication with gas turbine engine 110.
For example, controller 120 may be integrated into com-
puter systems onboard an aircraft, such as, for example,
a full authority digital engine control (FADEC). Controller
120 may also be a standalone computer system separate
from and off-board the aircraft, such as, for example, in
a diagnostic and/or maintenance computer system. Con-
troller 120 may include one or more processors and/or
one or more tangible, non-transitory memories and be
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capable of implementing logic. Each processor can be a
general purpose processor, a digital signal processor
(DSP), an application specific integrated circuit (ASIC),
a field programmable gate array (FPGA) or other pro-
grammable logic device, discrete gate or transistor logic,
discrete hardware components, or any combination
thereof. In various embodiments, controller 120 may
comprise a processor configured to implement various
logical operations in response to execution of instruc-
tions, for example, instructions stored on a non-transito-
ry, tangible, computer-readable medium.
[0022] In various embodiments, APU 130 may be in
electronic communication with controller 120, and may
be configured to receive electronic data from controller
120. APU 130 may also be in fluid communication with
starter air valve 140, and may be configured to deliver
compressed air at a supply pressure P1 to starter air
valve 140.
[0023] In various embodiments, and with reference to
FIG. 3, an exemplary APU 130 is shown. APU 130 may
include a centrifugal compressor 332 for pressurizing in-
coming air from inlet 331. A combustor 334 may be dis-
posed aft of centrifugal compressor 332 (also referred to
herein as an impeller). The compressed air may be mixed
with fuel and ignited in the combustor 334, generating an
annular stream of hot combustion gases moving towards
exhaust duct 337. A turbine 335 and turbine 336 may be
aft of the combustor 334 and is also mechanically coupled
to centrifugal compressor 332 through a shaft 333. Shaft
333 may be configured to rotate to drive centrifugal com-
pressor 332 and load compressor 338. Turbine 335 and
turbine 336 may extract energy from the combusted gas-
es exiting the combustor 334. In various embodiments,
one or more of the previous components may not be
present.
[0024] Various components of APU 130 may rotate
about an axis of rotation A. The centrifugal compressor
332 may direct compressed air towards the combustor
334. The forward and aft positions of APU 130 may be
described relatively along axis of rotation A. For example,
load compressor 338 may be referred to as forward of
turbine 335 and turbine 335 may be referred to as aft of
load compressor 338. As air flows from centrifugal com-
pressor 332 to the more aft components of APU 130, axis
of rotation A may also generally define the net direction
of the air stream flow. However, the direction of the air
stream flow may vary through the individual components.
For example, the air flow may be radial in portion of cen-
trifugal compressor 332.
[0025] In various embodiments, centrifugal compres-
sor 332, load compressor 338, and turbines 335, 336
may each include a rotor-stator assembly comprising one
or more stages or sets of rotating blades ("blades") and
one or more stages or sets of stationary vanes ("vanes")
axially interspersed with the associated blade stages but
non-rotating about axis of rotation A. For example, load
compressor 338 may draw air through inlet 331 via one
or more inlet guide vanes 339. Load compressor 338

