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(87) Abstract

In a vehicle with an active brake control system a control method comprising the steps of: determining individual wheel speeds of
the vehicle wheels responsive to sensor output signals (1016, 1018); determining a vehicle reference velocity responsive to the individual
wheel speeds (1002-1012); measuring vehicle yaw rate (1128); determining a delta velocity for each wheel responsive to the individual
wheel speed for the wheel and the vehicle reference velocity (326); and when the active brake control system is in the active state for at
least one of the wheels, (a) setting a base delta velocity for the one wheel equal to the delta velocity for the one wheel immediately prior
to the active brake control obtaining the active state for the one wheel (200); (b) determining a control term responsive to the measured
vehicle yaw rate (806), wherein the control term represents a desired delta velocity for the one wheel; (c) setting a first target change in
delta velocity responsive to the base delta velocity and the control term (204); and (d) controlling a first wheel brake for the one wheel so
that a difference between the delta velocity for the one wheel and the desired delta velocity for the one wheel is minimized (208).
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BRAKE CONTROL SYSTEM

This invention relates to a brake control system and method.

Background of the Invention

Automotive vehicles have been produced or demonstrated with
brake systems that modulate brake force during stops to provide anti-lock
brake control (ABS) and/or that modulate brake force during vehicle
acceleration to provide positive acceleration traction control (TCS). Some

such brake systems additionally provide brake-by-wire control.

of ve

It is an object of this invention to provide a chassis control
method according to claim 1.

Advantageously this invention provides a chassis control system
for actively controlling the road response of a motor vehicle.

Advantageously this invention provides a chassis control
method and system that provides closed loop yaw control by developing a yaw
rate command from operator inputs such as vehicle speed and steering wheel
position. This invention provides a control that minimizes a difference
between the yaw rate command and the actual vehicle yaw rate.

Advantageously, this invention provides yaw control commands
responsive to the operating conditions of the vehicle to provide a desired
vehicle response. Advantageously, this invention implements yaw rate control
through a wheel speed control structure. More particularly, the speeds of the
vehicle wheels are continuously monitored along with the actual vehicle yaw
rate and various operator-affected vehicle conditions, such as steering wheel
angle and vehicle speed. A yaw rate command is determined in response to
the vehicle conditions and compared to the measured yaw rate. A control

term is generated in response to the difference between the measured and
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desired yaw rates and is provided in terms of wheel speed. The control term
is summed with a base wheel speed, set responsive to the last measured wheel
speed before the active brake control is activated on the wheel, and the
summation result is referred to as the target wheel speed. The wheel brakes
are controlled to minimize the difference between the target and measured
wheel speeds.

Advantageously, according to a preferred example, this
invention provides a control method for use in a vehicle with an active brake
control system and a plurality of vehicle wheels, wherein the active brake
control system has an active and an inactive state for each wheel, the control
method comprising the steps of: determining individual wheel speeds of the
vehicle wheels responsive to sensor output signals (1016, 1018); determining
a vehicle reference velocity responsive to the individual wheel speeds (1002-
1012); measuring vehicle yaw rate (1128); determining a delta velocity for
each wheel responsive to the individual wheel speed for the wheel and the
vehicle reference velocity (326); and when the active brake control system is
in the active state for at least one of the wheels, (a) setting a base delta
velocity for the one wheel equal to the delta velocity for the one wheel
immediately prior to the active brake control obtaining the active state for the
one wheel (200); (b) determining a control term responsive to the measured
vehicle yaw rate (806), wherein the control term represents a desired delta
velocity for the one wheel; (c) setting a first target change in delta velocity
responsive to the base delta velocity and the control term (204), wherein the
first target change in delta velocity represents an amount of change desired in
the delta velocity for the one wheel; and (d) controlling a first wheel brake for
the one wheel so that a difference between the delta velocity for the one wheel

and the desired delta velocity for the one wheel is minimized (208).

Brief Description of the Drawi
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The present invention will now be described by way of example
with reference to the following drawings, in which:

Figure 1 is an example schematic of a vehicle brake control
system according to this invention;

Figure 2 illustrates an example control according to this
invention;

Figures 3 and 4 illustrate a diagram of example wheel speed
control according to this invention;

Figures 5-16 illustrate example flow control routines for
implementation of the functions of block 104 of figure 2;

Figures 17-25 illustrate example flow control routines for
implementations of the functions of block 106 of figure 2;

Figures 26-30 illustrate example flow control routines for
implementation of the functions of block 108 of figure 2; and

Figures 31-41 illustrate example flow control routines for

implementation of the functions of block 110 of figure 2.

Referring to figure 1, the vehicle 10 shown includes a
controllable brake system with controller 68 for controlling the brakes 20, 22,
24 and 26 for wheels 12, 14, 16 and 18, respectively. Various inputs to the
controller 68 include the wheel speed signals on lines 36, 38, 40 and 42 from
wheel speed sensors 28, 30, 32 and 34, the brake pedal switch signal on line
84 from brake pedal switch 82, the brake pedal extended travel signal on line
83 from pedal travel sensor 85 (optional), the steering wheel angle signal on
line 62 from sensor 61 indicating the angle of steering wheel 60, the yaw rate
signal on line 81 from yaw rate sensor 80, the master cylinder pressure signal
on line 96 from master cylinder pressure sensor 94 (optional) and the lateral
acceleration signal on line 99 from lateral accelerometer 98.

