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(57) Abstract: The present invention provides a landing gear force and moment distributor system (20) for an aircraft having a land -
ing gear including a pair of bogies arranged symmetrically about the longitudinal axis, each bogie having an actuator arranged to
brake and/or drive one or more wheels. The force distribution system comprises a distribution module arranged to: receive an input
demand including a longitudinal force input demand corresponding to a desired braking or driving force along the longitudinal axis
for the landing gear and a moment input demand corresponding to a desired moment about the vertical axis for the landing gear; and
to use the received input demand to calculate an output command comprising, for each bogie, a longitudinal force output command
corresponding to a braking or driving force along the longitudinal axis to be applied to said bogie to achieve the longitudinal force
input demand, and a moment output command corresponding to a braking or driving force along the longitudinal axis to be applied
to said bogie to achieve the moment input demand.
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LANDING GEAR FORCE AND MOMENT DISTRIBUTOR

FIELD OF THE INVENTION

The present invention relates to a system for distributing force and moment demands

between the actuated bogies of the landing gear of an aircraft.
BACKGROUND OF THE INVENTION

A typical aircraft has landing gear comprising a plurality of wheeled landing gear
assemblies which support the aircraft when it is on the ground. The landing gear
assemblies are used to control the movement of the aircraft during ground manoeuvres
such as landing, taxiing and take off. A typical large jet-powered aircraft includes a
steerable nose landing gear (NLG) assembly located towards the front of the fuselage
and a plurality of main landing gear (MLG) assemblies (also known as bogies) located
rearwards of the NLG assembly and distributed laterally about the aircraft longitudinal
axis. The MLG assemblies typically each include one or more actuators which are
operable to provide a braking force and/or driving force to decelerate and/or

accelerate, respectively, the wheels of that MLG assembly.

The movement of such an aircraft on the ground, e.g. during ground taxi manoeuvres,
is determined by control commands issued from the cockpit. To achieve these control
commands, the landing gear is required to achieve a particular longitudinal force
demand and yaw moment demand. The present invention is concerned with
determining a driving or braking force to be applied to each MLG assembly in order

to achieve those demands.
SUMMARY OF THE INVENTION

A first aspect of the invention provides a landing gear force and moment distributor
system for an aircraft having a longitudinal axis aligned in a forward-aft direction, a
vertical axis perpendicular to the longitudinal axis, and a landing gear assembly

including a pair of bogies arranged symmetrically about the longitudinal axis, each
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bogie having an actuator arranged to brake and/or drive one or more wheels, the force

distribution system comprising:

a distribution module arranged to: receive an input demand including a
longitudinal force input demand corresponding to a desired braking or driving force
along the longitudinal axis for the landing gear assembly and a moment input demand
corresponding to a desired moment about the vertical axis for the landing gear
assembly; and to use the received input demand to calculate an output command
comprising, for each bogie, a longitudinal force output command corresponding to a
braking or driving force along the longitudinal axis to be applied to said bogie to
achieve the longitudinal force input demand, and a moment output command
corresponding to a braking or driving force along the longitudinal axis to be applied to

said bogie to achieve the moment input demand; and

an error-based feedback loop module arranged to: calculate an error
difference between the output command and the input demand; use the calculated
error difference to calculate a corrected longitudinal force demand and corrected
moment demand; and output the corrected longitudinal force input demand and
corrected moment input demand to the distribution module to be received as the
longitudinal force input demand and moment input demand, respectively, of the input

demand.

In this way, the system can straightforwardly achieve the global landing gear
longitudinal force and yaw moment demands by calculating and applying particular
braking or driving forces at each bogie. The error-based feedback loop module
ensures that the braking or driving forces at the bogies together correctly achieve the

longitudinal force and yaw moment demands.

In preferred embodiments the error-based feedback loop module includes a first
closed feedback loop arranged to calculate a first error difference between a sum of
the plurality of longitudinal force output commands and the longitudinal force input
demand; and a second closed feedback loop arranged to calculate a second error
difference between a sum of the plurality of moment output commands and the

moment input demand, and the error-based feedback loop module is arranged to use
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the first error difference to calculate the corrected force input demand and to use the

second error difference to calculate the corrected moment input demand.