may compress the air (e.g., bleed air) and deliver the
compressed air at the supply pressure P1 to starter air
valve 140, as discussed further herein. Inlet guide vanes
339 may be adjustable, via one or more actuators, for
example. In that respect, adjusting inlet guide vanes 339
may regulate the amount of air drawn through inlet 331
into load compressor 338, and thus the amount of com-
pressed air delivered to starter air valve 140.
[0026] In various embodiments, APU 130 may be in
electronic communication with an APU controller 395
(e.g., an electronic control unit (ECU)). APU controller
395 may comprise a processor configured to implement
various logical operations in response to execution of
instructions, for example, instructions stored on a non-
transitory, tangible, computer-readable medium. APU
controller 395 may be configured to control operation of
APU 130. For example, APU controller 395 may be in
electronic communication with controller 120, with brief
reference to FIG. 1. In that respect, APU controller 395
may be configured to receive electronic data from con-
troller 120, and in response to receiving the electronic
data, may be configured to modulate the output of com-
pressed air and the supply pressure P1 based on the
electronic data, as discussed further herein. A continu-
ously variable APU 130 supply pressure P1 may improve
APU 130 stall margin while still supporting gas turbine
engine 110 speed control during startup or other similar
motoring events. For example, the electronic data may
comprise instructions to adjust inlet guide vanes 339 to
increase or decrease the intake of air into load compres-
sor 338, thus increasing or decreasing the output of com-
pressed air from APU 130. The electronic data may com-
prise instructions to adjust the fuel flow to APU 130, thus
increasing or decreasing the output of compressed air
from APU 130. The electronic data may also comprise
instructions to modulate the speed of shaft 333, thus in-
creasing or decreasing the output of compressed air from
APU 130.
[0027] In various embodiments, and with reference
again to FIG. 1, starter air valve 140 may be in fluid com-
munication with APU 130 and engine starter 150. Starter
air valve 140 may be configured to receive a compressed
airflow at the supply pressure P1 from APU 130, and
deliver a compressed airflow at an output pressure P2
to engine starter 150. A valve control device 145 may be
coupled to starter air valve 140. Valve control device 145
may be in electronic communication with controller 120.
Valve control device 145 may be configured to receive
electronic data from controller 120, and in response to
receiving the electronic data, may be configured to adjust
or maintain a position of starter air valve 140, as dis-
cussed further herein. In that respect, adjusting the po-
sition of starter air valve 140 may increase or decrease
the output pressure P2 of compressed air to engine start-
er 150, thus increasing or decreasing the rotational speed
of gas turbine engine 110. In various embodiments, valve
control device 145 may include, for example, a torque
motor servovalve, a solenoid, or other electromagnetic,
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electromechanical, or electrohydraulic control scheme,
such as motorized valve, for example, including an ac-
tuator or other servomechanism.
[0028] In various embodiments, engine starter 150
may be in fluid communication with starter air valve 140.
For example, engine starter 150 may comprise an air
turbine starter and may be configured to receive the com-
pressed air at the output pressure P2 from starter air
valve 140. Engine starter 150 may include a turbine wheel
and gear shaft, wherein in response to receiving the com-
pressed air from starter air valve 140, engine starter 150
may be configured to drive the turbine wheel and gear
shaft, and thereby convert the pneumatic energy from
the compressed air into mechanical energy. The gear
shaft of engine starter 150 may be operatively coupled
to gas turbine engine 110 to rotate the gas turbine engine
110 during start-up or during a cold motoring operation
prior to start-up. Increasing the airflow to engine starter
150 may increase the rotational speed of the turbine
wheel and gear shaft within engine starter 150, and there-
by increase the rotational speed of gas turbine engine
110. Decreasing the airflow to engine starter 150 may
decrease the rotational speed of the turbine wheel and
gear shaft within engine starter 150, and thereby de-
crease the rotational speed of gas turbine engine 110.
[0029] Thus, the airflow output or output pressure P2
may be controlled with either APU 130 or starter air valve,
thereby providing dual and redundant control of the air-
flow output or output pressure P2. The output pressure
P2 of the airflow delivered to engine starter 150 may de-
termine a rotational speed of engine starter 150, which
controls a rotational speed of gas turbine engine 110. In
various embodiments, the output pressure P2 of airflow
to engine starter 150 is controlled by system 100 to main-
tain a rotational engine speed between 1 to 4,000 rota-
tions per minute (rpms) during start-up or cold motoring
operations. The control of engine speed by system 100
during startup and motoring may provide a uniformly dis-
tributed engine temperature thereby thermally stabilizing
the engine.
[0030] In various embodiments, controller 120 may be
configured to control airflow and air pressure through sys-
tem 100, thereby controlling the rotational speed of the
gas turbine engine 110, as discussed further herein. For
example, controller 120 may be configured to receive a
motoring command. The motoring command may be in-
put by an operator, system, and/or the like. The motoring
command may comprise instructions to begin airflow
through system 100. For example, the motoring com-
mand may comprise a first APU command and a first
starter air valve command. The first APU command may
comprise instructions to begin operation of APU 130. For
example, with brief reference to FIG. 3, the first APU com-
mand may comprise instructions to adjust inlet guide
vanes 339 to increase or decrease the intake of air into
load compressor 338, thus increasing or decreasing the
supply pressure P1 of compressed air supplied from APU
130. The first APU command may also comprise instruc-