Each of the sensors 28, 30, 32, 34, 61, 80, 82, 85, 98 and 99

is implemented in a manner known to those skilled in the art. The brake
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pedal travel sensor 85 is a switch mounted to the pedal that provides an output
signal when the pedal has been depressed an extended amount indicating
“hard” braking by the driver.

In one example, the steering wheel position sensor 61 may be a
digital sensor that provides output signals that increment a digital position
signal within controller 68 with each 0.0175 radians (1 degree) or portion
thereof of movement of the steering wheel 60 in one direction and decrement
the digital position signal with each 0.0175 radians (1 degree) or portion
thereof of movement in the opposite direction. The steering wheel sensor 61
may also include an analog sensor position output (i.e., from a rotary resistive
device of a known type) that provides approximate steering wheel position
information. The analog output can be used, for example, to determine
whether the steering wheel is turned less than a preset limit, i.e., 1.575
radians (90 degrees), at vehicle start-up. A method for determining the center
position of the steering wheel position sensor is disclosed in pending United
States patent application, Serial No. 08/664,321, assigned to the assignee of
this invention.

Responsive to the various inputs, the controller controls the
braking of each wheel in anti-lock braking mode during certain braking
maneuvers and in traction control mode during certain vehicle acceleration
maneuvers to maintain tractive force of the drive wheels on the road surface.
The anti-lock brake control and positive acceleration traction control are
performed in a known manner except as modified herein.

The controller 68 also actively controls the wheel brakes 20,
22, 24 and 26 responsive to the actual vehicle yaw rate as measured by yaw
rate sensor 80 to minimize the difference between the actual vehicle yaw rate
and a desired vehicle yaw rate. Because the base braking, antilock braking
and traction control functions are known to those skilled in the art, only a

general description thereof will be set forth herein.
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When the vehicle is in a braking maneuver, the controller
monitors the wheel speed signals from sensors 28, 30, 32 and 34 and
determines if one or more of the wheels is in or is about to be in an incipient
lock-up condition, in which case anti-lock brake control mode for the one or

5 more wheels is activated. In the anti-lock brake control mode, the controller
68 determines and outputs commands to the actuators 52, 54, 56 and 58
corresponding to the wheels in anti-lock brake mode to modulate brake force
to the wheels. Through control of the actuators 52, 54, 56 and 58, the
controller prevents the wheels from entering a lock-up condition while

10 achieving effective brake control and steeribility in a manner known to those
skilled in the art of anti-lock brake control.

When the vehicle is not in a braking maneuver, but is
accelerating due to output motive force from the vehicle prime mover, i.e.,
the internal combustion engine or electric motor, the controller 68 monitors

15  the wheel speeds sensed by sensors 28, 30, 32 and 34 to determine if the
wheels transferring motive force to the road surface are slipping or are about
to slip. In such wheel conditions, the controller 68 sends commands to the
actuators 52-58 corresponding to the wheels that are slipping or are about to
slip to provide brake force to the wheels to reduce the slip. Such control is

20 typically performed in conjunction with a parallel control in the engine or
motor controller to temporarily reduce the motive force output until wheel to
road traction is reestablished.

In one example, the brake actuators 52-58 are implemented as
reciprocating piston actuators of a type known to those skilled in the art.

25 Such actuators typically include a dc motor positionally controlling a
reciprocating piston through a rotary to linear motion converter to increase
and/or decrease hydraulic pressure in the wheel brakes. In another example,
brake actuators 52-58 are implemented as solenoid valves for selectively
coupling brakes 20-26 to a source of pressurized hydraulic fluid to increase

30  brake pressure and for selectively coupling brakes 20-26 to a brake fluid
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reservoir to decrease brake pressure. Implementation of such solenoid valves
is known to those skilled in the art. In yet another example, the rear brakes
and/or the front brakes may be electric motor-driven brakes, in which case the
actuator and brake functions are performed by the same unit. An example of
a brake system including front hydraulic brakes and rear electric brakes in
which all four brakes are drive-by-wire is set forth in United States Patent No.
5,366,291, assigned to the assignee of this invention.

This invention performs an active brake control of the four
wheel brakes 20-26 responsive to the steering wheel angle signal on line 62,
the yaw rate signal on line 81, the vehicle speed as calculated responsive to
the signals from the four wheel speed sensors and the lateral acceleration
signal on line 99. Using these signals, controller 68 determines a desired
vehicle yaw rate and compares that desired yaw rate to the actual yaw rate
sensed by sensor 80. If the actual yaw rate of the vehicle differs from the
desired yaw rate by more than a threshold that is dynamically determined,
controller 68 determines and outputs commands to actuators 52, 54, 56 and 58
to control the vehicle wheel brakes 20, 22, 24 and 26 to bring the vehicle yaw
rate into conformance with the desired yaw rate.

In carrying out these tasks, controller 68 typically includes a
microprocessor, ROM and RAM and appropriate input and output circuits of
a known type for receiving the various input signals and for outputting the
various control commands to the actuators 52, 54, 56 and 58.

