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(54) STARTER AIR VALVE SYSTEM WITH DUAL ELECTROMECHANICAL CONTROLS

(57) According to an aspect, a system includes a
starter air valve (116) in fluid communication with an air
turbine starter (120) to drive motoring of a gas turbine
engine responsive to a compressed air flow (108) from
a compressed air source (114). The system also includes
a variable-position electromechanical device (104) oper-
able to adjust positioning of the starter air valve (116)

and a discrete-position electromechanical device (106)
operable to adjust positioning of the starter air valve (116)
and limit a motoring speed of the gas turbine engine be-
low a resonance speed of the gas turbine engine respon-
sive to a pulse width modulation control based on a failure
of the variable-position electromechanical device (104).
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Description

BACKGROUND

[0001] This disclosure relates to gas turbine engines,
and more particularly to a starter air valve system with
dual electromechanical controls for gas turbine engine
motoring.
[0002] Gas turbine engines are used in numerous ap-
plications, one of which is for providing thrust to an air-
plane. When the gas turbine engine of an airplane has
been shut off for example, after the airplane has landed
at an airport, the engine is hot and due to heat rise, the
upper portions of the engine will be hotter than lower
portions of the engine. When this occurs thermal expan-
sion may cause deflection of components of the engine
which can result in a "bowed rotor" condition. If a gas
turbine engine is in such a bowed rotor condition, it is
undesirable to restart or start the engine.
[0003] One approach to mitigating a bowed rotor con-
dition is to use a starter system to drive rotation (i.e., cool-
down motoring) of a spool within the engine for an ex-
tended period of time at a speed below which a reso-
nance occurs (i.e., a critical speed or frequency) that may
lead to damage when a sufficiently large bowed rotor
condition is present. However, it can be challenging to
repeatedly use a starter system to hold the engine speed
below a typical starting speed for an extended period of
time, as starter systems are typically designed to fully
accelerate the engine beyond the critical speed to reach
the starting speed. Using a typical starter system for an
extended motoring time below the critical speed may re-
sult in increased component wear, component service
life reduction, and/or increased reliability concerns.

BRIEF DESCRIPTION

[0004] In an embodiment, a system includes a starter
air valve in fluid communication with an air turbine starter
to drive motoring of a gas turbine engine responsive to
a compressed air flow from a compressed air source.
The system also includes a variable-position electrome-
chanical device operable to adjust positioning of the start-
er air valve and a discrete-position electromechanical de-
vice operable to adjust positioning of the starter air valve
and limit a motoring speed of the gas turbine engine be-
low a resonance speed of the gas turbine engine respon-
sive to a pulse width modulation control based on a failure
of the variable-position electromechanical device.
[0005] In addition to one or more of the features de-
scribed above, or as an alternative to any of the foregoing
embodiments, further embodiments may include where
the compressed air source is an auxiliary power unit, a
ground cart, or a cross-engine bleed.
[0006] In addition to one or more of the features de-
scribed above, or as an alternative to any of the foregoing
embodiments, further embodiments may include a pneu-
matic actuator operable to drive rotation of a valve plate