The distribution module is preferably arranged to calculate the output command such
that the longitudinal force output command for each of the pair of bogies is the same.
Such symmetric distribution ensures that the application of a longitudinal force output

command cannot result in a resultant yaw moment being applied to the aircraft.

The distribution module is preferably arranged to calculate the output command such
that the moment output command for one of the pair of bogies is equal in magnitude
but opposite in direction to that of the other of the pair of bogies. Such anti-
symmetric distribution ensures that the application of a moment output command
cannot result in a resultant longitudinal force being applied to the aircraft. Thus, the
longitudinal force output command and moment output command are completely

uncoupled.

The distribution module may be arranged to calculate the output command by
multiplying the received input command by a plurality of distribution parameters,
each distribution parameter corresponding to a characteristic of the actuator of one of
the pair of bogies. In this way, factors such as the types of actuator, or a failure or loss
of performance in one of the actuators can be taken into account when calculating the
output command. The distribution parameters may be runtime adjusted according to
one or more of: operational scenarios, system layout, structural constraints, actuator

type, actuator fitness and actuator availability.

The error-based feedback loop module may be arranged to apply a first control gain to
the first error difference to calculate the corrected force input demand, and to apply a
second control gain to the second error difference to calculate the corrected moment
input demand. In this way, the relative values of the first and second control gains can
be controlled in order to control the relative values of the corrected force input

demand and corrected moment input demand.

The control gains may be runtime adjusted in accordance with one or more of:
operational scenarios, system layout, structural constraints, actuator type, actuator

fitness and actuator availability, in order that such factors can be taken into account
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when calculating the corrected force input demand and corrected moment input

demand.

Preferably, the first and second control gains can be runtime adjusted to prioritise
either the longitudinal force input demand or the moment input demand. That is, to
accommodate scenarios in which it is not possible to achieve both the longitudinal
force input demand and the moment input demand, the first and second control gains
may be set so that either the moment input demand is achieved at the expense of the

longitudinal force input demand, or vice versa.

Alternatively, the system may include a priority saturation module arranged to:
receive the longitudinal force input demand and moment input demand; limit either
the longitudinal force input demand or the moment input demand according to one or
more runtime adjusted priority saturation values; and output the longitudinal force
input demand and moment input demand to the distribution module. The priority
saturation values may be tuned in accordance with one or more of: operational
scenarios, system layout, structural constraints, actuator type, actuator fitness and

actuator availability.

The system may include a dynamic saturation module arranged to: receive the output
command from the distribution module; receive a plurality of runtime adjusted
dynamic saturation values; and limit the output command according to the dynamic
saturation values. Thus, the output command can be limited to ensure that, for
example, no actuator is overloaded, based on runtime-derived information. Each of
the dynamic saturation values may be dependent on one or more of: operational
scenarios, system layout, structural constraints, actuator type, actuator fitness and

actuator availability.

Alternatively, the system may include dynamic saturation module arranged to:
receive the output command from the distribution module; receive a plurality of
runtime adjusted dynamic saturation values; and limit the output command according
to the dynamic saturation values, and wherein the priority saturation module is
arranged to optimally redistribute a portion of each of the received longitudinal force

input demand and the moment input demand that exceeds the dynamic saturation



WO 2014/076486 PCT/GB2013/053013

10

15

20

25

5

values. Thus, in the event that it is not possible to achieve the output command (e.g.
because it would require an actuator to be overloaded), the input demands can be

modified in order to provide an achievable output command.

The system may comprise a reconfiguration module arranged to receive
reconfiguration parameters indicative of one or more of: an operational scenario,
system layout, structural constraints, actuator type, actuator fitness, and actuator
availability, and to output priority saturation values, dynamic saturation values, first
and second control gains and/or distribution parameters based on those
reconfiguration parameters in the event of a change in said one or more parameters,
without disrupting its continuous operation. By receiving reconfiguration data the
system awareness of various aircraft parameters affecting operation of the braking
system may be increased. The braking system may, for example, adapt a braking
operation in response to the reconfiguration parameters to maintain performance under

different operating conditions, for example during failure modes.