tions to modulate the speed of shaft 333, thus increasing
or decreasing the supply pressure P1 of compressed air
supplied from APU 130. In various embodiments, the first
APU command may direct APU 30 to begin in a main
engine start (MES) mode, a low pressure mode, a high
pressure mode, and/or the like.
[0031] The first starter air valve command may com-
prise instructions to actuate starter air valve 140. For ex-
ample, the first starter air valve command may comprise
instructions to adjust the position of starter air valve 140
to increase or decrease the output pressure P2 of com-
pressed air to engine starter 150. In various embodi-
ments, the first starter air valve command may direct
starter air valve 140 to actuate a closed position, an open
position, or an intermediary position.
[0032] In various embodiments, and as a further ex-
ample, controller 120 may be configured to transmit the
first APU command to control an operating point of APU
130. In that respect, controller 120 may be configured to
transmit the first APU command to APU controller 395,
with brief reference to FIG. 3. In response to receiving
the first APU command, APU controller 395 may control
APU 130 according to the first APU command. Controller
120 may also be configured to transmit the first starter
air valve command to control actuation and position of
starter air valve 140. In that respect, controller 120 may
be configured to transmit the first starter air valve com-
mand to valve control device 145. Valve control device
145 may be configured to control actuation of starter air
valve 140 according to the first starter air valve command.
In that respect, controller 120 may enable dual methods
of modulating airflow and air pressure to engine starter
150 (e.g., via APU 130 and/or starter air valve 140), there-
by controlling the rotational speed of gas turbine engine
110 during start-up cycles or cold motoring.
[0033] In various embodiments, controller 120 may al-
so be configured to generate and transmit a second APU
command and/or a second starter air valve command.
The second APU command may be the same as the first
APU command or may be different. For example, the
second APU command may be based on the engine sen-
sor feedback received from sensor 115, such as engine
speed, engine temperature, or air pressure. In that re-
spect, output from APU 130 may be modulated to control
the rotational speed of gas turbine engine 110. The sec-
ond starter air valve command may be the same as the
first starter air valve command or may be different. For
example, the second starter air valve command may be
based on the engine sensor feedback received from sen-
sor 115, such as engine speed, engine temperature, or
air pressure. In that respect, output from starter air valve
140 may be modulated to control the rotational speed of
gas turbine engine 110.
[0034] In various embodiments, controller 120 may al-
so generate the first starter air valve command or the
second starter air valve command to implement pulse
width modulation (PWM) control of starter air valve 140.
For example, starter air valve 140 may be turned on and
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off by controller 120 in pulses for achieving a PWM control
of the airflow to engine starter 150. By regulating a ratio
of the "on" time versus the "off’ time, the overall airflow
rate through starter air valve 140 over time can be ad-
justed. The "on" pulses may be relatively longer to supply
more airflow and to increase the output pressure P2 of
air to engine starter 150. The "off’ pulses may be rela-
tively shorter to reduce airflow through starter air valve
140 and to reduce an output pressure P2 of air to engine
starter 150. The PWM may also be controlled by control-
ler 120 based on the engine sensor feedback received
from sensor 115, such as engine speed, engine temper-
ature, or air pressure.
[0035] In various embodiments, and with reference to
FIG. 4, a method 401 for rotating a gas turbine engine
during a motoring cycle is disclosed. With reference to
FIGs. 1 and 4, method 401 may comprise receiving a
motoring command (Step 402). Controller 120 may re-
ceive the motoring command. The motoring command
may comprise instructions to begin circulating air, and
may comprise a first APU command and a first starter air
valve command. The first APU command may comprise
instructions to begin operation of APU 130. The first start-
er air valve command may comprise instructions to ac-
tuate starter air valve 140. Method 401 may comprise
transmitting the first APU command (Step 404). Control-
ler 120 may transmit the first APU command to APU con-
troller 395. In response to receiving the first APU com-
mand, APU controller 395 may control APU 130 accord-
ing to the first APU command. For example, APU con-
troller 395 may adjust inlet guide vanes 339 in APU 130
to increase or decrease the intake of air into load com-
pressor 338, thus increasing or decreasing the supply
pressure P1 of compressed air supplied from APU 130.
APU controller 395 may also modulate the speed of shaft
333 in APU 130, thus increasing or decreasing the supply
pressure P1 of compressed air supplied from APU 130.
In that respect, APU 130 may be modulated to begin
operation in a MES mode, a low pressure mode, and/or
the like.
[0036] Method 401 may comprise transmitting the first
starter air valve command (Step 406). Controller 120 may
be configured to transmit the first starter air valve com-
mand to valve control device 145. In response to receiv-
ing the first starter air valve command, valve control de-
vice 145 may control actuation of starter air valve 140
according to the first starter air valve command. For ex-
ample, valve control device 145 may actuate starter air
valve 140 to move into a closed position, an open posi-
tion, or an intermediary position. The intermediary posi-
tions may vary the output pressure P2 of the compressed
airflow relative to the open position or the closed position.
[0037] In various embodiments, method 401 may com-
prise receiving engine sensor feedback (Step 408). Con-
troller 120 may receive the engine sensor feedback from
sensor 115. The engine sensor feedback may comprise
measured characteristics of gas turbine engine 110, such
as, for example, the rotational speed of gas turbine en-