of the starter air valve to establish a valve-controlled start-
er air flow to the air turbine starter based on the com-
pressed air flow.
[0007] In addition to one or more of the features de-
scribed above, or as an alternative to any of the foregoing
embodiments, further embodiments may include where
the variable-position electromechanical device and the
discrete-position electromechanical device are pneu-
matically coupled to the pneumatic actuator.
[0008] In addition to one or more of the features de-
scribed above, or as an alternative to any of the foregoing
embodiments, further embodiments may include where
the variable-position electromechanical device is posi-
tioned in a pneumatic flow path between the discrete-
position electromechanical device and the pneumatic ac-
tuator, and the variable-position electromechanical de-
vice defaults to an open position.
[0009] In addition to one or more of the features de-
scribed above, or as an alternative to any of the foregoing
embodiments, further embodiments may include where
the variable-position electromechanical device is a
torque motor, and the discrete-position electromechani-
cal device is a solenoid.
[0010] In addition to one or more of the features de-
scribed above, or as an alternative to any of the foregoing
embodiments, further embodiments may include a con-
troller operable to dynamically command the variable-
position electromechanical device and to command
pulse width modulation of the discrete-position electro-
mechanical device based on one or more of: the motoring
speed of the gas turbine engine and a speed of the air
turbine starter.
[0011] In an embodiment, a gas turbine engine in-
cludes a starting spool coupled to a gearbox, an air tur-
bine starter coupled to the gearbox, and a starter air valve
in fluid communication with the air turbine starter to drive
motoring of starting spool through the gearbox respon-
sive to a compressed air flow from a compressed air
source. The gas turbine engine also includes a variable-
position electromechanical device operable to adjust po-
sitioning of the starter air valve, a discrete-position elec-
tromechanical device operable to adjust positioning of
the starter air valve and limit a motoring speed of the gas
turbine engine below a resonance speed of the gas tur-
bine engine responsive to a pulse width modulation con-
trol based on a failure of the variable-position electrome-
chanical device, and a controller operable to command
positioning of the variable-position electromechanical
device and the discrete-position electromechanical de-
vice.
[0012] In an embodiment, a method includes control-
ling a variable-position electromechanical device to ad-
just positioning of a starter air valve in fluid communica-
tion with an air turbine starter to drive motoring of a gas
turbine engine responsive to a compressed air flow from
a compressed air source. Based on a failure of the var-
iable-position electromechanical device, a pulse width
modulation control is applied to a discrete-position elec-
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tromechanical device to adjust positioning of the starter
air valve and limit a motoring speed of the gas turbine
engine below a resonance speed of the gas turbine en-
gine.
[0013] In addition to one or more of the features de-
scribed above, or as an alternative to any of the foregoing
embodiments, further embodiments may include driving
rotation of a valve plate of the starter air valve, by a pneu-
matic actuator, to establish a valve-controlled starter air
flow to the air turbine starter based on the compressed
air flow.
[0014] In addition to one or more of the features de-
scribed above, or as an alternative to any of the foregoing
embodiments, further embodiments may include dynam-
ically commanding the variable-position electromechan-
ical device and commanding pulse width modulation of
the discrete-position electromechanical device based on
one or more of: the motoring speed of the gas turbine
engine and a speed of the air turbine starter.
[0015] A technical effect of the systems and methods
is achieved by using a starter air valve with dual electro-
mechanical controls for gas turbine engine motoring as
described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The subject matter which is regarded as the
present disclosure is particularly pointed out and distinct-
ly claimed in the claims at the conclusion of the specifi-
cation. The foregoing and other features, and advantag-
es of the present disclosure are apparent from the fol-
lowing detailed description taken in conjunction with the
accompanying drawings in which:

FIG. 1 is a cross-sectional view of a gas turbine en-
gine;

FIG. 2 is a schematic illustration of an aircraft engine
starting system in accordance with an embodiment
of the disclosure;

FIG. 3 is another schematic illustration of an aircraft
engine starting system in accordance with an em-
bodiment of the disclosure;

FIG. 4 is a schematic illustration of a starter air valve
system with dual electromechanical controls in ac-
cordance with an embodiment of the disclosure; and

FIG. 5 is a flow chart illustrating a method in accord-
ance with an embodiment of the disclosure.

DETAILED DESCRIPTION

[0017] 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.