In the foregoing and following description, the term longitudinal is used to refer to a
direction along the forward-aft longitudinal axis, or roll axis, of the aircraft, and the
term yaw is used to refer to a rotation about the vertical axis, or yaw axis, of the

aircraft.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described with reference to the

accompanying drawings, in which:

Figures la and 1b illustrate schematic side and plan views, respectively, of an aircraft;

and

Figure 2 illustrates a force and moment distribution system according to an

embodiment of the invention.

DETAILED DESCRIPTION OF EMBODIMENT(S)

Figures la and 1b show an aircraft 1 having a fuselage 2 with a longitudinal axis 3

(also known as a roll axis) and wings 4, 5 extending outwardly from the fuselage. The
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aircraft 1 defines a set of axes with a longitudinal x direction parallel to the
longitudinal axis 3 of the aircraft, a lateral y direction perpendicular to the x axis, and
a vertical z direction perpendicular to the x and y axes. The aircraft 1 has a centre of

gravity 6.

The aircraft has landing gear which supports the aircraft when it is on the ground and
controls the movement of the aircraft during ground manoeuvres such as landing,
taxiing and take off. The landing gear comprises a nose landing gear (NLG) assembly
10 forward of the centre of gravity 6, and a pair of port and starboard main landing
gear (MLG) assemblies 11, 12 aft of the centre of gravity 6 and arranged either side of
the longitudinal axis 3. In other embodiments, the aircraft may comprise one or more
further MLG assemblies, typically arranged in pairs and located either side of the
longitudinal axis 3. The landing gear is usually retracted when the aircraft 1 is in

flight, and extended before landing.

The NLG assembly 10 has a pair of steering wheels which may be rotated by a
steering actuator to steer the aircraft. The nose wheel angle is defined as the angle
between the direction in which the steering wheels are facing (that is the direction in
which the wheels roll in a direction perpendicular to the axis of rotation) and the
longitudinal axis 3 of the aircraft 1. The nose wheel angle may be varied to control the
direction of travel of the NLG assembly 10, thereby controlling the heading of the

aircraft.

The MLG assemblies 11, 12 each comprise a 4-wheeled bogie (alternatively, a 6-
wheeled bogie or bogie with any number of wheels may be suitable) with an actuator
(not shown) capable of acting on one or more of the wheels to accelerate or decelerate
the bogie. The actuator may comprise a brake actuator which applies a clamping
force to a stack of carbon brake disks (stators and rotors) to transfer a braking torque
to the one or more wheels, resulting in a longitudinal deceleration force being
transferred to the bogie. Alternatively, or in addition, the actuator may comprise a
motor operable to apply a driving force to the one or more wheels to result in

application of a longitudinal acceleration force being transferred to the bogie.
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The actuators of the MLG assemblies 11, 12 may be used to help steer the aircraft via
differential braking, which is the intentional application of unbalanced braking forces
either side of the aircraft centre line 3 to generate a net yaw moment to steer the
aircraft. Differential braking may be achieved by applying different braking forces to
each of the bogies of the MLG assemblies 11, 12.

Braking and steering operations may also be assisted by other systems, for example

spoilers and other control surfaces and the aircraft’s engines.

The aircraft 1 includes a cockpit system (not shown) for longitudinal control which is
used to control deceleration or acceleration of the aircraft and which outputs a signal
representative of a desired braking or driving force along the longitudinal x axis 3 that
is to be achieved by the landing gear, i.e. a longitudinal force input demand, Fx*. The
aircraft 1 also includes a cockpit system (not shown) for lateral control which is used
to steer the aircraft and which outputs a signal representative of a desired moment
about the vertical z axis that is to be achieved by the landing gear, i.e. a yaw moment

input demand, Mz*.

