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An apparatus and method are provided for controlling the
ground windmilling of at least one of the spools in a gas
turbine engine. Electrical power is supplied to a braking appa-
ratus in one aspect. In another aspect, an oil system is pow-
ered during ground windmilling.
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APPARATUS AND METHOD FOR
CONTROLLING ENGINE WIND MILLING

TECHNICAL FIELD

The invention relates to the control of windmilling of a gas
turbine engine.

BACKGROUND

When aircraft are parked in windy areas with their gas
turbine engines shut down, windmilling of the turbine and
compressor rotors of the engines may occur, particularly with
turbofan engines. Windmilling in such circumstances, i.e.
when the engines are not otherwise in operation, is generally
undesired to avoid rotation speeds that could cause vibration
issues and to avoid potentially long periods of rotation of the
rotors when no lubricating oil is provided to the bearings. To
alleviate this problem, it is often required that the aircraft be
parked with the proper orientation to minimize the effect of
prevailing winds or to install removable inlet and exhaust
covers on the engines. There is room for improvement, how-
ever.

SUMMARY

In one aspect, the present concept includes a ground wind-
mill control apparatus for a gas turbine engine having a plu-
rality of shafts, each supporting bladed rotors, the apparatus
comprising: at least one electric generator associated with at
least one of the shafts; at least one electric motor associated
with at least one of the shafts; a controller operable while the
engine is in a shutdown mode to provide electrical power
generated by the electric generator to apply a braking torque
with the electric motor.
In another aspect, the present concept includes a method of

impeding ground windmilling of a shaft in a gas turbine
engine, the method comprising: shutting down the engine
while the engine is on the ground; providing electrical power
to an electric machine connected to the shaft; and braking the
rotation of the shaft with the electric machine.
In another aspect, the present concept includes a method of

controlling a gas turbine engine comprising the steps of:
shutting down the engine, and then monitoring shaft rotation
speed, and providing electricity to an electrically powered oil
pump of the engine upon shaft rotation speed exceeding a
threshold speed, the oil pump communicating with an oil
system including at least one oiled bearing of the shaft.
In another aspect, the present concept includes a ground

windmill control apparatus for a gas turbine engine having a
plurality of shafts, each supporting bladed rotors, the appa-
ratus comprising: at least one electric motor associated with
at least one of the shafts; a controller operable while the
engine is in a shutdown mode to provide electrical power to
apply a braking torque with the electric motor.

BRIEF DESCRIPTION OF THE FIGURES

For a better understanding and to show more clearly how
the present concept may be carried into effect, reference will
now be made by way of example to the accompanying figures,
in which:
FIG. 1 shows a schematic cross-sectional view of an

example of a gas turbine engine employing the present con-
cept;
FIG. 2 is a schematic axial cross-sectional view of an 65

example of an electric machine that can be used in the present
concept;

2
FIG. 3 is a schematic radial cross-sectional view of another

example of an electric machine that can be used in the present
concept; and
FIG. 4 is another schematic radial cross-sectional view of

another example of an electric machine that can be used in the
present concept.

DETAILED DESCRIPTION

10 FIG. 1 illustrates a gas turbine engine turbofan 10 of a type
preferably provided for use in subsonic flights, generally
comprising in serial flow communication a fan 12 through
which ambient air is propelled, a compressor section 14 for
pressurizing the air, a combustor section 16 in which the

15 compressed air is mixed with fuel and ignited for generating
a stream of hot combustion gases, and a turbine section 18 for
extracting energy from the combustion gases.
In this case, the gas turbine engine 10 includes a low-

pressure (LP) spool 20 having a shaft 22 to which are
20 mounted the fan 12 and a low-pressure turbine or turbines.