[0018] 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. Alternative engines might
include an augmentor section (not shown) among other
systems or features. The fan section 22 drives air along
a bypass flow path B in a bypass duct, while the com-
pressor section 24 drives air along a core flow path C for
compression and communication into the combustor
section 26 then expansion through the turbine section
28. Although depicted as a two-spool turbofan gas tur-
bine engine in the disclosed non-limiting embodiment, it
should be understood that the concepts described herein
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.
[0019] 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.
[0020] 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 (which may also be referred to
as starting spool 32) includes an outer shaft 50 (also re-
ferred to as rotor shaft 50) that interconnects a high pres-
sure compressor 52 and high pressure turbine 54. A com-
bustor 56 is arranged in exemplary gas turbine 20 be-
tween the high pressure compressor 52 and the high
pressure turbine 54. An engine static structure 36 is ar-
ranged generally between the high pressure turbine 54
and the low pressure turbine 46. The engine static struc-
ture 36 further supports bearing systems 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.
[0021] 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. 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
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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.
[0022] 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.
[0023] 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 (10,688 meters). The flight condition of 0.8
Mach and 35,000 ft (10,688 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 ac-
cording to one non-limiting embodiment is less than
about 1150 ft/second (350.5 m/sec).
[0024] Various embodiments of the present disclosure
are related to a bowed rotor start mitigation system in a
gas turbine engine, such as the gas turbine engine 20 of
FIG. 1. Embodiments can include using a starter air valve
to control a rotor speed of a starting spool of a gas turbine
engine to mitigate a bowed rotor condition using a cool-
down motoring process. Under normal operation during
cool-down motoring, the starter air valve can be actively
adjusted to deliver air pressure (i.e., compressed air)
from an air supply to an air turbine starter of an engine
starting system that controls starting spool rotor speed.

Cool-down motoring may be performed by running an
engine starting system at a lower speed with a longer
duration than typically used for engine starting while dy-
namically adjusting the starter air valve to maintain a rotor
speed and/or profile. A critical rotor speed refers to a
major resonance speed where, if the temperatures are
unhomogenized, the combination of a bowed rotor and
similarly bowed casing and the resonance would lead to
high amplitude oscillation in the rotor and high rubbing
of blade tips on one side of the rotor, especially in a high
pressure compressor, for example.
[0025] In embodiments, a starter system includes dual
electromechanical controls for regulating a starter air
valve at a motoring speed of the gas turbine engine below
a resonance speed of a starting spool of the gas turbine
engine. The electromechanical controls of the starter sys-
tem also support a normal starting sequence of the gas
turbine engine. Embodiments use a variable-position
electromechanical device operable to adjust positioning
of the starter air valve for normal starting and/or motoring
of the gas turbine engine through selectively limiting de-
livery of a compressed air flow to an air turbine starter.
Embodiments also include a discrete-position electrome-
chanical device operable to adjust positioning of the start-
er air valve and limit a motoring speed of the gas turbine
engine below a resonance speed of the gas turbine en-
gine responsive to a pulse width modulation control
based on a failure of the variable-position electrome-
chanical device. Increased motoring speed stability can
be realized through establishing a feedback loop with
respect to the motoring speed of the gas turbine engine
and/or a speed of the air turbine starter while controlling
the variable-position electromechanical device and/or
the discrete-position electromechanical device.
[0026] Referring now to FIG. 2, a block diagram of an