Referring now to figure 2, a master flow diagram for control
by the controller 68 is shown. The control starts and moves to block 102
where the controller receives the various inputs from the various sensors
illustrated in figure 1. From block 102, the routine moves to block 104 where
a subroutine is implemented to convert the sensor information received at
block 102 into a desired yaw rate command, y,. In an example providing
advantageously flexible control, block 104 determines two parallel desired

yaw rate commands, and understeer command, ypy, and an oversteer
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command, ypo. The parallel running commands yp,; and ypg, are each
maintained according to their own independent criteria allowing independent
calibration of oversteer and understeer modes. The control described further
below can then switch between the understeer and oversteer yaw rate
commands, ypy and ypg, as the vehicle switches between understeer and
oversteer modes. The steps performed at block 104 are described in further
detail with reference to figures 5-16.

From block 104, the routine continues to block 106 where a
variable dead band control is implemented. In general, the variable dead band
control at block 106 determines, responsive to the various sensor signals
received at block 102, whether the vehicle is in understeer or in oversteer
mode. Block 106 also determines a yaw rate dead band, DB, which varies
with the vehicle conditions as represented by the sensor signals and which
may vary depending upon whether the vehicle is in understeer or oversteer
mode.

The variable dead band control block 106 then determines
whether actual vehicle yaw rate, yy, as measured by the yaw rate sensor 80,
varies from the desired vehicle yaw rate as determined at block 104 by an
amount greater than the dead band. If the difference between the actual yaw
rate and the desired yaw rate is less than the dead band amount and the ABC
flag is reset, indicating that active brake control is not active, then the ABC
flag is maintained reset and active brake control is not performed at blocks
108-114. However, if the difference between the actual yaw rate, v,,, and the
desired yaw rate, yp, (also referred to as yaw rate error, Ayg) is greater than
the dead band as determined by block 106, and if other criteria explained
below are met, then the ABC flag is set to active, setting the active brake
control active. If the ABC flag is active and the yaw rate error, Ayg, is less
than an exit dead band, then an exit strategy from the active brake control is

commenced and if the yaw rate error continues to be below the exit dead band
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throughout the exit procedure, then the ABC flag is reset, terminating active
brake control until the yaw rate error again rises above the dead band.

The steps for performing the function of block 106 are
described in detail below with reference to figures 17-25.

From block 106, the routine continues to block 108 where a
closed loop yaw rate control subroutine is implemented to provide yaw rate
control commands responsive to the yaw rate error, Ayg, determined at block
106. The control at block 108 provides a dual command structure and uses
preferably a PD or PID control for each of the dual structures.

More particularly, the dual structure addresses yaw rate error
using both a front/rear control and a left/right control. The front/rear control
recognizes that when front wheels or rear wheels undergo slip, the lateral
force control provided by the wheels is reduced. By reducing the amount of
slip experienced by the front or rear wheels, the lateral wheel-to-road force is
increased. Thus, where appropriate, the front-to-rear control commands
reduced slip at either the front axle or the rear axle to increase lateral force
between either the front wheels and the road or the rear wheels and the road
allowing the improved tractive force to reduce the YAW rate error.

In the second arm of the dual control structure, a left/right
control operates on one or more of the four vehicle wheels independent of the
front/rear command. The left/right command is designed to add a torque
moment to the vehicle counter to the direction of yaw rate error, Ayg, to
return the vehicle to the desired yaw rate, ypq or ypy. This is achieved by
either increasing brake pressure on one wheel, decreasing brake pressure on
one wheel, or increasing brake pressure on one wheel and decreasing brake
pressure on another wheel. The modification to the brake pressure(s) create
the desired torque moment in the vehicle body to achieve the desired yaw
control.

In a preferred example, this invention is implemented using

closed loop wheel speed control and thus the front/rear command, AVgg, and
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the left/right command, AV, g, are determined as wheel delta velocity
commands, that is, AVgz and AV, ; command wheel speeds to be applied to
certain of the vehicle wheels commanding those wheels to have a speed
different from the reference speed of the wheels.

The control steps performed by block 108 are described in
more detail with reference to figures 26-30.

At block 110, the controller performs a force distribution
control which applies the commands AV and AV, to the vehicle wheels.

In general, the force distribution control at block 110 operates as follows. If
the vehicle is in an anti-lock braking mode in which the vehicle brakes are
controlled by driver commanded braking to prevent wheel lock up, the
left/right command is applied to only one of the four vehicle wheels to
command a release of brake pressure at the vehicle wheel, introducing the
desired torque moment in the vehicle body by the left-to-right brake difference
resulting from the commanded release.

If the vehicle is in a positive acceleration traction control mode
in which a spin or speed difference between actual and reference wheel speeds
is controlled to a target value to keep the driven wheels from spinning loose,
then the left/right control command is applied to only one of the four vehicle
wheels to apply brake pressure to that wheel. The brake pressure applied to
the one wheel creates a left-to-right brake difference creating a torque moment
on the vehicle body to reduce the YAW rate error. If the vehicle is not in
anti-lock braking mode or positive acceleration traction control mode, then the
left/right yaw control command is applied to two of the four vehicle wheels
releasing brake pressure in one of the wheels and applying brake pressure to
the other. The resulting difference in left right brake forces create a torque
moment on the vehicle body that minimizes the yaw rate error.

