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Description

BACKGROUND

[0001] This disclosure generally relates to systems
and methods for braking a wheel of a vehicle. More spe-
cifically, this disclosure relates to systems and methods
for braking a wheel of an aircraft.
[0002] A vehicle braking system typically combines
both a braking control function to apply brakes and a skid
reduction system, herein referred to as an "anti-skid sys-
tem". The braking control function includes the operator
(hereafter referred to as the "pilot") input, along with in-
puts from an automatic wheel-based brake control sys-
tem, generically referred to as the "autobrake". Many oth-
er braking control input functions can exist in both driven
wheel systems such as automobiles and in non-driven
wheel vehicles such as aircraft. These control inputs are
characterized by smooth and uniform application and re-
lease. Noise on these inputs is detrimental to the long-
term reliability of electric (electro-mechanical) and elec-
tro-hydraulic braking systems (the latter defined as a
braking system where the clamping force in the brake is
developed via hydraulic pressure, but the hydraulic pres-
sure is generated by an electric motor, usually dedicated
to the control function), due to excessive wear. An anti-
skid system, on the other hand, is characterized by a
rapid input to release a brake at the onset of a skid, and
a continuing rapid response to control the deceleration
of wheel speed in order to provide the optimal braking
performance. Hence the anti-skid input to a braking con-
trol system is characterized by a rapid response. These
two characteristics are in conflict.
[0003] The prior art design simply merges the brake
pedal (and all other mode) commands in along with the
anti-skid command, resulting in a braking signal input
which needs to accomplish both goals. This design may
result in excessive wear in the electric-mechanical or
electro-hydraulic braking system.

SUMMARY

[0004] The subject matter disclosed herein is directed
to methods and means for braking which provide reduced
wear in electric or electro-hydraulic braking systems. The
braking control systems disclosed in detail below have a
rapid response capability for anti-skid performance and
also smoothed, low-noise and low-wear performance for
other braking functions (such as "pedal braking".) More
specifically, the proposed braking control systems have
an enhanced feature which can be thought of as a "filter",
embodied in either a software or hardware implementa-
tion, in which the anti-skid command content is input di-
rectly into the brake actuator controller but other inputs
are smoothed and filtered, and the transition between
non-anti-skid operation and anti-skid operation is done
in a smoothed fashion. In accordance with some embod-
iments, an anti-skid control input is used directly as an

input to an adaptive filter having variable filter coeffi-
cients, which then smoothly transitions control from a fil-
tered mode to a non-filtered, anti-skid mode. An alterna-
tive approach is adopted in a specific case wherein a
time signature of the input signal in a non-anti-skid mode
is used to infer the lack of anti-skid control content, but
when this signature is absent, anti-skid control is as-
sumed and the brake response transitions directly to a
fast response mode.
[0005] One aspect of the subject matter disclosed in
detail below is a method for braking comprising: (a) re-
ceiving a sequence of unfiltered braking command val-
ues comprising merged brake command values and anti-
skid command values; (b) adaptively filtering the se-
quence of braking command values to form filtered brak-
ing command values; and (c) controlling a brake in ac-
cordance with the adaptively filtered braking command
values, wherein the adaptive filtering changes from a first
mode to a second mode in response to the content of
anti-skid command values exceeding a specified thresh-
old. In some implementations, the first mode is a slow
response mode and the second mode is a pass-through
mode or fast response mode. The brake command val-
ues may be computed based on brake pedal commands
or autobrake commands.
[0006] Optional features of any aspect are also envis-
aged as being optional features of each other aspect.
[0007] The brake command values may be values in-
dicative of a braking command.
[0008] The braking command may correspond to a
command to at least partially apply a brake.
[0009] The braking command may be a manually gen-
erated braking command, such as from a brake pedal;
or it may be an automatically generated braking com-
mand, such as from an autobrake system.
[0010] The anti-skid command values may be values
indicative of an anti-skid command.
[0011] The anti-skid command may correspond to a
command to at least partially release a brake.
[0012] The anti-skid command may be generated by
an anti-skid system.
[0013] The merged values may be the sum of the brake
command values and the anti-skid command values.
[0014] The method steps may be carried out by a brak-
ing system. The braking system may comprise adaptive
filtering means that may carry out the adaptive filtering.
[0015] The braking system may be an aircraft braking
system. The method may be a method of braking an air-
craft.
[0016] In the first mode the filtering may comprise
smoothing the brake command values.
[0017] In accordance with some embodiments, the
adaptive filtering step comprises: selecting a first set of
filter coefficients in response to a transition in the se-
quence of braking command values from predominantly
brake command values to predominantly anti-skid com-
mand values; configuring a filter with the first set of se-
lected filter coefficients; and filtering subsequently re-
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ceived braking command values using the filter config-
ured with the first set of selected filter coefficients. The
adaptive filtering step may further comprise: determining
a signature of braking command values of the sequence
received within a time window; and determining whether
the signature is indicative of the transition. In one imple-
mentation, the signature comprises a number of matched
pairs of braking command values of the sequence re-
ceived within the time window, and the step of determin-
ing whether the signature is indicative of the transition
comprises determining whether the number of matched
pairs of braking command values is less than a specified
threshold. The adaptive filtering step may further com-
prise: selecting a second set of filter coefficients in re-
sponse to a transition in the sequence of braking com-
mand values from predominantly anti-skid command val-
ues to predominantly brake command values; configur-
ing the filter with the second set of selected filter coeffi-
cients; and filtering subsequently received braking com-
mand values using the filter configured with the second
set of selected filter coefficients. In accordance with a
further refinement, the filter is in a fast response mode
when configured with the first set of selected filter coef-
ficients and in a slow response mode when configured
with the second set of current filter coefficients, and a
rate of transition from the slow response mode to the fast
response mode is greater than a rate of transition from
the fast response mode to the slow response mode. Al-
ternatively or additionally, the filtering using the first set
of selected filter coefficients and the filtering using the
second set of selected filter coefficients are performed
at respective predetermined time intervals subsequent
to the transition, the respective predetermined time in-
tervals being selected to ensure a smooth transition from
a slow response filter mode to a fast response filter mode.
[0018] In accordance with other embodiments, the
adaptive filtering step comprises: determining a signa-
ture of braking command values of the sequence re-
ceived within a time window; determining whether the
signature is indicative of a transition in the sequence of
braking command values from predominantly brake com-
mand values to brake command values less than a spec-
ified threshold; and filtering subsequently received brak-
ing command values using a filter when the signature is
not indicative of the transition and passing through the
subsequently received braking command values without
filtering when the signature is indicative of the transition.
In one implementation, the signature comprises a
number of matched pairs of braking command values of
the sequence received within the time window, and the
step of determining whether the signature is indicative of
the transition comprises determining whether the number
of matched pairs of braking command values is less than
a specified threshold.
[0019] Another aspect of the subject matter disclosed
in detail below is a method for braking comprising: (a)
receiving a sequence of unfiltered braking command val-
ues comprising merged brake command values and anti-