The illustrated gas turbine engine 10 also includes a high-
pressure (HP) spool 24 having a shaft 26 to which are
mounted a high-pressure compressor or compressors and a
high-pressure turbine or turbines. In this example, a machine

25 30 operable as a generator, referred to herein as the low spool
generator or LSG, is coaxially mounted on the LP spool 20,
and a machine 32 operable as a starter-generator, referred to
herein an integrated starter-generator or ISG, is coaxially
mounted on the HP spool 24. LSG and ISG machines 30, 32

30 are preferably electric machines.
As shown in FIG. 1, the electric machines 30,32 are con-

nected to a controller 40 which uses the electric power gen-
erated by the windmilling to apply a braking torque to either
one or both of the spools 20, 24, thereby inhibiting windmill-

35 ing as described further below.
Referring to FIG. 2, while LSG and ISG machines 30, 32

may have any suitable configuration, in this example both are
preferably permanent magnet electric machines 50 having a
rotor 52 mounted to a shaft 54 and thereby rotatably mounted

40 adjacent to a stator 56. The shaft 54 represents spools 20, 24.
The electric machines 50 will be understood to be operable as
either a motor or a generator, or both, depending on the
associated control provided.
When an aircraft is parked and the engines are shut down,

45 air flow through the engine (such as wind) can induce rotation
in the LP spool 20 of the engine 10, its HP spool 24, or both,
particularly in a turbofan engine 10 which lacks an accessory
gear box (AGB) since the inherent inertia provided by the
AGB to impede rotation windmilling is absent. However, in

50 the present system, electricity is supplied preferably to both
LSG and ISG machines 30, 32 in an appropriate manner so as
to electromagnetically brake or lock the machine rotors rela-
tive to their respective stators, to thereby impede casual wind-
milling rotation of the engine's spools.

55 In one aspect, upon such casually induced windmilling
rotation of one of the spools, the associated electric machine
30, 32 will act as a generator in response to such rotation and
generate electrical power which in this invention is applied
specifically to the same or another machine 30, 32 to mag-

60 netic ally lock or brake the same spool or another spool. For
instance, the ISG may comprise an electric machine having
multiple channels, as will now be described with reference to
FIG. 3.
FIG.3 shows an example of an electric machine 100 having

two independent channel sections which in essence provide
two separately controllable machines, namely machine A and
machine B, within the same stator 102. The rotor 104 is shown
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as being outside the stator 102, but it can be inside if desired.
Briefly, the stator 102 has a plurality of stator windings 106
provided in slots 108 of stator 102. Permanent magnets 110
are provided on the rotor 104. The channels A, B comprise
independent and separated sets of windings 106, and thus
machine 100 has a two-in-one electric machine design. The
windings of channel A are confined to the sector of the stator
indicated as "A" in FIG. 3, while the windings of channel B
are confined to the sector of the stator indicated as "B" in FIG.
3. The windings are independently operable by controller 40
(see FIG. 1), and preferably may be operated each in a motor
and generator modes. For example, rotation of rotor 104 may
be used to generate electricity in the windings 106 of channel
A, while the windings of channel B are turned "off'. Alter-
nately, the windings of channel B may also be turned "on" and
also used to generate electricity in tandem with the windings
of channel A. Still alternately, and more relevant to the present
example, the windings of channel B may be used in a motor or
braking mode, driven by power generated by the windings of
channel A, to impede rotation of rotor 104, as will be
described further below. Machine 100 may thus be operated
either as a generator or a motor, or both. Other than the
presence of multiple redundant machines or channels, the
design of machine 100 is not especially relevant to the appa-
ratus and method described herein, and thus is described no
further here.
Referring to FIG. 4, in another embodiment, machine 100

may have a more complex internal configuration, such as the
one described in Applicant's co-pending U.S. patent applica-
tion Ser. No. 101996,411, published Jun. 1,2006, incorpo-
rated herein by reference, which employs a stator 102 having
power windings 106 and control windings 107 of the type
described in that pending application. As described above, the
stator is preferably conceptually divided into A and B halves,
in each of which an independent set of windings 106, 107 are
provided, to provide a controllable dual channel machine.
The skilled reader will appreciate any suitable number of such
channels may be provided and that two channels, while pre-
ferred and exemplary, are not required.
Referring back to FIG. 1, in one aspect the present concept