engine starting system 100 is depicted in relation to the
starting spool 32 of FIG. 1 according to an embodiment
of the present disclosure. The engine starting system 100
includes a starter air valve 116 operably connected in
fluid communication with an air turbine starter 120
through at least one duct 140. The starter air valve 116
is operable to receive a compressed air flow from a com-
pressed air source 114 through one or more ducts 145.
The compressed air source 114 can be an auxiliary power
unit, a ground cart, or a cross-engine bleed, for example.
Rotation of a valve plate 112 of the starter air valve 116
can be driven by a valve control system 135 to selectively
limit all or a portion of the compressed air flow from reach-
ing the air turbine starter 120.
[0027] The air turbine starter 120 of the engine starting
system 100 is operably connected to the starting spool
32 of the gas turbine engine 20 of FIG. 1 through an
accessory gearbox 70 and drive shaft 60 (e.g., a tower
shaft), as shown in FIG. 2. As depicted in the example
of FIG. 2, the air turbine starter 120 is connected to the
starting spool 32 by a drive line 90, which runs from an
output of the air turbine starter 120 to the accessory gear-
box 70 through the drive shaft 60 to rotor shaft 50 of the
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gas turbine engine 20 of FIG. 1. Operable connections
can include gear mesh connections that in some instanc-
es can be selectively engaged or disengaged, for in-
stance, through one or more clutches. The air turbine
starter 120 is configured to initiate a startup process of
the gas turbine engine 20 driving rotation of the rotor
shaft 50 of starting spool 32 including high pressure com-
pressor 52 and high pressure turbine 54. Once the startup
process has been completed, the air turbine starter 120
can be disengaged from the starting spool 32 to prevent
over-speed conditions when the gas turbine engine 20
operates at its normal higher speeds. Although only a
single instance of an engine compressor-turbine pair of
starting spool 32 is depicted in the example of FIG. 2, it
will be understood that embodiments can include any
number of spools, such as high/mid/low pressure engine
compressor-turbine pairs within the gas turbine engine
20.
[0028] The air turbine starter 120 is further operable to
drive rotation of the rotor shaft 50 at a lower speed for a
longer duration than typically used for engine starting in
a motoring mode of operation (also referred to as cool-
down motoring) to prevent/reduce a bowed rotor condi-
tion. If a bowed rotor condition has developed, for in-
stance, due to a hot engine shutdown and without taking
further immediate action, cool-down motoring may be
performed by the air turbine starter 120 to reduce a
bowed rotor condition by driving rotation of the rotor shaft
50.
[0029] As depicted in FIG. 3, a controller 102, such as
full authority digital engine control (FADEC), typically
controls valve operation of the starter air valve 116
through the valve control system 135 to control a motor-
ing speed of the gas turbine engine 20 during cool-down
motoring. In the example of FIG. 3, the valve control sys-
tem 135 includes a variable-position electromechanical
device 104, such as a torque motor, and a discrete-po-
sition electromechanical device 106, such as a solenoid.
The variable-position electromechanical device 104 is
dynamically adjustable to set and hold a wide range of
intermediate positions between fully opened and fully
closed (e.g., 0% open, 25% open, 50% open, 75% open,
100% open, etc.) responsive to a current command, such
as torque motor command, from the controller 102. The
discrete-position electromechanical device 106 is an on-
off device that is typically commanded either opened or
closed responsive to a current command, such as a so-
lenoid command, from the controller 102. Both the vari-
able-position electromechanical device 104 and the dis-
crete-position electromechanical device 106 are opera-
ble to adjust positioning of a pneumatic actuator 110 that
in turn drives rotation of the valve plate 112 of the starter
air valve 116 to establish a valve-controlled starter air
flow 125 to the air turbine starter 120 based on com-
pressed air flow 108 from the compressed air source 114.
[0030] The controller 102 can control operation of the
gas turbine engine 20 of FIG. 1 and the engine starting
system 100 of FIGS. 2 and 3. In an embodiment, the