skid command values; (b) determining a signature of
braking command values of the sequence received within
a time window; (c) filtering received unfiltered braking
command values to form filtered braking command val-
ues; (d) forming a weighted sum of the filtered and unfil-
tered braking command values using weighting factors
which are a function of the signature; and (e) controlling
a brake in accordance with the weighted sum. In one
implementation, the signature comprises a number of
matched pairs of braking command values of the se-
quence received within the time window, and the step of
determining whether the signature is indicative of the
transition comprises determining whether the number of
matched pairs of braking command values is less than
a specified threshold.
[0020] A further aspect of the subject matter disclosed
herein is a method for braking comprising: (a) receiving
a sequence of unfiltered braking command values com-
prising merged brake command values and anti-skid
command values; (b) receiving a signal indicative of a
transition from a brake command mode to an anti-skid
command mode; (c) adaptively filtering the sequence of
braking command values to form filtered braking com-
mand values; and (d) controlling a brake in accordance
with the adaptively filtered braking command values,
wherein the adaptive filtering gradually changes modes
from a first mode to a second mode over time in response
to receipt of the signal indicative of a transition from a
brake command mode to an anti-skid command mode.
In one implementation, the first mode is a slow response
mode and the second mode is a pass-through mode.
[0021] Yet another aspect of the subject matter dis-
closed below is a braking system comprising: a brake
arranged for braking a wheel; an actuator controller cou-
pled to the brake; a braking command source of braking
command values comprising merged brake command
values and anti-skid command values; adaptive filtering
means for adaptively filtering the sequence of braking
command values, the adaptive filtering means having an
input coupled to the braking command source and an
output coupled to the actuator controller, wherein the
adaptive filtering means changes modes from a slow re-
sponse mode to a different mode in response to the con-
tent of anti-skid command values exceeding a specified
threshold. The different mode can be a pass-through
mode or a fast response mode.
[0022] In accordance with some embodiments, the
adaptive filtering means comprise a filter and an adap-
tation algorithm each connected to receive the sequence
of braking command values, wherein the adaptation al-
gorithm reconfigures the filter in response to the content
of anti-skid command values in the sequence of braking
command values exceeding the specified threshold.
[0023] In accordance with other embodiments, the
adaptive filtering means comprise a filter connected to
receive the sequence of braking command values,
means for forming a weighted sum of the input to and
output from the filter, and an adaptation algorithm con-
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nected to receive an anti-skid command, wherein the ad-
aptation algorithm determines weighting factors to be ap-
plied by the means for forming a weighted sum in re-
sponse to the content of anti-skid command values in the
sequence of braking command values exceeding the
specified threshold.
[0024] In accordance with further embodiments, the
braking system further comprises means for communi-
cating a signal indicative of a transition from a brake com-
mand mode to an anti-skid command mode, wherein the
adaptive filtering means has a first input coupled to the
means for communicating a signal, a second input cou-
pled to the braking command source, and an output cou-
pled to the actuator controller, and the adaptive filtering
means gradually changes modes from the slow response
mode to a different mode over time in response to the
signal indicative of a transition from a brake command
mode to an anti-skid command mode. In some imple-
mentations, the different mode is a pass-through mode.
[0025] Other aspects of methods and means for reduc-
ing wear in electric and electro-hydraulic braking systems
utilizing a digital filter with adjustable coefficients to pro-
duce optimal frequency response are disclosed and
claimed below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026]

FIG. 1 is a block diagram showing components of a
prior art wheel braking control system.

FIG. 2 is a block diagram showing components of
an improved wheel braking control system having
an adaptive filter for filtering braking commands.

FIG. 3 is a graph of brake command (%) versus time
(seconds) for an adaptive filter with pass-through
mode. The x’s represent the input to the adaptive
filter; the circles represent the output of the adaptive
filter.

FIG. 4 is a block diagram showing the topology of a
Direct Form II Infinite Impulse Response low-pass
filter.

FIG. 5 is a block diagram showing an adaptive digital
filter in accordance with one embodiment.