Block 110 also interacts the front/rear control with the anti-lock
brake and positive acceleration traction controls. When the anti-lock brake

control is active, AV, is applied by modifying the amount of braking to one
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of the axles, i.e., the rear axle, reducing the average brake pressure to that
axle, increasing that axle’s holding force on the road surface. During positive
acceleration traction control, the front/rear command, AVgy, is applied by
reducing the target wheel spin. This has the effect of reducing the average
wheel spin during acceleration, increasing the lateral holding force of the
drive wheels.

Referring now to figures 3 and 4, an example of the control
structure performed by a portion of block 110 (figure 2) responsive to the
AV command is shown. The control is responsive to the vehicle steering
wheel input, accelerator pedal, brake pedal, and road surface on which the
vehicle is traveling. The steering input is provided to the yaw rate control
block 1102, for example according to blocks 104-110 of figure 2, and to the
vehicle steering system 1101, which affects the vehicle wheels, represented by
block 1122, and causes a corresponding response of the vehicle body,
represented by block 1126. The accelerator pedal controls the vehicle drive
train, block 1120, which affects the rotation of the wheels 1122 and the brake
pedal controls the vehicle brakes, block 1118, which also affect the rotation of
the vehicle wheels 1122.

The yaw rate control block 1102 determines the command
AV and controis the ABC flag. When the ABC flag is set, the wheel speed
control block 1108 is enabled to respond to the command AV, g through the
closed-loop wheel speed control structure described below with reference to
figure 4. The control block 1108 also responds to the individual wheel speed
signals Vyy (XX = LF (left front), RF (right front), LR (left rear), RR (right
rear)) to control the speeds of the designated wheels. Block 1108 outputs a
control command through line 1116 to the brakes 1118 to control the selected
wheels by applying and/or releasing brake pressure as the wheel speed control
1108 determines is appropriate. The feedback from the wheel speed sensors

1124 to block 1108 close the loop on the wheel speed control.
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The road input and the various control inputs to the wheels
1122 affect the vehicle body 1126, which effects are measured through the
vehicle yaw rate sensor 1128 and lateral accelerometer 1130. The outputs of
these sensors are provided to the yaw rate control block 1102 to close the loop
on the yaw rate control.

Example details of the wheel speed control block 1108 are
shown in figure 4. The command AV is multiplied by a gain term at block
1142 and the result, referred to herein as the control term, is provided to
summation block 1146. The master cylinder pressure signal (if provided) is
multiplied by a gain term at block 1140 and the result is multiplied by the
vehicle reference speed Vg at block 1144. The result of block 1144 is another
input to summation block 1146. The difference between the reference speed,
Vixx (determined as described below with reference to figure 31) on line
1111, and measured speed, Vyy, of each individual wheel is determined at
summation block 1152 and the result is provided to the latch and hold block
1148, which latches in the last value determined by block 1152 upon the
setting of the ABC flag on line 1106 and the decision by force distribution
control block 1143 (described below with reference to figures 31-41) to
control the individual wheel that is under control. Those skilled in the art will
understand that the control shown is provided separately to each individual
wheel selected for control by force distribution block 1143. The latched value
at block 1148 is referred to as the base delta velocity for the wheel, AVByxyx,
and is provided to the summation block 1146.

Summation block 1146 sums the outputs of blocks 1142, 1144
(summed in the negative) and 1148 and the result is provided to block 1150.
(Note: block 1146 is shown for wheels on the left side of the vehicle; for
wheels on the right side of the vehicle, the output of block 1142 is summed in
the negative.) The output of block 1142 is the desired delta velocity for the
wheel under control, as determined in response to the actual vehicle yaw rate

(i.e., through control block 1102). The output of block 1144 is additional
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delta velocity (delta velocity in this context means a difference between the
wheel speed and the vehicle reference speed) desired in response to the
operator brake pedal input. The output of block 1148 is the actual delta
velocity for the wheel under control at the moment the active brake control is
activated for that wheel. Thus the signal output from block 1148 is the
difference between the actual delta velocity (block 1148) and the desired delta
velocity (blocks 1142 and 1144). In other words, the output of block 1146
can be viewed as the amount of desired change in the delta velocity of the
wheel under control.

Block 1150 subtracts the result of block 1146 from the result of
block 1152, which is continuously updated with every control loop of the
software. Because the result from block 1152 reflects actual wheel speed
during the ABC event, block 1152 closes the loop on the wheel speed control.

The result of block 1150 is used in a proportional derivative
control structure. More particularly, the output of block 1150 is provided to
block 1154 where it is differentiated, then to block 1156, where the
differentiation result is filtered, and then to block 1158 where the filter result
is limited to positive and negative limits. The result of block 1158 is
multiplied by a gain term at block 1160 and then summed at block 1162 with
the output of block 1150. The result of block 1162 is the control command,
CONTROLyy, on line 1116 provided to the vehicle wheel brakes.

In an example sign convention used in the control routine
described herein, AV, is negative when commanding a left turning
(counterclockwise) torque and positive when commanding a right turning
(clockwise) torque. The base delta velocities (output from block 1148) do not
have a right-to-left convention. Instead they are positive when individual
wheel speed is greater than the vehicle reference speed and negative when
individual wheel speed is less than the vehicle reference speed. Thus, for
control of a left wheel, the contro! term (output from block 1142) is summed

to the base delta velocity and, for control of a right wheel, the negative of the



WO 98/09854 PCT/US96/14422

10

15

20

25

30

13

control term is summed to the base delta velocity. This accounts for the
different sign conventions between the base delta velocities and the control
terms.