gine 110, position feedback, temperature feedback,
pressure feedback or other data.
[0038] In various embodiments, APU 130 and starter
air valve 140 may be modulated based on the engine
sensor feedback. For example, method 401 may com-
prise transmitting a second APU command (Step 410).
The second APU command may be different from the
first APU command. For example, the second APU com-
mand may be based on the engine sensor feedback re-
ceived from sensor 115, such as engine speed, engine
temperature, or air pressure. In that respect, output from
APU 130 may be modulated to control the rotational
speed of gas turbine engine 110. Method 401 may com-
prise transmitting a second starter air valve command
(Step 412). The second starter air valve command may
be different from the first starter air valve command. For
example, the second starter air valve command may be
based on the engine feedback received from sensor 115,
such as engine speed, engine temperature, or air pres-
sure. In that respect, output from starter air valve 140
may be modulated to control the rotational speed of gas
turbine engine 110.
[0039] For example, APU 130 may be modulated to
stay in MES mode and starter air valve 140 may be mod-
ulated to control rotation in gas turbine engine 110. APU
130 may also be modulated to stay in a low pressure
mode and starter air valve 140 may be modulated to con-
trol rotation in gas turbine engine 110. APU 130 may also
initially begin in MES mode (e.g., in response to the first
APU command) and then transition to a low pressure
mode in response to the engine sensor feedback (e.g.,
in response to the second APU command), while and
starter air valve 140 may be modulated to control rotation
in gas turbine engine 110. APU 130 may also be modu-
lated to control rotation in gas turbine engine 110 while
starter air valve 140 is set to an "open" mode. APU 130
and starter air valve 140 may each be modulated to col-
lectively control rotation in gas turbine engine 110.
[0040] As used herein, the term "non-transitory" is to
be understood to remove only propagating transitory sig-
nals per se from the claim scope and does not relinquish
rights to all standard computer-readable media that are
not only propagating transitory signals per se. Stated an-
other way, the meaning of the term "non-transitory com-
puter-readable medium" and "non-transitory computer-
readable storage medium" should be construed to ex-
clude only those types of transitory computer-readable
media which were found in In Re Nuijten to fall outside
the scope of patentable subject matter under 35 U.S.C.
§ 101.
[0041] Benefits, other advantages, and solutions to
problems have been described herein with regard to spe-
cific embodiments. Furthermore, the connecting lines
shown in the various figures contained herein are intend-
ed to represent exemplary functional relationships and/or
physical couplings between the various elements. It
should be noted that many alternative or additional func-
tional relationships or physical connections may be
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present in a practical system. However, the benefits, ad-
vantages, solutions to problems, and any elements that
may cause any benefit, advantage, or solution to occur
or become more pronounced are not to be construed as
critical, required, or essential features or elements of the
disclosures. The scope of the disclosures is accordingly
to be limited by nothing other than the appended claims
and their legal equivalents, in which reference to an el-
ement in the singular is not intended to mean "one and
only one" unless explicitly so stated, but rather "one or
more." Moreover, where a phrase similar to "at least one
of A, B, or C" is used in the claims, it is intended that the
phrase be interpreted to mean that A alone may be
present in an embodiment, B alone may be present in an
embodiment, C alone may be present in an embodiment,
or that any combination of the elements A, B and C may
be present in a single embodiment; for example, A and
B, A and C, B and C, or A and B and C.
[0042] Systems, methods and apparatus are provided
herein. In the detailed description herein, references to
"various embodiments", "one embodiment", "an embod-
iment", "an example embodiment", etc., indicate that the
embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may
not necessarily include the particular feature, structure,
or characteristic. Moreover, such phrases are not nec-
essarily referring to the same embodiment. Further, when
a particular feature, structure, or characteristic is de-
scribed in connection with an embodiment, it is submitted
that it is within the knowledge of one skilled in the art to
affect such feature, structure, or characteristic in connec-
tion with other embodiments whether or not explicitly de-
scribed. After reading the description, it will be apparent
to one skilled in the relevant art(s) how to implement the
disclosure in alternative embodiments.
[0043] Furthermore, no element, component, or meth-
od step in the present disclosure is intended to be dedi-
cated to the public regardless of whether the element,
component, or method step is explicitly recited in the
claims. No claim element is intended to invoke 35 U.S.C.
112(f) unless the element is expressly recited using the
phrase "means for." As used herein, the terms "compris-
es", "comprising", or any other variation thereof, are in-
tended to cover a non-exclusive inclusion, such that a
process, method, article, or apparatus that comprises a
list of elements does not include only those elements but
may include other elements not expressly listed or inher-
ent to such process, method, article, or apparatus.