controller 102 can include memory to store instructions
that are executed by one or more processors on one or
more channels. The executable instructions may be
stored or organized in any manner and at any level of
abstraction, such as in connection with a controlling
and/or monitoring operation of the gas turbine engine 20
of FIG. 1. The one or more processors can be any type
of central processing unit (CPU), including a general pur-
pose processor, a digital signal processor (DSP), a mi-
crocontroller, an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA), or the
like. Also, in embodiments, the memory may include ran-
dom access memory (RAM), read only memory (ROM),
or other electronic, optical, magnetic, or any other com-
puter readable medium onto which is stored data and
control algorithms in a non-transitory form.
[0031] The controller 102 can be configured with con-
trol laws to maintain a motoring speed below a threshold
level (i.e., the resonance speed) for the gas turbine en-
gine 20 of FIG. 1 while performing cool-down motoring
based on the compressed air source 114. In embodi-
ments, the controller 102 can observe various engine
parameters and starting system parameters to actively
control cool-down motoring and prevent fault conditions
from damaging the gas turbine engine 20. For example,
controller 102 can observe engine speed (N2) of gas tur-
bine engine 20 and may receive starter system param-
eters such as starter speed (NS) and/or starter air pres-
sure (SAP) for closed loop control of the starter air valve
116 using by commanding either or both of the variable-
position electromechanical device 104 and the discrete-
position electromechanical device 106.
[0032] Under normal operating conditions, one or more
channels of the controller 102 can set and optionally dy-
namically adjust variable positioning of the variable-po-
sition electromechanical device 104 to respectively con-
trol the pneumatic actuator 110 to drive rotation of valve
plate 112 to achieve a desired position (e.g., a partially
open position) of the starter air valve 116 and control
delivery of compressed air flow 108 from compressed air
source 114 as valve-controlled starter air flow 125 to air
turbine starter 120 during cool-down motoring. The air
turbine starter 120 outputs torque to drive rotation of rotor
shaft 50 of the starting spool 32 of the gas turbine engine
20 of FIG. 1. The controller 102 can monitor engine speed
(N2), starter speed (NS), starter air pressure (SAP),
and/or other engine parameters to determine an engine
operating state and control the starter air valve 116. Thus,
the controller 102 can establish a control loop with re-
spect to a motoring speed (N2 and/or NS) and/or starter
air pressure (SAP) to adjust positioning of the starter air
valve 116. In some embodiments, the controller 102 can
monitor a valve angle of the valve plate 112 when valve
angle feedback is available. The controller 102 can es-
tablish an outer control loop with respect to motoring
speed and an inner control loop with respect to the valve
angle of the valve plate 112 of the starter air valve 116.
[0033] In the event of a failure of the variable-position
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electromechanical device 104, the discrete-position elec-
tromechanical device 106 can be driven by the controller
102 using pulse width modulation to alternate on and off
commands to dither the pneumatic actuator 110 about a
target setting to achieve a partially open position of the
valve plate 112 of the starter air valve 116 and control
the compressed air flow 108 from the compressed air
source 114 as the valve-controlled starter air flow 125 to
the air turbine starter 120 during cool-down motoring.
The discrete-position electromechanical device 106 is
designed as an on/off valve that is typically commanded
to either fully opened or fully closed. However, there is a
time lag to achieve the fully open position and the fully
closed position. By selectively alternating an on-com-
mand time with an off-command time, intermediate po-
sitioning states (i.e., partially opened/closed) can be
achieved through the pneumatic actuator 110 and valve
plate 112. The controller 102 can modulate the on and
off commands (e.g., as a duty cycle using pulse width
modulation) to the discrete-position electromechanical
device 106 to further open the starter air valve 116 and
increase a rotational speed of the rotor shaft 50.
[0034] FIG. 4 depicts a schematic illustration of a start-
er air valve system 200 with dual electromechanical con-
trols in accordance with an embodiment. The starter air
valve system 200 illustrates one example of the valve
control system 135 where the variable-position electro-
mechanical device 104 is positioned in a pneumatic flow
path 202 between the discrete-position electromechan-
ical device 106 and the pneumatic actuator 110. The dis-
crete-position electromechanical device 106 may be a
pull shutoff solenoid that defaults to a closed position
using a spring such that electrical power is not continu-
ously needed during flight to keep the starter air valve
116 closed. The discrete-position electromechanical de-
vice 106 can allow or block a portion of the compressed
air flow 108 in supply line 201 from reaching the pneu-
matic flow path 202 after passing through a filter 203.
The variable-position electromechanical device 104 can
default to an open position to allow the discrete-position
electromechanical device 106 to control the pneumatic
actuator 110 without obstruction by the variable-position
electromechanical device 104. In the event that the var-
iable-position electromechanical device 104 fails, the dis-
crete-position electromechanical device 106 can pulse
pressure in the pneumatic flow path 202 to establish a
pressure differential in the pneumatic actuator 110 to turn
a valve shaft 204 that drives rotation of the valve plate
112. A manual override 206 can be used to manually
rotate the valve shaft 204 to open the valve plate 112
within the starter air valve 116, for instance, upon a failure
of the pneumatic actuator 110 such that a least a portion
of the compressed air flow 108 can pass from one or
more ducts 145 to at least one duct 140 as valve-con-
trolled starter air flow 125.
[0035] FIG. 5 is a flow chart illustrating a method 300
for gas turbine engine motoring in accordance with an
embodiment. The method 300 of FIG. 5 is described in