Figure 2 shows a force and moment distributor system 20 according to an embodiment
of the invention which receives the longitudinal force input demand, Fx*, and yaw
moment input demand, Mz*, and determines the braking and/or driving forces to be
applied to each of the MLG assemblies 11, 12 in order to achieve those demands. The
output of the system 20 is a vector (of size 1xN, where N represents the number of
MLG assemblies, in this case two) of longitudinal force commands, F*_MLG, which
comprises a longitudinal braking or driving force to be applied to each MLG

assembly, respectively.

The system 20 includes a longitudinal force overflow redistribution logic module 22
having an error-based PI controller which receives the longitudinal force input
demand, Fx*, and, via a closed feedback loop 21, a scalar value representative of the
vector of landing gear force commands, F*_ MLG. The closed feedback loop 21
includes a summation module 21a which adds together the values within the vector of
landing gear force commands, F*_MLG, to determine the representative scalar value.

The longitudinal force overflow redistribution logic module 22 determines an error
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of the vector of landing gear force commands, F* MLG, and uses that error to

calculate a corrected longitudinal force input demand, Fx_R.

The corrected longitudinal force input demand, Fx_R, is received by a longitudinal
force distributor module 24, which multiplies the corrected longitudinal force input
demand, Fx_R, by a plurality of force distribution parameters, one force distribution
parameter for each MLG assembly. Each force distribution parameter determines the
proportion of braking or driving force to be achieved by its respective MLG assembly
in order to achieve the corrected longitudinal force input demand, Fx_R. The output
of the longitudinal force distributor module 24 is thus a vector of distributed
longitudinal force commands, Fx_Long, each component of the vector representing a
longitudinal braking or driving force command to be achieved by each MLG assembly
11, 12 in order to achieve the corrected longitudinal force input demand, Fx_R. The
force distribution parameters are selected so that the longitudinal force command for
each of the MLG assemblies (i.e. the braking or driving force to be achieved by those
MLG assemblies) is the same. Thus, the longitudinal force distributor module 24
achieves symmetric distribution, so that the application of a longitudinal force

command cannot result in a resultant yaw moment being applied to the aircraft.

The yaw moment input demand, Mz*, is received by a moment overflow
redistribution logic module 23, which is similar to the longitudinal force overflow
redistribution logic module 22. The closed feedback loop 21 includes a moment
conversion module 21b which converts the vector of landing gear force commands,
F* _MLAG, into a scalar value, Mz, representative of the yaw moment represented by
that vector, and delivers that representative scalar value, Mz, to the moment overflow
redistribution logic module 23. An error-based PI controller of the moment overflow
redistribution logic module 23 determines an error between the received yaw moment
input demand, Mz*, and the scalar value, Mz, and uses that error to calculate a

corrected yaw moment input demand, Mz_R.

The corrected yaw moment input demand, Mz_R, is received by a moment distributor
module 25, which multiplies the corrected yaw moment input demand, Mz_R, by a

plurality of moment distribution parameters, one moment distribution parameter for
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each MLG assembly 11, 12. Each moment distribution parameter determines the
proportion of longitudinal braking or driving force to be achieved by its respective
MLG assembly in order to achieve the corrected moment input demand, Mz_R. The
output of the moment distributor module 25 is thus a vector of distributed moment
commands. The vector is output to a force conversion module 25a, which converts
each of the distributed moment commands into an equivalent longitudinal force
command. The force conversion module 25a thus outputs a vector, Fx_Lat, in which
each component represents a longitudinal braking or driving force command to be
achieved by each MLG assembly 11, 12 in order to achieve the corrected yaw moment

input demand, Mz_R.

The moment distribution parameters are selected so that the longitudinal force
command for each of the MLG assemblies (i.e. the braking or driving force to be
achieved by those MLG assemblies) has an equal magnitude but opposite direction.
Thus, the moment distributor module 25 achieves an anti-symmetric distribution, so
that there is no coupling between the longitudinal force commands and yaw moment
commands. That is, the application of a yaw moment command cannot result in a

resultant longitudinal force being applied to the aircraft.