preferably includes electric machines 30, 32 which each have
preferably two independently controllable channels of the
type described with respect to FIGS. 3, 4. As windmilling
causes the machine rotor to rotate, one channel acts as a
generator to supply current to the other channel, which is used
as a motor or brake electrically driven by the generator chan-
nel, to impede or prevent rotation preferably by driving it in
the opposite direction to the rotor rotation direction devel-
oped by the windmilling effect, to thereby counteract wind-
milling as quickly as possible, and preferably stop it. Alter-
nately, the machine may be driven by a stationary current
provided to the machine stator.
Alternately, rather than providing multi -channel machines,

the "motor" and "generator" functions of the present concept
can be provided by two different machines on separate spools,
both machines cooperating to brake both spools since a drag
torque is developed by the generator in the opposite direction
to its rotation while torque in the motor is developed by the
current supplied to it by the generator. The interconnections
between the machines are configured electrically such that
rotation of the motor would be opposite to its windmilling
rotation direction, and these implicit torques can be used to
impede windmill rotation.
Still alternately, or additionally if needed or desired, exter-

nal power can be provided in place of instantaneously gener-
ated power, or can be added to the instantaneously generated

power as desired, such as at a certain moment in the process,
in order to achieve the desired stopping/braking action of the
spools.
Therefore, comparing the alternatives described above, in

one example, the controller 40 receives the electrical output
generated by a first channel of the LSG machine 30 on the LP
spool 20, and uses this electrical output to apply a braking
torque to a second channel of the same LSG machine 30. A
similar approach may be used with the ISH on the HP spool

10 24. In another example, the controller 40 directs the electrical
power from LSG machine 30 to the ISG machine 32 of the HP
spool 24, to cause ISG machine 32 to apply torque in the
appropriate direction (relative to windmill rotation) to brake
the rotation of the HP spool 24. At the same time, the genera-

15 tor action of LSG machine 30 creates rotational drag on the
low spool 20, and hence the windmilling effect will be
reduced in both spools 20, 24. In another example, external
electrical power 42, such as electrical power coming from a
battery or other energy storage device (e.g. capacitor(s), fuel

20 cell(s), etc.) 42 in the aircraft or from a power source 42 on the
ground, may be used to apply some or all of the braking torque
to one or both machines 30, 32. In any of the above examples,
the electrical power may also or instead be shared between
different engines of a multiple engine aircraft (not shown). If

25 desired, the windmill rotation speed can be monitored, for
instance by the controller 40 using signals coming from the
machines 30, 32, or from any appropriate sensors, in order to
determine exactly when providing the electrical power is
commenced and/or stopped. For instance, the windmill rota-

30 tion speed can be compared to a predetermined rotation speed
acting as a threshold for initiating and/or ending the supply of
electrical power.
The present system may be used to slow shaft rotation after

engine shutdown. As mentioned above, anAGB-less engine
35 like that of FIG. 1 tends to rotate longer than a similar engine
having an AGB, because of the reduced rotational inertia in
the AGB-less engine. Upon engine shutdown, controller 40
may direct electricity (generated by one or more of machines
30, 32, or from any suitable source) to one or more of

40 machines 30, 32 as described above to impede rotation and
thereby decrease spin-down time.
In another aspect, controller 40 optionally commnnicates

with an electrically-powered oil pump 44 of an engine oil
system 46 communicating with bearings (not indicated) of

45 the spools 20, 24. When high gust winds cause rotation veloc-
ity beyond pre-determined levels, for example, controller 40
can supply electrical power from one of both machine 30, 32
acting as generators, and/or from external source 42, to the
electrically powered oil pump 44, to circulate sufficient oil

50 within system 46 to protect the bearings from undue wear and
vibration. Preferably, this lubrication is temporary only, and
used in conjnnction with a rotation-reduction scheme such as
the one described above, and thus employed until the braking
effect of the braking system reduces rotation velocity to a

55 level where further lubrication action is not required.
Similarly, on engine shutdown, controller 40 ensures elec-

trically-powered oil pump 44 of an engine oil system 46
communicating with bearings (not indicated) of the spools
20, 24 continues to operate, providing electricity generated