With this explanation of sign conventions in mind, it can be
understood that the control term represents a total commanded wheel slip and
that the base delta velocity represents wheel slip already occurring when
active control is initiated on the wheel.

The control steps performed by the controller in carrying out
the force distribution and closed loop wheel speed control of block 110 and of
figures 3 and 4 are described below with reference to figures 31-41.

From block 110 the routine continues to block 114 where the
brake control commands are output, transferring the brake control commands
as modified by the closed loop yaw control provided herein to the vehicle
wheel brakes to achieve the desired yaw rate control.

Referring now to figures 5-16, example steps performed by the
controller in carrying out the driver command interpreter, block 104 of figure
2, are now described in more detail.

Figure 5 illustrates 2 main subroutine performed by the driver
command interpreter. At block 450, the routine determines a desired steady
state yaw rate command, ygg, as described below with reference to figure 6.
Block 451 filters the command ygg and then block 452 determines a bank angle
compensation term, BK, as described below with reference to figure 9. At
block 454 the routine determines the desired yaw rate, yp, as the sum of ygg
and BK.

Block 456 is shown as a decision block to illustrate two
possible implementations of this invention. In one example implementation,
as shown by blocks 458 and 460, the control routine retains as much
command authority during understeer as it retains during oversteer whereas in
the example shown by blocks 462 and 464, the understeer authority is limited

to temper the system’s response to occurrence of understeer. The decision to
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use blocks 458 and 460 or blocks 462 and 464 can be preprogrammed as a
preset variable for a particular car line.

In the example where understeer authority is not limited
differently than oversteer authority, the routine moves to block 458 where it
determines the oversteer desired yaw rate command, ypo, as described below
with reference to figure 11 then moves to block 460 where it sets the
understeer desired yaw rate command, ypy, equal to the oversteer desired
YAW rate command. If the understeer desired yaw rate command is to be
limited, block 462 determines yp, as described below with reference to figure
11 and then block 464 determines yp, as described below with reference to
figure 14.

As will be described in more detail below, the over and
understeer yaw rate commands, ypo and ypy, are continuously updated with
each control loop of the control routine and each depends both on y, and on
previous values of ypy or ypg, Whichever is appropriate. This invention
provides the advantage of continuously updating both the understeer and
oversteer yaw rate cémmands allowing easy switching between understeer and
oversteer yaw rate control if the vehicle quickly switches between understeer
and oversteer states.

Referring now to figure 6, the subroutine for determining the
steady state desired yaw rate, yp, is shown. At block 480 a steady state yaw
gain, Ggg, is determined as the output of a look-up table whose inputs are
vehicle speed, Vg, and steering wheel angle, 8. Preferably, the look-up table
flexibility adds an advantageous characteristic of the steady state yaw gain by
maintaining the gain substantially linear with respect to steering wheel angle
when the vehicle is in both linear and nonlinear driving modes. This can be

better understood with reference to the following two tables (plotted in figures
7 and 8).
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TABLE 1
s(KPH)\8(°) 0 29.7 765 131 221 352 520
0 0 0 0 0 0 0 0
16 9.6 9.6 9.4 94 9.8 11.2 16.8
26 14.4 144 142 144 152 156 15.8
38 18.6 186 18.8 18.6 17 144 12.2
52 212 216 214 19 15 11.6 9.4
68 222 23 216 168 122 94 7.2
86 216 23 19 14 10.2 76 5.8
106 206 22 16.2 11.8 8.4 6.2 4.8
132 18.4 194 13.8 9.8 6.8 5 3.8
162 16.2 17 11.4 8 6.5 4 3.2
198 142 144 96 6.6 4.6 3.4 2.6
242 12 122 7.8 5.4 3.8 2.8 2.2

TABLE 2
Vs(KPH)\3(°) 0 29.7 76.5 131 221 352 520
0 0 0 0 0 0 0 0
16 9.6 9.6 9.4 9.4 9.8 11.2 16.8
26 144 144 142 144 15.2 15.6 15.8
38 18.6 18.6 18.8 18.6 17 17 17
52 212 21.6 214 19 19 19 19
68 222 23 21.6 21 21 21 21
86 21.6 23 23 23 23 23 23
106 20.6 22 22 22 22 22 22
132 184 194 19 19 19 19 19
162 16.2 17 17 17 17 17 17
198 142 14 14 14 14 14 14
242 12 12 12 12 12 12 12
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Table 1 illustrates an example yaw gain of a typical vehicle in
response to vehicle speed and steering wheel angle. As can be seen, for low
steering wheel angles and at low vehicle speeds, the gain is substantially
constant. As steering wheel angle increases past a certain point, or as vehicle
speed increases past a certain point, the yaw gain becomes nonlinear (see the
portions of table 1 in italics), decreasing as steering wheel angle increases
and/or vehicle speed increases. The look-up table function used according to
this invention is. shown with respect to Table 2, which illustrates by the
italicized numerals that even when the vehicle is in the nonlinear operating
region, the yaw gain is maintained constant with respect to steering wheel
angle. Since the yaw gain affects the desired yaw rate, yp, to which the
vehicle is controlled, the system thereby provides a linear response to
operator steering wheel inputs even when the vehicle is in a nonlinear
operating condition, i.e., even when one or more sets of tires is experiencing
lateral slippage.