Claims

1. A system, comprising:

a sensor configured to measure a rotational
speed of the gas turbine engine;
a controller in electronic configuration with a
starter air valve, an auxiliary power unit (APU),

and the sensor; and
a tangible, non-transitory memory configured to
communicate with the controller, the tangible,
non-transitory memory having instructions
stored thereon that, in response to execution by
the controller, cause the controller to perform
operations comprising:

receiving, by the controller, the rotational
speed of the gas turbine engine from the
sensor;
transmitting, by the controller, an APU com-
mand to the APU, wherein the APU com-
mand is based on the rotational speed of
the gas turbine engine and is configured to
control a pressure of the supply airflow to
the starter air valve; and
transmitting, by the controller, a starter air
valve command to the starter air valve,
wherein the starter air valve command is
based on the engine sensor feedback and
is configured to control an output pressure
of the airflow to the engine starter.

2. The system of claim 1, wherein the operations further
comprise the step of controlling, by the controller, a
speed of rotation in the gas turbine engine by mod-
ulating the output pressure of the airflow to the en-
gine starter.

3. The system of claim 1 or 2, wherein the starter air
valve command comprises a pulse width modulation
(PWM) control scheme configured to modulate the
output pressure of the airflow to the engine starter.

4. The system of claim 1, 2 or 3, wherein the APU com-
mand is configured to modulate the APU into a main
engine start (MES) mode, a low pressure mode, or
a high pressure mode, and/or
wherein, optionally, in response to receiving the
starter air valve command the starter air valve is con-
figured to actuate into an open position or an inter-
mediary position.

5. The system of any preceding claim, wherein in re-
sponse to transmitting the starter air valve command
and the APU command, the APU and the starter air
valve are configured to one of:

modulate the APU to a MES mode and modulate
the starter air valve to an intermediary position;
and
modulate the APU to a low pressure mode and
modulate the starter air valve to an open posi-
tion.