FIG. 6 is a graph showing the processing of a se-
quence of command value samples by a matched
pair algorithm for predicting the system operating
mode. In the example depicted in FIG. 6, the com-
mands sampled during a time window are predom-
inantly brake pedal commands.

FIG. 7 is a graph showing the processing of a se-
quence of command value samples by a matched

pair algorithm for predicting the system operating
mode. In the example depicted in FIG. 7, the com-
mands sampled during a first portion of a time win-
dow are predominantly brake pedal commands and
the commands sampled during a second portion of
the time window are predominantly anti-skid com-
mands.

FIG. 8 is another graph of brake command (%) ver-
sus time (seconds) for an adaptive filter with pass-
through mode. The x’s represent the input to the
adaptive filter; the circles represent the output of the
adaptive filter.

FIG. 9 is a block diagram showing components of
an improved wheel braking control system having
an adaptive filter that forms weighted sums of filtered
and unfiltered braking commands in accordance with
another embodiment.

FIG. 10 is a block diagram showing components of
an improved wheel braking control system having
an adaptive filter for filtering braking commands in
accordance with a further embodiment.

[0027] Reference will hereinafter be made to the draw-
ings in which similar elements in different drawings bear
the same reference numerals.

DETAILED DESCRIPTION

[0028] The following detailed description is illustrative
in nature and not intended to limit claim coverage to the
disclosed embodiments or to the disclosed applications
and uses of the disclosed embodiments.
[0029] Braking systems have existed as long as there
have been wheeled vehicles, but it was not until the ad-
vent of anti-lock brake mechanisms, and later anti-skid
control mechanisms or systems, that highspeed brake
control response has been called for. An anti-lock system
merely detects the rapid reduction of wheel speed from
some elevated speed to zero (hence wheel lock) and
provides brake release to allow the wheel to return to a
spinning condition, thus regaining vehicle control. In con-
trast, an anti-skid system detects the onset of skidding
of the wheel but attempts to provide a controlled "slip" of
the wheel relative to the speed over ground, such that
an optimal effective coefficient of friction is obtained. Air-
craft anti-skid systems, which are relieved of the com-
plexity of driven wheels in motor vehicles, can achieve
quite high "efficiencies", meaning the ratio of the effec-
tively developed coefficient of friction to a theoretical
maximum coefficient of friction that could be obtained for
that wheel on the same surface. Doing this requires rapid
control of the brake.
[0030] In a modern brake-by-wire system, the non-an-
ti-skid brake command input (such as from the pedal
brake) will typically be digitally sampled and processed.
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Such sampling will have limited precision and will contain
some measurement noise. Furthermore, the optimum
speed to perform the control of the pedal brake input will
be fairly low, consistent with the intent to create a smooth
and jerk-free application of braking. However, this desire
is in conflict with the need of the anti-skid system to pro-
vide nearly instantaneous response to the anti-skid re-
lease command. Furthermore, in a system utilizing elec-
tro-mechanical or electro-hydraulic brake actuators,
there can be considerable mechanical motion of motors
and gears required for a small input change, since a very
large brake clamping force is often required.
[0031] FIG. 1 is a block diagram showing components
of a prior art wheel braking control system of the type
wherein brake pedal or autobrake commands are
merged with anti-skid commands. In the example shown
in FIG. 1, the operator (e.g., a pilot) operates a brake
pedal 2 to produce a brake pedal input which is sent to
a brake pedal command computation block or module 6
incorporated in a brake control unit 4. The brake control
unit 4 outputs a braking command to an actuator control
electronic unit 12 (hereinafter "actuator controller 12"),
which in turn powers and controls an electric or electro-
hydraulic brake 16, which is capable of braking a wheel
14. The actuator controller 12 typically comprises motor
control circuitry, and the brake 16 typically comprises one
or more electric-motor-driven actuators or motor-driven
hydraulic actuators (hereinafter "brake actuators").
Wheel speed is sensed by a sensor 18, which may also
include electronics for calculating an anti-skid command,
or alternatively, the anti-skid command (the release com-
mand) may be calculated in an anti-skid command com-
putation block or module 20 in the brake control unit 4.
Similarly brake pedal commands may be calculated in
the brake pedal command computation block or module
6, which computations may be performed at a slower rate
than the anti-skid command computations. The brake
pedal command computation block or module 6 takes
the pilot pedal input and converts it into a command to
the actuator control 12. This converts the pedal input sen-
sor to a numeric value and then may or may not add
modifications to that numeric value based upon other in-
puts to the system, not shown.
[0032] As shown in FIG. 1, the anti-skid command rep-
resents a subtractive input (a release) relative to the
brake pedal command input, that is, the negative of the
anti-skid command value is added to the brake pedal
command value in the summing junction 8. Note further
that the brake pedal command could in the alternative
be an automatic brake command, e.g., a brake control
to a target deceleration value, referred to in the aircraft
industry as autobrake, or a brake command intended to
slow a vehicle to a desired turn-out point (e.g., a taxiway),
referred to in the aircraft industry as "brake to vacate."
[0033] The methods for enhanced adaptive filtering
disclosed in detail below are particularly suited for use in
brake control systems in which the brake pedal command
computation is several times slower than the anti-skid