reference to FIGS. 1-4 and may be performed with an
alternate order and include additional steps. Before ini-
tiating bowed rotor start mitigation, a bowed rotor deter-
mination step can be performed to estimate a need for
bowed rotor start mitigation. Examples include the use
of models and/or stored/observed engine/aircraft state
data of the gas turbine engine 20.
[0036] At block 302, controller 102 controls a variable-
position electromechanical device 104 to adjust position-
ing of a starter air valve 116 in fluid communication with
an air turbine starter 120 to drive motoring of a gas turbine
engine 20 responsive to a compressed air flow 108 from
a compressed air source 114. The compressed air
source 114 can be an auxiliary power unit, a ground cart,
or a cross-engine bleed from another engine (not depict-
ed). Rotation of a valve plate 112 of the starter air valve
116 can be driven by a pneumatic actuator 110 to estab-
lish a valve-controlled starter air flow 125 to the air turbine
starter 120 based on the compressed air flow 108. The
variable-position electromechanical device 104 and a
discrete-position electromechanical device 106 can be
pneumatically coupled to the pneumatic actuator 110.
The variable-position electromechanical device 104 can
be positioned in a pneumatic flow path 202 between the
discrete-position electromechanical device 106 and the
pneumatic actuator 110, and the variable-position elec-
tromechanical device 104 can default to an open position.
The variable-position electromechanical device 104 can
be a torque motor, and the discrete-position electrome-
chanical device 106 can be a solenoid, for example.
[0037] At block 304, based on a failure of the variable-
position electromechanical device 104, the controller 102
applies a pulse width modulation control to the discrete-
position electromechanical device 106 to adjust position-
ing of the starter air valve 116 and limit a motoring speed
of the gas turbine engine 20 below a resonance speed
of the gas turbine engine 20. The variable-position elec-
tromechanical device 104 can be dynamically command-
ed and/or pulse width modulation of the discrete-position
electromechanical device 106 can be commanded based
on one or more of: the motoring speed (e.g., N2) of the
gas turbine engine 20 and a speed (e.g., NS) of the air
turbine starter 120.
[0038] Accordingly and as mentioned above, it is de-
sirable to detect, prevent and/or clear a "bowed rotor"
condition in a gas turbine engine that may occur after the
engine has been shut down. As described herein and in
one non-limiting embodiment, the controller 102 may be
programmed to automatically take the necessary meas-
ures in order to provide for a modified start sequence
without pilot intervention other than the initial start re-
quest. In an exemplary embodiment, the controller 102
comprises a microprocessor, microcontroller or other
equivalent processing device capable of executing com-
mands of computer readable data or program for exe-
cuting a control algorithm and/or algorithms that control
the start sequence of the gas turbine engine. In order to
perform the prescribed functions and desired processing,
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as well as the computations therefore (e.g., the execution
of Fourier analysis algorithm(s), the control processes
prescribed herein, and the like), the controller 102 may
include, but not be limited to, a processor(s), compu-
ter(s), memory, storage, register(s), timing, interrupt(s),
communication interfaces, and input/output signal inter-
faces, as well as combinations comprising at least one
of the foregoing. For example, the controller 102 may
include input signal filtering to enable accurate sampling
and conversion or acquisitions of such signals from com-
munications interfaces. As described above, exemplary
embodiments of the disclosure can be implemented
through computer-implemented processes and appara-
tuses for practicing those processes.
[0039] 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. For example, "about" can
include a range of 6 8% or 5%, or 2% of a given value.
[0040] 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.
[0041] While the present disclosure has been de-
scribed in detail in connection with only a limited number
of embodiments, it should be readily understood that the
present disclosure is not limited to such disclosed em-
bodiments. Rather, the present disclosure can be mod-
ified to incorporate any number of variations, alterations,
substitutions or equivalent arrangements not heretofore
described, but which are commensurate with the spirit
and scope of the present disclosure. Additionally, while
various embodiments of the present disclosure have
been described, it is to be understood that aspects of the
present disclosure may include only some of the de-
scribed embodiments. Accordingly, the present disclo-
sure is not to be seen as limited by the foregoing descrip-
tion, but is only limited by the scope of the appended
claims.