60 fromLSG and/ore ISG 30,32, to circulate sufficient oil within
system 46 to lubricate the bearings until shaft rotation speed
has dropped below a threshold value.
The above description is meant to be exemplary only, and

one skilled in the art will recognize that other changes may
65 also be made to the embodiments described without departing
from the scope of the invention disclosed as defined by the
appended claims. For instance, any suitable machine configu-
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ration may be used, and is not limited to the example dis-
closed in the above examples. The machines connected to the
spools need not necessarily function as a generator and motor.
On one or all spools, the motor and generator functions can be
provided by two or more electric machines connected to the
same spool. Any number of spools may be provided on the
engine, and any number of motors and/or generators may be
associated therewith, and not all need to have the present
concept associated therewith. The electric machine or
machines are not necessarily coaxially mounted on a spool 10

and can instead be located elsewhere, such as on an accessory
gearbox (AGB), for instance. Although the illustrated gas
turbine engine is a turbofan, the apparatus and method can be
employed with a turboprop engine, and is not limited to
application on aircraft engines. Although a motor is preferred 15
for providing the braking action, any suitable braking appa-
ratus may be employed, such as a dedicated brake system.
Still other modifications will be apparent to the skilled reader
which are intended to fall within the scope of the appended
claims.
What is claimed is:
1.A ground windmill control apparatus for impeding wind-

milling rotation of a bladed rotor and an associated engine
shaft of an aircraft-borne turbofan gas turbine engine, the
apparatus comprising:
at least one electric generator connected to rotate with the
engine shaft

at least one electric motor connected to rotate with the
engine shaft

a controller configured to be operable while the aircraft is
on the ground and the engine is in an unlit shutdown
mode to control the generator to operate as an electrical
generator and to control the motor to operate as an elec-
tric motor to provide electrical power to the electric
motor generated by the electric generator to apply a
braking torque to the engine shaft opposite in direction
to the direction of the windmilling rotation.

2. The apparatus as defined in claim 1,wherein the genera-
tor and the motor are provided in a single multi-channel
electrical machine.
3. The apparatus as defined in claim 1, wherein the appa-

ratus comprises:
an electric motor-generator having a motor-generator rotor
mechanically connected to rotate with the engine shaft,

and a co-operating motor-generator stator having inde-
pendently controllable first and second charmels; and
wherein

the controller controls the first stator charmel to operate as
an electrical generator and controls the second stator
channel to operate as an electric motor, wherein the first
stator charmel provides electrical power, to the second
stator charmel to apply a braking torque to the engine
shaft opposite in direction to the direction of the wind-
milling rotation.

4. The ground windmill control apparatus according to
claim 3 wherein the controller is operable to selectively con-
trol the first and the second stator charmels to each operate
independently as an electrical generator channel.
5. The ground windmill control apparatus according to

claim 3 wherein the controller is operable to control the first
and the second stator channels to each operate independently
as an electrical motor charmel to accept electrical power from
an electrical power source external to the engine and to apply

20 a braking torque to the motor-generator rotor opposite in
direction to the direction of the windmilling rotation.
6. The ground windmill control apparatus according to

claim 3 wherein the controller includes a rotation sensor in
communication with the motor-generator rotor.

25
7. The ground windmill control apparatus according to

claim 6 wherein the rotation sensor compares a measured
rotary speed to one of: a predetermined initiate electric power
speed; and a predetermined terminate electric power speed

30 and wherein the controller controls the supply of electric
power to the second charmel depending on the compared
speeds to apply the braking torque and to release the motor-
generator rotor respectively.
8. The ground windmill control apparatus according to

35 claim 7 wherein the controller includes an oil pump power
supply capable of communication with an electrically driven
oil pump of the engine to circulate lubricating oil to a shaft
bearing when rotation above a predetermined start lubrication
speed is sensed.
9. The ground windmill control apparatus according to

claim 1 wherein the controller includes an electric power
sensor in communication with the generator.

40
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