command computation.
[0034] FIG. 2 is a block diagram showing components
of an improved wheel braking control system having an
adaptive filter 10 for filtering braking commands. The
adaptive filter 10 is not needed in the case where a digital
filter could be inserted between the anti-skid command
computation block or module 20 and the summing junc-
tion 8, but the adaptive filter 10 is useful when placing a
digital filter between the anti-skid command computation
block or module 20 and the summing junction 8 is not
possible. FIG. 2 shows the adaptive filter 10 as being
disposed between the brake control unit 4 and the actu-
ator control electronic unit 12. However, in alternative
implementations, the adaptive filter 10 may be disposed
inside the brake control unit 4 or inside the actuator con-
trol electronic unit 12. Various embodiments of the adap-
tive filter 10 will be described below.
[0035] In the case where the brake pedal command
computation 6 is significantly slower than the anti-skid
command computation 20 (see FIG. 1), the digital se-
quence of commands being presented to the actuator
controller 12 will normally comprise repeating series of
identical values when there is no anti-skid command
present, which is a normal condition in most vehicle op-
erations. This condition is furthermore exacerbated when
the measurement precision in the input is limited, or when
there is noise present on the input, which is inevitable.
The result is a command which appears to "dither" about
a central value as opposed to an idealized constant value.
Therefore, the actuator controller 12 would be presented
with a command whose spectral content contains unde-
sirable high frequencies, leading to extra motion of the
brake actuators and potentially extra power consumption
and premature wear.
[0036] FIG. 3 shows a slow filter response for a real
system implemented using a five-millisecond anti-skid
control loop, but a 25-millisecond loop for pedal and au-
tobrake computation. The anti-skid computation is per-
formed every five milliseconds. In the command se-
quence sample shown in FIG. 3, a pilot input (shown as
a series of x’s) is slowly varying, and the resulting output
of the adaptive filter to the actuator controller is the series
of circles in FIG. 3. As evidenced by the smooth chain of
circles, the adaptive filter provides a slow-response fil-
tered output.
[0037] The filter used to provide the filtered output
shown in FIG. 3 is well known in the art. In this case it is
a digital Direct Form II Infinite Impulse Response low-
pass filter having a slow response mode at 4 Hz and a
fast response mode at 40 Hz. The topology for this type
of digital filter is well known in the art and is shown in
FIG. 4. The filter coefficients b0, b1, and b2 are often con-
stants in the canonical design, but the filter coefficients
a1 and a2, which represent the pole pair, set the frequency
response. The term z-1 in FIG. 4 represents a unit delay.
[0038] FIG. 5 is a block diagram showing an adaptive
filter 10 in accordance with one embodiment. This adap-
tive filter 10 comprises a digital Direct Form II Infinite
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Impulse Response low-pass filter 22 (hereinafter "digital
filter 22), an adaptation algorithm 24, and a multiplexer
26. A sequence of samples of unfiltered braking com-
mand values is input concurrently to digital filter 22, to
adaptation algorithm 24, and to multiplexer 26. The mode
of multiplexer 26 is controlled by an output from the ad-
aptation algorithm 24. The multiplexer 26 also receives
filtered braking command values from the digital filter 22.
[0039] The digital filter 22 filters the incoming braking
command value samples in accordance with filter coef-
ficients received from the adaptation algorithm 24. The
transmission of filter coefficients a1, a2, b0, b1, and b2
from the adaptation algorithm 24 to the digital filter 22 is
indicated by respective downwardly pointing arrows. It is
also possible to only adjust the a1 and a2 terms (which
set the pole location in the z plane) while leaving the b0,
b1, and b2 terms (which are typically constants) un-
changed. The adaptation algorithm 24 measures the
number of matched pairs of braking command values
within a brief time window of previous samples, and then
uses that number of matched pairs to adjust the filter
coefficients to speed up or slow down the digital filter 22.
When the window contains many sets of repeated pairs
(or a small number of changes in value), then the filter
coefficients represent a slow-response filter. As the
number of matched pairs in the time window decreases,
the filter coefficients are adjusted to speed up the filter
response. Below a certain threshold, anti-skid operation
is inferred, and the adaptation algorithm 24 sends a signal
to the multiplexer 26 which places the latter in a direct
mode whereby multiplexer 26 outputs the unfiltered brak-
ing command values rather than the filtered braking com-
mand values from digital filter 22, which has the effect
that the unfiltered braking command values bypass the
digital filter 22 and are output to the actuator controller
(not shown in FIG. 5) by multiplexer 26 directly with no
filtering. Additionally, the adaptation algorithm 24 will
pass through unfiltered a zero braking command, which
is identical to a full release anti-skid command.
[0040] The adaptation algorithm and the filtering func-
tion may be implemented using a computer system com-
prising separate processors or computers or by the same
processor or computer programmed with suitable soft-
ware. The digital filter may comprise an analog-to-digital
converter to sample the input signal, followed by a mi-
croprocessor and some peripheral components such as
memory to store data and filter coefficients, and finally a
digital-to-analog converter to complete the output stage.
Program instructions (software) running on the micro-
processor implement the digital filter by performing the
necessary mathematical operations on the digital values.
In alternative embodiments, a field-programmable gate
array, an application-specific integrated circuit, or a dig-
ital signal processor can be used instead of a general-
purpose microprocessor. In the alternative, the filter may
be implemented in hardware. For example, the adaptive
filter may comprise an adaptation algorithm which con-
trols the state of a switch which feeds the unfiltered brak-