From block 480, the routine continues to block 482 where the
desired steady state yaw rate, ygg, is set equal to Ggg multiplied by 6. After
block 482, the subroutine at block 450 is completed.

Referring again to figure 5, the filter at block 451 is
implemented, for example, as a second order filter by first determining a set
of coefficients, o and £, from look-up tables as a function of vehicle speed.
Example look-up table functions for the coefficients © and £ are shown in
figures 15 and 16. The desired steady state yaw rate, ygg, is filtered using the

filter coefficients determined at block 451 according to the equation:
yn) =2*C*o *yn-1)- W’ * y(n-2) + K1 * x(n),

where x(n) is the input to the filter, which is ygg, y(n) is the filter output, yggr,

and K1 is determined according to:
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Kt =1-2*w*{ + o’

Referring now to figure 9, the subroutine executed by block
452 in figure 5 begins at block 490 where it computes a value of steady state
lateral acceleration, Agg, by multiplying the measured yaw rate, vy, by
vehicle speed, Vg. Then, at block 492, the routine determines a feedback
value, FB, representing a difference between Agg and lateral acceleration as
measured by the lateral accelerometer, Ay, taking into account the roll

stiffness of the vehicle:

FB = ASS - AM * (1 - SIN(RS)),

where RS is a predetermined constant representing the roll stiffness of the
vehicle, having an example value of 0.0107 radians*s*/m (6 degrees/g).

At block 494, the routine checks whether the ABC flag is reset,
whether the absolute value of yaw rate error, Ayg, as determined by the closed
loop control block 108 (figure 2) is less than a predetermined value, for
example, 0.07 radians/s (4 degrees/s), whether the absolute value of the
steering rate (do/dt = (8(n) - 6(n-1))/0.01), which is the differentiated value
of the steering wheel position signal) is less than a predetermined constant, for
example, 1.4 radians/s (80 degrees/s), and whether the absolute value of yy is
less than a predetermined constant, for example 1.05 radians/s (60 degrees/s).
If the four tests are true at block 494, the routine continues to block 498
where a value TIMERI is incremented. Otherwise the routine continues to
block 496 where TIMER1 is reset to zero.

From block 496 or 498, the routine continues to block 500
where it compares TIMERI1 to a predetermined constant, for example, 0.5 s.
A condition of TIMERI! over 0.5 seconds indicates that the vehicle is in a

steady state yaw maneuver as opposed to a dynamic maneuver. If TIMERLI is
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not greater than the predetermined constant, the routine continues to block
502 where it sets a feedback filter gain, Ggg, equal to a first value
representing heavy filtering. Otherwise the routine continues to block 504
where it sets Gg equal to a second value representing light filtering. Ggg is

then used at block 506 to filter the value FB according to the equation:

ym = A * x(n) + (1-A) * y(n-1),

where y(n) is the filter output x(n) is the filter input and A is the filter gain,
L.e., 0.04, assuming a 0.01 s control loop time.

From block 506 the routine continues to block 508 where the
understeer coefficient Ky, is determined from a look-up table responsive to
Ags. An example function of the look-up table is shown in figure 10
illustrating that the understeer coefficient Ky, is generally constant for low
vehicle accelerations and then increases once the vehicle lateral acceleration
rises above 3.92 mys’.

At block 510 a bank angle compensation term, BK, is

computed according to the equation:

BK = FB * Ky * Vo/(L + Ky * V),

where L represents the wheel base of the vehicle. Block 512 sets the bank
angle compensation upper and lower limits to plus or minus a predetermined
value, for example, 0.07 radians/s (4 degrees/s), and then block 514 limits the
BK to the upper and lower bank angle compensation limits. After block 514,
the subroutine 452 for determining the bank angle compensation is completed.
Referring now to figure 11, the steps performed by the
subroutines 458 and 462 for determining yp are shown. At block 530 the

routine sets Ac, representing maximum commanded lateral acceleration, equal
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to a predetermined value, for example 1.0 g. At block 532, the routine sets

the value oversteer desired yaw rate limit, y;,, according to the equation:

Yoo = Ac/Vs.

At block 534, the oversteer desired yaw rate, ypg, 1s set equal to yp if yp is
within +/- y. o, equal to - y ¢ if yp is less than - y o and equal to + y o if yp
is greater than + vy, g.

Next block 536 retrieves a filter gain from a look-up table
responsive to vehicle speed. The look-up table function is shown in figure
12. Block 538 uses the retrieved gain in a first order lag filter to filter ypg to
determine ypop using a filter similar to that described above with reference to
block 506.

Referring now to figure 14, the steps of block 464 (figure 5)
for determining the understeer desired yaw rate, ypy, are shown. At block
550, Ac is determined from a look-up table as a function of the measured
lateral acceleration, Ay;. An example look-up table function is illustrated in
figure 13. The table function allows tailoring of A¢ responsive to vehicle
speed and builds in upper and lower limits to allow a distinct understeer
response. For example, A is set to allow some understeer to give the driver
a more natural feel to the vehicle. Then at block 562, the understeer desired

yaw rate limit, yy, is determined as:
TLu = Acf/Vs.
Then at block 564, the understeer desired yaw rate, ypy, is set equal to yp if

Yp is within +/- y,y, equal to - y. i if Ypy 1s less than - y; y and equal to + y;y

if yp is greater than + yy.
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Blocks 566 and 568 perform the same filter function on Ypy as
described above with reference to blocks 536 and 538 (figure 11) to determine
the filtered understeer desired yaw rate ypyj.