Claims

1. A system comprising:

a starter air valve (116) in fluid communication
with an air turbine starter (120) to drive motoring
of a gas turbine engine responsive to a com-
pressed air flow (108) from a compressed air
source (114);

a variable-position electromechanical device
(104) operable to adjust positioning of the starter
air valve (116); and
a discrete-position electromechanical device
(106) operable to adjust positioning of the starter
air valve (116) and limit a motoring speed of the
gas turbine engine below a resonance speed of
the gas turbine engine responsive to a pulse
width modulation control based on a failure of
the variable-position electromechanical device.

2. The system as in claim 1, wherein the compressed
air source (114) is an auxiliary power unit, a ground
cart, or a cross-engine bleed.

3. The system as in claim 1 or 2, further comprising a
pneumatic actuator (110) operable to drive rotation
of a valve plate (112) of the starter air valve (116) to
establish a valve-controlled starter air flow (125) to
the air turbine starter (120) based on the compressed
air flow (108).

4. The system as in claim 3, wherein the variable-po-
sition electromechanical device (104) and the dis-
crete-position electromechanical device (106) are
pneumatically coupled to the pneumatic actuator
(110).

5. The system as in claim 4, wherein the variable-po-
sition electromechanical device (104) is positioned
in a pneumatic flow path (202) between the discrete-
position electromechanical device (106) and the
pneumatic actuator (110), and the variable-position
electromechanical device (104) defaults to an open
position.

6. The system as in any preceding claim, wherein the
variable-position electromechanical device (104) is
a torque motor, and the discrete-position electrome-
chanical device (106) is a solenoid.

7. The system as in any preceding claim, further com-
prising a controller (102) operable to dynamically
command the variable-position electromechanical
device (104) and to command pulse width modula-
tion of the discrete-position electromechanical de-
vice (106) based on one or more of: the motoring
speed of the gas turbine engine and a speed of the
air turbine starter (120).

8. A gas turbine engine comprising:

a starting spool (32) coupled to a gearbox (70);
an air turbine starter (120) coupled to the gear-
box (70);
a system as claimed in any of claims 1 to 6
wherein the starter air valve (116) is in fluid com-
munication with the air turbine starter (120) to

11 12 



EP 3 358 150 A1

8

5

10

15

20

25

30

35

40

45

50

55

drive motoring of starting spool (32) through the
gearbox (70) responsive to a compressed air
flow (108) from the compressed air source (114);
and
a controller (102) operable to command posi-
tioning of the variable-position electromechani-
cal device (104) and the discrete-position elec-
tromechanical device (106).

9. A method comprising:

controlling a variable-position electromechani-
cal device (104) to adjust positioning of a starter
air valve (116) in fluid communication with an air
turbine starter (120) to drive motoring of a gas
turbine engine responsive to a compressed air
flow (108) from a compressed air source (114);
and
based on a failure of the variable-position elec-
tromechanical device (104), applying a pulse
width modulation control to a discrete-position
electromechanical device (106) to adjust posi-
tioning of the starter air valve (116) and limit a
motoring speed of the gas turbine engine below
a resonance speed of the gas turbine engine.

10. The method as in claim 9, wherein the compressed
air source (114) is an auxiliary power unit, a ground
cart, or a cross-engine bleed.

11. The method as in claim 9 or 10, further comprising
driving rotation of a valve plate (112) of the starter
air valve (116), by a pneumatic actuator (110), to
establish a valve-controlled starter air flow to the air
turbine starter (120) based on the compressed air
flow (108).

12. The method as in claim 11, wherein the variable-
position electromechanical device (104) and the dis-
crete-position electromechanical device (106) are
pneumatically coupled to the pneumatic actuator
(110).

13. The method as in claim 12, wherein the variable-
position electromechanical device (104) is posi-
tioned in a pneumatic flow path (202) between the
discrete-position electromechanical device (106)
and the pneumatic actuator (110), and the variable-
position electromechanical device (104) defaults to
an open position.

14. The method as in any of claims 9 to 13, wherein the
variable-position electromechanical device (104) is
a torque motor, and the discrete-position electrome-
chanical device (106) is a solenoid.

15. The method as in any of claims 9 to 14, further com-
prising dynamically commanding the variable-posi-

tion electromechanical device (104) and command-
ing pulse width modulation of the discrete-position
electromechanical device (106) based on one or
more of: the motoring speed of the gas turbine engine
and a speed of the air turbine starter (120).
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