ing commands into either of two filtering circuits having
slow and fast responses respectively. Many other filter
hardware implementations are possible.
[0041] The digital filter 22 shown in FIG. 5 can have
one of many well-known digital filter topologies, and the
brake control methodology disclosed herein can be uti-
lized in many other digital filter topologies well known in
the art, including filters of higher order.
[0042] In accordance with one embodiment, the pole
pair adjustment can be performed using a look-up table
of filter coefficients, wherein the look-up is based on the
number of matched pairs of braking command values in
a sample window. In accordance with one implementa-
tion, the adaptation algorithm 24 comprises matched pair
counting in a time window of the previous twenty sam-
ples, and the responses of the digital filter 22 in the look-
up table vary from 4 to 50 Hz, and are ordered so that
when a small number of matched pair values exist, the
frequency response is fast, but if there is a large number
of matched pair values, the frequency response is slower.
The slow response reduces brake actuator wear by re-
moving useless motion.
[0043] The filter adaptation disclosed above
smoothens the otherwise abrupt transition which would
occur if there were a slow-response filter (which by its
nature has a lagging output) or no filter.
[0044] The adaptation algorithm 24 is preferably im-
plemented by examining the number of matched pairs of
value in a time window of previous samples. The count
of matched pairs, relative to the window length, is a pre-
diction of the relative content of the anti-skid command
in relationship to the content of the slow-loop generated
pedal command. It is thus used to determine the extent
to which the filter should have a fast response or slow
response (or switch to a pass-through mode).
[0045] FIG. 6 is a graph showing the processing of a
sequence of command value samples by a matched pair
algorithm for predicting the system operating mode. In
the example depicted in FIG. 6, the commands sampled
during a time window are predominantly brake pedal
commands, so that the system should be operated in a
slow-response pedal braking mode. That the slow-re-
sponse pedal braking mode should be operative is de-
tected by the adaptation algorithm since the time window
has a high number (i.e., six out of eight possible) of
matched pairs, representing duplicate values output by
the brake control unit. In this case, the frequency coeffi-
cients in the digital filter should be adjusted for slow re-
sponse.
[0046] FIG. 7 is a graph showing the processing of a
sequence of command value samples by a matched pair
adaptation algorithm for predicting the system operating
mode. In the example depicted in FIG. 7, the system is
beginning to enter into anti-skid operation, meaning that
the anti-skid release command value is approximately
equal to the pedal braking command value. As seen in
FIG. 7, the commands sampled during a first portion of
the time window are predominantly brake pedal com-
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mands and the commands sampled during a second por-
tion of the time window are predominantly anti-skid com-
mands. Since the anti-skid command contains high spec-
tral energy, it is unlikely to contain many matched pairs,
unless the command values equal zero corresponding
to full brake release, which is treated as a special case
(i.e., instead of 0 meaning 0% braking force applied, 0
values cause the brake actuators to be pulled off some
distance from the brake). In the time window shown in
FIG. 7, there are three matched pairs out of eight possi-
ble; therefore the filter coefficients should be adjusted to
represent a fast-response filter, to provide good anti-skid
response. If a certain threshold is exceeded, the filter can
be bypassed in its entirety if necessary.
[0047] The filter coefficient adjustments can be made
using any one of several methods known in the art (e.g.,
Kalman filtering), or via a simple table look-up, in which
the count of matched pairs in the time window function
determines the filter coefficients. The transition to direct
(i.e., pass-through) mode occurs at some low threshold
value of the match count.
[0048] FIG. 8 is a graph of brake command (%) versus
time (seconds) representing a sequence of sampled
commands. This graph demonstrates the performance
of the adaptive filter 10 depicted in FIG. 5. In the sequence
of command samples shown in FIG. 8, the unfiltered out-
put is the series of x’s, while the filtered output is indicated
by circles. This graph shows an initially smoothly rising
pedal brake command, which in this case happens to be
updated at a 25-millisecond rate, resulting in the stair-
step behavior seen from t = 50.5 seconds to t = 51 sec-
onds. After this time, the brake command is at 100%, and
then a small anti-skid input begins to appear. During this
time, the filter coefficients have been adjusted to provide
a faster filter response, so the chain of circles more nearly
tracks the input (i.e., the chain of x’s). At t = 52 seconds,
however, a large initial skid occurs, which results in a
brake release command due to anti-skid operation to
about 70%. At this point the digital filter has, within one
or two samples, converted into the direct pass-through
mode. Subsequent anti-skid commands dominate the
signal as they are less than the 100% pedal command,
and so the signal contains highfrequency content, and
the filter is then operating either in a pass-through mode
or in a fast response mode, and thus accurately tracks
the anti-skid command. Note that braking performance
during an anti-skid operation is critical and methods to
switch between the slow response mode and the fast
response or pass-through mode can be done so that the
adaptive filter quickly changes to pass-through or fast
response mode once a small number of mismatched
samples have occurred. The adaptive filter can also stay
in that mode until a large number of matched samples
occur over a long period of time. In this way it can be
"slow" to get into slow response mode and "fast" to get
into pass-through or fast response mode once the anti-
skid function is active. Whether the mode of the adaptive
filter is pass-through or fast response depends on re-