After block 568, the subroutine 464 for determining the
understeer desired YAW rate is completed.

As an alternative to blocks 450, 452 and 454 (figure 5),

the desired yaw rate, y,, may be determined according

to the following equation:

Yo = Vg *(@ - Ky * Ay) /L,

where 3 is the steering wheel angle, A, is the output of the lateral
accelerometer, K, is the understeer coefficient of the vehicle and L is the
wheel base of the vehicle. The system designer can alter the understeer
coefficient Ky, or vary Ky, as a function of vehicle speed to tune the system
response as desired. The bank angle corrections (block 452, figure 5) are not
required since the lateral accelerometer signal is directly input into the
equation.

Referring now to figure 17, the main subroutine for performing
the variable dead band function of block 106 of figure 2 and for determining
whether or not the controller system is in the active brake control mode, is set
forth.

The subroutine starts at block 602 where it performs the steps
described with reference to figures 18-19 for determining whether the vehicle
is in understeer or oversteer mode. The subroutine at block 602 controls a
flag, referred to as the understeer flag, so that it is set when the vehicle
experiencing understeer and reset when the vehicle is experiencing oversteer.

After block 602, the routine continues to block 604 where it
performs a series of steps described below with reference to figures 20-22 for

determining the variable yaw rate error deadband. After the deadband is
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determined at block 604, the routine continues to block 606 where it performs
a series of steps described below with reference to figures 23-25 for
determining activation and deactivation of the active brake control.

Referring now to figure 18, the subroutine for checking the
under steer status begins at block 670 where it determines an under steer term
using the subroutine shown with respect to figure 19.

Referring now to figure 19, block 704 determines the limited
measured yaw rate, y;, equal to the measured yaw rate, vy, bounded to upper
and lower limits, for example, +/- 0.044 radians/s (+/- 2.5 degrees/s).
Bounding yy in this manner filters out sensor noise which may effect the
understeer term (block 706) at low speed high yaw rate maneuvers. Block

706 then determines the understeer term, UT, according to:
UT =y * (Avgr + Kp * Ayg(dot)g),

where K is a predetermined constant, for example 0.03 s and Aygp and
Ayg(dot)g are determined as described below with reference to figure 27.
After block 706, the subroutine 670 is completed.

Referring again to figure 18, from block 670 the routine
continues to block 672 where it determines the over steer term, OT, by
multiplying the measured yaw rate, y\, by the measured lateral acceleration,
Ay. From block 672 the routine continues to block 674 where UT is
compared to first predetermined value, LIMIT1, for example, -0.07
(radians/s)2 (-4 (degrees/s)z). If the understeer term is not greater than
LIMIT1, then the routine continues to block 676 where it compares UT to a
value LIMIT4, for example, -.105 (radians/s)2 (-6 (degrees/s)z). If UT is not
less than LIMIT4, then the subroutine 602 is exited.

If UT is less than LIMIT4, then the routine continues to block
688 where it resets the understeer flag, indicating that the vehicle is now in

oversteer condition, and the subroutine 602 is exited. If at block 674 UT is
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greater than LIMIT]1, the routine continues to block 675 where it checks the
ABS flag. If the ABS flag is set, the routine continues to block 686 where it
sets the understeer flag.

Otherwise the routine continues to block 678 where it compares
OT to a predetermined value, LIMIT?2, for example -0.171 radians*m/s>. If
OT is not greater than LIMIT2, then the routine continues to block 676.
Otherwise, the routine continues to block 680 where it compares the absolute
value of measured yaw acceleration, dy/dt = (ym(n) - Y(n-1))/0.01, to a
predetermined value, LIMIT3, for example 3.5 radians/s’ (200 degrees/s?). If
the absolute value of yaw acceleration is not less than LIMIT3, then the
routine continues to block 676. Otherwise the routine continues to block 682
where it increments the understeer timer, TIMER2.

From block 682 the routine continues to block 684 where
TIMER? is compared to a predetermined value LIMITS5, for example 0.25 s.
If TIMER?2 is not greater than LIMITS, then the routine exits. Otherwise, the
routine continues to block 686 where it sets the understeer flag and then exits.

Referring now to figure 20, the subroutine for determining the
variable dead band starts at block 650 where it checks the understeer flag. If
the understeer flag is set, the routine continues to block 652, otherwise the
routine continues to block 654.