The vectors Fx_Long and Fx_Lat from the longitudinal force distributor module 24
and moment distributor module 25, respectively, are received by a dynamic saturator
26, which applies a plurality of saturation limits to the longitudinal force commands.
The saturation limits are runtime defined in accordance with data received from a
reconfiguration module (not shown) which provides information concerning, for each
MLG assembly 11, 12: the type(s) of actuator available; the operational status of that
actuator; the health, ie. fitness, of the actuator; runway conditions; operational
scenarios; or any other structural, operational or system constraints. For example, the
monitoring system may provide information indicating that an actuator of one of the
MLG assemblies 11, 12 is operating sub-optimally or has experienced a failure mode,
and the saturation limits may accordingly be runtime adjusted to ensure that that

actuator is not overloaded.
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The output of the dynamic saturator is the vector of landing gear longitudinal force
commands, F*_MLG, which is generated from a combination of the vectors Fx_Long

and Fx_Lat.

The longitudinal force overflow redistribution logic module 22 and moment overflow
redistribution logic module 23 each include runtime defined control gains which are
used to calculate the corrected longitudinal force input demand, Fx_R, and corrected
yaw moment input demand, Mz R, respectively. The control gains are runtime
defined in accordance with data received from the reconfiguration module, in the
same way as for the saturation limits of the dynamic saturator 26 as discussed above.
The control gains can thus be used to prioritise either the longitudinal force demand,
Fx*, or the yaw moment demand, Mz*, depending on the particular operational
situation at any one time. For example, in a situation in which the braking actuators of
the MLG assemblies 11, 12 are required to work at 100% capacity to achieve the
longitudinal force demand, it is not possible to achieve a further yaw moment demand
by increasing the braking force applied to one of the MLG assemblies. In such a
situation the control gains can be configured so as to reduce the braking force applied
to one of the MLG assemblies below 100%, i.e. to prioritise the yaw moment demand

at the expense of the longitudinal force demand.

The longitudinal force overflow redistribution logic module 22 and moment overflow
redistribution logic module 23 thus internally redistribute the ‘overflows’ (i.e. the
proportion of longitudinal braking or driving force that cannot be achieved by the
MLG assemblies) in order to determine a combination of longitudinal force
commands for the MLG assemblies that satisfies a predetermined priority (e.g. always
achieve the yaw moment demand, even if this results in non-achievement of the
longitudinal force demand, or vice versa). This can be referred to as optimally

distributing the overflows.

The force and moment distribution parameters can also be runtime adjusted in
accordance with data received from the reconfiguration module. Thus, for each MLG
assembly 11, 12, runtime information concerning: the type(s) of actuator available;
the operational status of that actuator; the health, i.e. fitness, of the actuator; runway

conditions; operational scenarios; or any other structural, operational or system
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constraints, can be used to determine in what proportion the longitudinal force input
demand, Fx*, and moment input demand, Mz*, should be distributed between the

MLG assemblies.

Although the invention has been described above with reference to one or more
5  preferred embodiments, it will be appreciated that various changes or modifications
may be made without departing from the scope of the invention as defined in the

appended claims.
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Claims

1. A landing gear force and moment distributor system for an aircraft having a
longitudinal axis aligned in a forward-aft direction, a vertical axis perpendicular to the
longitudinal axis, and a landing gear including a pair of bogies arranged
symmetrically about the longitudinal axis, each bogie having an actuator arranged to

brake and/or drive one or more wheels, the force distribution system comprising:

a distribution module arranged to: receive an input demand including a
longitudinal force input demand corresponding to a desired braking or driving force
along the longitudinal axis for the landing gear and a moment input demand
corresponding to a desired moment about the vertical axis for the landing gear; and to
use the received input demand to calculate an output command comprising, for each
bogie, a longitudinal force output command corresponding to a braking or driving
force along the longitudinal axis to be applied to said bogie to achieve the longitudinal
force input demand, and a moment output command corresponding to a braking or
driving force along the longitudinal axis to be applied to said bogie to achieve the

moment input demand; and

an error-based feedback loop module arranged to: calculate an error difference
between the output command and the input demand; use the calculated error
difference to calculate a corrected longitudinal force demand and corrected moment
demand; and output the corrected longitudinal force input demand and corrected
moment input demand to the distribution module to be received as the longitudinal

force input demand and moment input demand, respectively, of the input demand.