spective specified thresholds for the numbers of matched
pairs, the threshold for the pass-through mode being less
than the threshold for the fast response mode.
[0049] In accordance with an alternative embodiment
depicted at a high level in FIG. 9, an adaptation algorithm
24 can be provided which forms a weighted sum of the
unfiltered and filtered braking command values, wherein
the weighting factors are a function of the number of
matched pair values in the time window. The weighting
factors are input to a first multiplier 30, which also re-
ceives the filter braking command from the digital filter
22, and to a second multiplier 32, which also receives
the unfiltered braking command. The respective product
output by multipliers 30 and 32 are then summed in sum-
ming junction 34. A simple implementation of this concept
is switching from the filtered to the unfiltered signal based
upon the number of matches, in which case the weighting
factors input to multipliers 30 and 32 by the adaptation
algorithm 24 would change from 1 and 0 to 0 and 1 re-
spectively.
[0050] In those embodiments wherein the adaptation
algorithm 24 forms a weighted sum of the unfiltered and
filtered braking command values, the filter coefficients
used by digital filter 22 are fixed (i.e., not changed), but
what is changed is the weighting factors used to form the
weighted sum of the unfiltered input and a slow filtered
version thereof. This is algorithmically simpler and easier
to demonstrate stability, but will not provide as smooth
of a transition as methods involving filter coefficient ad-
justment. Note that the digital filter 22 could also be con-
figured to adapt if desired.
[0051] A further alternative embodiment (depicted at a
high level in FIG. 10) relates to the case where there is
a signal (i.e., "anti-skid command in FIG. 10) available
from the brake control unit which indicates when the anti-
skid command exceeds the pedal command. There is
thus no need to count matched pairs of values to deter-
mine when the system should have a fast response. In
that case, it is still important to smoothly transition be-
tween a filtered mode of operation and the unfiltered
mode. There should be an adjustment of the filter coef-
ficients used by digital filter 22 along a trajectory so that
the signal transitions into or out of filtered command
smoothly. Therefore, the adaptation algorithm 24 instead
performs a step-by-step adjustment of the filter coeffi-
cients based on the time which has elapsed since the
change of mode from anti-skid to non-anti-skid operation
or vice versa. At the end of this step-by-step adjustment
of the filter coefficients, the adaptation algorithm issues
a multiplexer control signal which causes the multiplexer
26 to output the unfiltered braking command instead of
the filtered braking command output by the digital filter 22.
[0052] Digital filters, such as the second-order IIR filter
partly depicted in FIG. 4, are well known in the art. The
concept of adjusting filter coefficients per some optimiz-
ing target is the basis of adaptive filter theory and is also
well known in the art. The methodologies disclosed
above utilize a digital filter to provide the following en-
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hanced features.

(1) The signature of repeating unfiltered braking
command values received within a time window can
serve as an indicator of the required system frequen-
cy response (i.e., the matched pair value adaptation
algorithm described above).

(2) A digital filter with adjustable filter coefficients can
be employed, wherein the filter coefficients are ad-
justed based on the content of anti-skid command
contained in the unfiltered merged braking com-
mand.

(3) In the alternative, a digital filter with fixed filter
coefficients can be used, wherein a weighted sum
of the filtered and unfiltered braking commands is
adjusted based on a weighting which comes from a
predictor function of the anti-skid content of the brak-
ing command.

(4) A digital filter can be employed which has a sep-
arate input that indicates the anti-skid content of the
braking command, and uses a time-based adapta-
tion algorithm to gradually adjust the digital filter co-
efficients.

(5) A fixed-frequency response filter can be em-
ployed which has a separate input that indicates the
anti-skid content of the braking command, and uses
a time-based adaptation algorithm to gradually ad-
just the weighted sum of the filtered and unfiltered
braking commands.

(6) The matched pair adaptation algorithm can be
used in a rate-sensitive manner such that the rate of
transition to the fast-response (anti-skid) mode is
rapid, but the transition into the slow-response mode
is slow.

[0053] The braking control function described above
includes the pilot input, along with inputs from an auto-
matic wheel-based brake control system, generically re-
ferred to as the "autobrake". Many other braking control
input functions can exist in both driven wheel systems
such as automobiles and in non-driven wheel vehicles
such as aircraft. For aircraft systems, additional control
inputs could include a hydroplane and locked wheel pro-
tection function as well as "taxi brake release", which is
a wear reduction function.
[0054] While methods and means for reducing wear in
electric or electro-hydraulic braking systems utilizing an
adaptive digital filter have been described with reference
to various embodiments, it will be understood by those
skilled in the art that various changes may be made and
equivalents may be substituted for elements thereof with-
out departing from the teachings herein. In addition,
many modifications may be made to adapt the concepts

and reductions to practice disclosed herein to a particular
situation. Accordingly, it is intended that the subject mat-
ter covered by the claims not be limited to the disclosed
embodiments.
[0055] As used herein, the term "computer system"
should be construed broadly to encompass a system
having at least one computer or processor, and which
may have multiple computers or processors that com-
municate through a network or bus. As used in the pre-
ceding sentence, the terms "computer" and "processor"
both refer to devices having a processing unit (e.g., a
central processing unit) and some form of memory (i.e.,
computer-readable medium) for storing a program which
is readable by the processing unit.
[0056] The method claims set forth hereinafter should
not be construed to require that the steps recited therein
be performed in alphabetical order (alphabetical ordering
in the claims is used solely for the purpose of referencing
previously recited steps) or in the order in which they are
recited. Nor should they be construed to exclude two or
more steps or portions thereof being performed concur-
rently or to exclude any portions of two or more steps
being performed alternatingly.
[0057] The structures corresponding to the "adaptive
filtering means" recited in the claims include the struc-
tures shown in FIGS. 5, 9 and 10 (and described in the
specification) and equivalents thereof. The structures
corresponding to the "means for communicating a signal"
recited in the claims include an electrically conductive
wire, a wireless channel, and equivalents thereof. The
structures corresponding to the "means for forming a
weighted sum" recited in the claims include the multipliers
and summer shown in FIG. 9 and equivalents thereof.
[0058] The disclosure comprises the following items:

A1. A method for braking comprising:

(a) receiving a sequence of unfiltered braking
command values comprising merged brake
command values and anti-skid command val-
ues;

(b) determining a signature of braking command
values of said sequence received within a time
window;

(c) filtering received unfiltered braking command
values to form filtered braking command values;

(d) forming a weighted sum of said filtered and
unfiltered braking command values using
weighting factors which are a function of said
signature; and

(e) controlling a brake in accordance with said
weighted sum.