6. A method, comprising:
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receiving, by a controller, an engine sensor feed-
back from a sensor in electronic communication
with a gas turbine engine, wherein the engine
sensor feedback comprises measured charac-
teristics of the gas turbine engine;
transmitting, by the controller, an APU com-
mand to an APU in electronic communication
with the controller, wherein the APU command
is based on the engine sensor feedback, and
wherein the APU is configured to supply a com-
pressed airflow to a starter air valve in response
to receiving the APU command; and
transmitting, by the controller, a starter air valve
command to the starter air valve in electronic
communication with the controller, wherein the
starter air valve command is based on the en-
gine sensor feedback, and wherein the starter
air valve is configured to actuate to control an
air outlet pressure of the compressed airflow to
an engine starter in response to receiving the
starter air valve command.

7. The method of claim 6, further comprising modulat-
ing, by the engine starter, a rotation speed of the gas
turbine engine in response to receiving the com-
pressed airflow from the starter air valve.

8. The method of claim 6 or 7, further comprising re-
ceiving, by the controller, a motoring command,
wherein the motoring command is configured to in-
itiate an airflow from the APU to the starter air valve.

9. The method of claim 6, 7 or 8, wherein the engine
sensor feedback comprises at least one of a rota-
tional speed measurement, a speed signal, a posi-
tion feedback, a temperature feedback, or a pressure
feedback, and /or

optionally further comprising modulating, by the
controller, the compressed airflow from the start-
er air valve to the engine starter, wherein the
modulating is based on a pulse width modulation
(PWM) control scheme, and/or
wherein, optionally, the APU command is con-
figured to modulate the APU into a main engine
start (MES) mode, a low pressure mode, or a
high pressure mode.

10. The method of any of claims 6 to 9, wherein in re-
sponse to receiving the starter air valve command
the starter air valve is configured to actuate into an
open position or an intermediary position.

11. An article of manufacture including a tangible, non-
transitory computer-readable storage medium hav-
ing instructions stored thereon that, in response to
execution by a processor, cause the processor to
perform operations comprising:

receiving, by the processor, an engine sensor
feedback from a sensor in electronic communi-
cation with a gas turbine engine, wherein the
engine sensor feedback comprises measured
characteristics of the gas turbine engine;
transmitting, by the processor, an APU com-
mand to an APU in electronic communication
with the processor, wherein the APU command
is based on the engine sensor feedback, and
wherein the APU is configured to supply a com-
pressed airflow to a starter air valve in response
to receiving the APU command; and
transmitting, by the processor, a starter air valve
command to the starter air valve in electronic
communication with the processor, wherein the
starter air valve command is based on the en-
gine sensor feedback, and wherein the starter
air valve is configured to actuate to control an
air outlet pressure to an engine starter in re-
sponse to receiving the starter air valve com-
mand.

12. The article of manufacture of claim 11, further com-
prising the operation of modulating, by the engine
starter, a rotation speed of the gas turbine engine in
response to receiving the compressed airflow from
the starter air valve.

13. The article of manufacture of claim 11 or 12, further
comprising the operation of receiving, by the control-
ler, a motoring command, wherein the motoring com-
mand is configured to initiate an airflow from the APU
to the starter air valve.

14. The article of manufacture of claim 11, 12 or 13,
wherein the engine sensor feedback comprises at
least one of a rotational speed measurement, a
speed signal, a position feedback, a temperature
feedback, or a pressure feedback.

15. The article of manufacture of any of claims 11 to 14,
further comprising the operation of modulating, by
the controller, the compressed airflow from the start-
er air valve to the engine starter, wherein the mod-
ulating is based on a pulse width modulation (PWM)
control scheme, and/or
wherein, optionally, the APU command is configured
to modulate the APU into a main engine start (MES)
mode, a low pressure mode, or a high pressure
mode, and/or
wherein, optionally, in response to receiving the
starter air valve command the starter air valve is con-
figured to actuate into an open position or an inter-
mediary position.
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