2. A system according to claim 1, wherein the error-based feedback loop module
includes a first closed feedback loop arranged to calculate a first error difference
between a sum of the plurality of longitudinal force output commands and the
longitudinal force input demand; and a second closed feedback loop arranged to
calculate a second error difference between a sum of the plurality of moment output
commands and the moment input demand, and the error-based feedback loop module

is arranged to use the first error difference to calculate the corrected force input
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demand and to use the second error difference to calculate the corrected moment input

demand.

3. A system according to claim 1 or claim 2, wherein the distribution module is
arranged to calculate the output command such that the longitudinal force output

command for each of the pair of bogies is the same.

4. A system according to any of claims 1 to 3, wherein the distribution module is
arranged to calculate the output command such that the moment output command for
one of the pair of bogies is equal in magnitude but opposite in direction to that of the

other of the pair of bogies.

5. A system according to any of claims 1 to 4, wherein the distribution module is
arranged to calculate the output command by multiplying the received input command
by a plurality of distribution parameters, each distribution parameter corresponding to

a characteristic of the actuator of one of the pair of bogies.

6. A control system according to claim 5, wherein the distribution parameters can
be runtime adjusted according to one or more of: operational scenarios, system

layout, structural constraints, actuator type, actuator fitness and actuator availability.

7. A system according to claim 2, wherein the error-based feedback loop module
is arranged to apply a first control gain to the first error difference to calculate the
corrected force input demand, and to apply a second control gain to the second error

difference to calculate the corrected moment input demand.

8. A system according to claim 7, wherein the first and second control gains can
be runtime adjusted in accordance with one or more of: operational scenarios, system

layout, structural constraints, actuator type, actuator fitness and actuator availability.

9. A system according to claim 7 or claim 8, wherein the first and second control
gains can be runtime adjusted to prioritise either the longitudinal force input demand

or the moment input demand.

10. A system according to any of claims 1 to 9, including a priority saturation

module arranged to: receive the longitudinal force input demand and moment input
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demand; limit either the longitudinal force input demand or the moment input demand
according to one or more runtime adjusted priority saturation values; and output the

longitudinal force input demand and moment input demand to the distribution module.

11. A system according to claim 10, wherein the priority saturation values are
tuned in accordance with one or more of: operational scenarios, system layout,

structural constraints, actuator type, actuator fitness and actuator availability .

12. A system according to any of claims 1 to 11, including a dynamic saturation
module arranged to: receive the output command from the distribution module;
receive a plurality of runtime adjusted dynamic saturation values; and limit the output

command according to the dynamic saturation values.

13. A system according to claim 12, wherein each of the dynamic saturation
values is dependent on one or more of: operational scenarios, system layout,

structural constraints, actuator type, actuator fitness and actuator availability.

14. A system according to claim 10, including a dynamic saturation module
arranged to: receive the output command from the distribution module; receive a
plurality of runtime adjusted dynamic saturation values; and limit the output command
according to the dynamic saturation values, and wherein the priority saturation module
is arranged to optimally redistribute a portion of each of the received longitudinal
force input demand and the moment input demand that exceeds the dynamic saturation

values.

15. A system according to any of claims 1 to 12, comprising a reconfiguration
module arranged to receive reconfiguration parameters indicative of one or more of:
an operational scenario, system layout, structural constraints, actuator type, actuator
fitness, and actuator availability, and to output priority saturation values, dynamic
saturation values, first and second control gains and/or distribution parameters based
on those reconfiguration parameters in the event of a change in said one or more

parameters, without disrupting its continuous operation.
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FIG. 1b
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