A2. The method as recited in item A1, wherein said
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signature comprises a number of matched pairs of
braking command values of said sequence received
within said time window, and said step of determining
whether said signature is indicative of said transition
comprises determining whether said number of
matched pairs of braking command values is less
than a specified threshold.

A3. A method for braking comprising:

(a) receiving a sequence of unfiltered braking
command values comprising merged brake
command values and anti-skid command val-
ues;

(b) receiving a signal indicative of a transition
from a brake command mode to an anti-skid
command mode;

(c) adaptively filtering said sequence of braking
command values to form filtered braking com-
mand values; and

(d) controlling a brake in accordance with said
adaptively filtered braking command values,

wherein said adaptive filtering gradually changes
modes from a first mode to a second mode over time
in response to receipt of said signal indicative of a
transition from a brake command mode to an anti-
skid command mode.

A4. The method as recited in item A3, wherein said
first mode is a slow response mode and said second
mode is a pass-through mode.

A5. A braking system comprising:

a brake arranged for braking a wheel;

an actuator controller coupled to said brake;

a braking command source of braking command
values comprising merged brake command val-
ues and anti-skid command values;

adaptive filtering means for adaptively filtering
said sequence of braking command values, said
adaptive filtering means having an input coupled
to said braking command source and an output
coupled to said actuator controller,

wherein said adaptive filtering means changes
modes from a slow response mode to a different
mode in response to receipt of information indi-
cating that the content of anti-skid command val-
ues in said braking command values exceeds a
specified threshold.

A6. The braking system as recited in item A5, where-
in said different mode is a pass-through mode.

A7. The braking system as recited in item A5, where-
in said different mode is a fast response mode.

A8. The braking system as recited in item A5, where-
in said adaptive filtering means comprise a filter and
an adaptation algorithm each connected to receive
said sequence of braking command values, wherein
said adaptation algorithm reconfigures said filter in
response to the content of anti-skid command values
in said sequence of braking command values ex-
ceeding said specified threshold.

A9. The braking system as recited in item A5, where-
in said adaptive filtering means comprise a filter con-
nected to receive said sequence of braking com-
mand values, means for forming a weighted sum of
the input to and output from said filter, and an adap-
tation algorithm connected to receive an anti-skid
command, wherein said adaptation algorithm deter-
mines weighting factors to be applied by said means
for forming a weighted sum in response to the con-
tent of anti-skid command values in said sequence
of braking command values exceeding said speci-
fied threshold.

A10. The braking system as recited in item A5, fur-
ther comprising means for communicating a signal
indicative of a transition from a brake command
mode to an anti-skid command mode, wherein said
adaptive filtering means has a first input coupled to
said means for communicating a signal, a second
input coupled to said braking command source, and
an output coupled to said actuator controller, and
said adaptive filtering means gradually changes
modes from said slow response mode to a different
mode over time in response to said signal indicative
of a transition from a brake command mode to an
anti-skid command mode.

A11. The braking system as recited in item A10,
wherein said different mode is a pass-through mode.

B1. A method for braking comprising:

(a) receiving a sequence of unfiltered braking
command values comprising merged brake
command values and anti-skid command val-
ues;

(b) adaptively filtering said sequence of braking
command values to form filtered braking com-
mand values; and

(c) controlling a brake in accordance with said
adaptively filtered braking command values,
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wherein said adaptive filtering changes from a first
mode to a second mode in response to the content
of anti-skid command values exceeding a specified
threshold.

B2. The method as recited in item B1, wherein the
second mode is a pass-through mode.

B3. The method as recited in item B1 or item B2,
wherein the second mode is a fast response mode.

B4. The method as recited in any preceding item,
wherein the brake command values are computed
based on brake pedal commands.

B5. The method as recited in any of items B1 to B3,
wherein the brake command values are computed
based on autobrake commands.

B6. The method as recited in any preceding item,
wherein step (b) comprises:

selecting a first set of filter coefficients in re-
sponse to a transition in the sequence of braking
command values from predominantly brake
command values to predominantly anti-skid
command values;

configuring a filter with the first set of selected
filter coefficients; and

filtering subsequently received braking com-
mand values using the filter configured with the
first set of selected filter coefficients.

B7. The method as recited in item B6, wherein step
(b) further comprises:

determining a signature of braking command
values of the sequence received within a time
window; and

determining whether the signature is indicative
of the transition.

B8. The method as recited in item B7, wherein the
signature comprises a number of matched pairs of
braking command values of the sequence received
within the time window, and the step of determining
whether the signature is indicative of the transition
comprises determining whether the number of
matched pairs of braking command values is less
than a specified threshold.

B9. The method as recited in any of items B6 to B8,
wherein step (b) further comprises:

selecting a second set of filter coefficients in re-

sponse to a transition in the sequence of braking
command values from predominantly anti-skid
command values to predominantly brake com-
mand values;

configuring the filter with the second set of se-
lected filter coefficients; and

filtering subsequently received braking com-
mand values using the filter configured with the
second set of selected filter coefficients.

B10. The method as recited in items B6 and B9,
wherein the filter is in a fast response mode when
configured with the first set of selected filter coeffi-
cients and in a slow response mode when configured
with the second set of current filter coefficients, and
a rate of transition from the slow response mode to
the fast response mode is greater than a rate of tran-
sition from the fast response mode to the slow re-
sponse mode.

B11. The method as recited in item B10, wherein the
filtering using the first set of selected filter coefficients
and the filtering using the second set of selected filter
coefficients are performed at respective predeter-
mined time intervals subsequent to said transition,
the respective predetermined time intervals being
selected to ensure a smooth transition from a slow
response filter mode to a fast response filter mode.

B12. The method as recited in any of items B1 to B5,
wherein step (b) comprises:

determining a signature of braking command
values of the sequence received within a time
window;

determining whether the signature is indicative
of a transition in the sequence of braking com-
mand values from predominantly brake com-
mand values to brake command values less
than a specified threshold; and

filtering subsequently received braking com-
mand values using a filter when the signature is
not indicative of the transition and passing
through the subsequently received braking com-
mand values without filtering when the signature
is indicative of the transition.

B13. The method as recited in item B12, wherein the
signature comprises a number of matched pairs of
braking command values of the sequence received
within the time window, and the step of determining
whether the signature is indicative of the transition
comprises determining whether the number of
matched pairs of braking command values is less
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than a specified threshold.

B14. A method for braking comprising:

(a) receiving a sequence of unfiltered braking
command values comprising merged brake
command values and anti-skid command val-
ues;

(b) determining a signature of braking command
values of the sequence received within a time
window;

(c) filtering received unfiltered braking command
values to form filtered braking command values;

(d) forming a weighted sum of said filtered and
unfiltered braking command values using
weighting factors which are a function of the sig-
nature; and

(e) controlling a brake in accordance with said
weighted sum.

B15. The method as recited in item B14, wherein the
signature comprises a number of matched pairs of
braking command values of the sequence received
within the time window, and the step of determining
whether the signature is indicative of the transition
comprises determining whether the number of
matched pairs of braking command values is less
than a specified threshold.

Claims

1. A method for braking comprising:

(a) receiving a sequence of unfiltered braking
command values comprising merged brake
command values and anti-skid command val-
ues;
(b) adaptively filtering said sequence of braking
command values to form filtered braking com-
mand values; and
(c) controlling a brake in accordance with said
adaptively filtered braking command values,

wherein said adaptive filtering changes from a first
mode to a second mode in response to the content
of anti-skid command values exceeding a specified
threshold.

2. The method as recited in claim 1, wherein the second
mode is a pass-through mode.

3. The method as recited in claim 1 or claim 2, wherein
the second mode is a fast response mode.

4. The method as recited in any preceding claim,
wherein the brake command values are computed
based on brake pedal commands.

5. The method as recited in any of claims 1 to 3, wherein
the brake command values are computed based on
autobrake commands.

6. The method as recited in any preceding claim,
wherein step (b) comprises:

selecting a first set of filter coefficients in re-
sponse to a transition in the sequence of braking
command values from predominantly brake
command values to predominantly anti-skid
command values;
configuring a filter with the first set of selected
filter coefficients; and
filtering subsequently received braking com-
mand values using the filter configured with the
first set of selected filter coefficients.

7. The method as recited in claim 6, wherein step (b)
further comprises:

determining a signature of braking command
values of the sequence received within a time
window; and
determining whether the signature is indicative
of the transition.

8. The method as recited in claim 7, wherein the sig-
nature comprises a number of matched pairs of brak-
ing command values of the sequence received within
the time window, and the step of determining wheth-
er the signature is indicative of the transition com-
prises determining whether the number of matched
pairs of braking command values is less than a spec-
ified threshold.

9. The method as recited in any of claims 6 to 8, wherein
step (b) further comprises:

selecting a second set of filter coefficients in re-
sponse to a transition in the sequence of braking
command values from predominantly anti-skid
command values to predominantly brake com-
mand values;
configuring the filter with the second set of se-
lected filter coefficients; and
filtering subsequently received braking com-
mand values using the filter configured with the
second set of selected filter coefficients.

10. The method as recited in claims 6 and 9, wherein
the filter is in a fast response mode when configured
with the first set of selected filter coefficients and in
a slow response mode when configured with the sec-
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ond set of current filter coefficients, and a rate of
transition from the slow response mode to the fast
response mode is greater than a rate of transition
from the fast response mode to the slow response
mode.

11. The method as recited in claim 10, wherein the fil-
tering using the first set of selected filter coefficients
and the filtering using the second set of selected filter
coefficients are performed at respective predeter-
mined time intervals subsequent to said transition,
the respective predetermined time intervals being
selected to ensure a smooth transition from a slow
response filter mode to a fast response filter mode.

12. The method as recited in any of claims 1 to 5, wherein
step (b) comprises:

determining a signature of braking command
values of the sequence received within a time
window;
determining whether the signature is indicative
of a transition in the sequence of braking com-
mand values from predominantly brake com-
mand values to brake command values less
than a specified threshold; and
filtering subsequently received braking com-
mand values using a filter when the signature is
not indicative of the transition and passing
through the subsequently received braking com-
mand values without filtering when the signature
is indicative of the transition.

13. The method as recited in claim 12, wherein the sig-
nature comprises a number of matched pairs of brak-
ing command values of the sequence received within
the time window, and the step of determining wheth-
er the signature is indicative of the transition com-
prises determining whether the number of matched
pairs of braking command values is less than a spec-
ified threshold.

14. A braking system comprising:

(a) means for receiving a sequence of unfiltered
braking command values comprising merged
brake command values and anti-skid command
values;
(b) means for adaptively filtering said sequence
of braking command values to form filtered brak-
ing command values; and
(c) means for controlling a brake in accordance
with said adaptively filtered braking command
values,

wherein said adaptive filtering is configured to
change from a first mode to a second mode in re-
sponse to the content of anti-skid command values

exceeding a specified threshold.
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