Blocks 652 and 654 represent two look-up table functions for
looking up a dead band value, DB, responsive to steering wheel angle and
vehicle speed. Table 652 is used when the vehicle is in understeer mode and
table 654 is used the vehicle is in oversteer mode. The use of two different
tables allows independent dead band adjustment for understeer and oversteer
conditions of the vehicle. For example, typically a larger dead band will be
allowed for understeer conditions than will be allowed for oversteer
conditions. Example graphs of the understeer and oversteer table functions

are illustrated in figures 21 and 22.
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From blocks 652, 654, the routine continues to block 656
where DB is filtered to determine DBy using a first order lag filter of the type
described above with reference to block 700 (figure 19), in which an example
gain A is set to 0.4. Then at block 658 the entrance yaw rate, ENTER, is set
equal to DBy and at block 660 the exit yaw rate, EXIT, is set equal to DB
minus DEADO, where DEADO is a hysteresis term set, for example, to 0.07
radians/s (4 degrees/s). After block 660 the subroutine in figure 20 is
completed.

Referring now to figure 23, block 612 performs the following

comparison:

|G1 * Ayge + GO * Ayg(dot)s| > ENTER,

where G1 and GO are determined as described below. If the test is false, then
the routine in figure 23 is completed and continues to figure 24. If the test at
block 612 is true, the routine continues to block 614 where Vg is compared to
a threshold Vgyrggr, which is set, for example, to 16 kph. If the vehicle speed
is not above Veyreg, the routine continues to block 618 in figure 24,
otherwise the routine continues to block 616 where it sets the ABC flag,
indicating that active brake control is active.

The routine then continues to figures 24 and 25 to determine
whether the active brake control should be exited. In figure 24, block 618
compares |Ayge| to EX, which is the sum of EXIT and EXOFF, where
EXOFF is an offset value set according to Table 3 below. If |Aygg| is not
less than EX, then the routine continues to block 624 where the exit timer,
TIMER3, is cleared. From block 624 the routine in figure 24 is exited. If
| Avgg| is less than EX at block 620, | Ayg(dot)z| is compared to EXDOT,
which is determined as described below. If |Ayg(dot)g| is not greater than
EXDOT, the routine continues to block 624, otherwise the routine continues

to block 621. At block 621, |I;r| is compared to a predetermined threshold.
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I;» is determined as described below with reference to figure 29. The
threshold is set to correspond to an I; 3 value indicating high differential brake
pressure may be applied to a wheel, in which case it is not desirable to exit.
If |I;| is above the threshold, the routine continues to block 624, otherwise
the routine continues to block 622 where TIMER3 is incremented.

Then block 626 compares TIMERS3 to its threshold value, for
example 0.25 s. IF TIMER3 is greater than its threshold value, the ABC flag
is reset at block 628, otherwise the routine in figure 24 is exited.

Next block 630 determines whether the steering wheel sensor
has been centered as described in copending patent application, Serial No.
08/664,321. If not, the routine continues to block 636 where the ABC flag is
reset. Otherwise the routine continues to block 632 where it checks to
determine whether the vehicle is traveling forward, if not, the routine
continues to block 636, otherwise the routine continues to block 634 where it
compares the vehicle speed to an exit threshold, for example, 6 kph. If the
vehicle speed is less than the exit threshold, the routine continues to block
636, otherwise the routine in figure 25 is exited.

Example values for EXOFF, EXDOT, the exit timer threshold
(EXTIME) and GO and G1 described above are set forth by the following
tables responsive to a high brake pressure flag, the ABS active flag and the
understeer flag. The high brake pressure flag, HBP, is set if the master
cylinder has a pressure sensor and its output rises above a calibrated value,
for example, 4137 kPA (600 psi), or if the brake pedal is provided with an
extended travel sensor that outputs a signal when the pedal is depressed to a

degree indicating that the operator desires hard braking.
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TABLE 3
HBP ABS Under-steer EXOFF EXDOT EXTIME
(rad/s) (rad/sz) (s)
* SET SET 1.11 2.22 0.05
* SET RESET 0.35 0.875 0.05
SET RESET * 0.175 0.7 0.05
RESET RESET * 0 0.437 0.25
TABLE 4
HBP ABS UNDERSTEER Gl GO
* SET SET 0 0
* SET RESET 0 0.25
SET RESET * 0.5 0
RESET RESET * 1 0.15

Referring now to figure 26, the main subroutine for performing

the functions of the closed loop command determination block 108 (figure 2)

is shown. The main subroutine starts at block 804 where it performs a

subroutine, described below with reference to figure 27, for adjusting Aygg,

Aygyr and Ayg(dot)g.

Then block 806 performs the subroutine described below with

reference to figures 28 and 29 to compute the closed loop command AV;y and

block 808 performs the subroutine described below with reference to figure 30

to compute the closed loop command AVgg AV is the left to right wheel

speed difference used to provide left-right vehicle control using closed loop

wheel speed control described further below and AV is the command that

provides the front to rear control and is also applied by using the closed loop

wheel control described below.
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Referring now to figure 27, the subroutine performed at block
804 in figure 26 begins at block 820 where Ayg and Aygy, are computed as

follows:

5 AYE = Ypor - YM, and

AYgy = Ypur - Y-

Then at block 822, Ayg and Aygy are filtered using a digital first order lag
filter, for example, according to the equation:
10

y(m) = A*x(m) + (1-A) * y(n-1),

where x(n) is the filter input, y(n) is the filter output and A is the filter gain
set, for example, at 0.363 (assuming a loop time of 0.01 s). The results of
15  the filtering at block 822 are Aygr and Aygyg.
Block 824 computes the differentiated oversteer yaw rate error
Ayg(dot) equal to (Ayg(n) - Ayg(n-1))/0.01 and block 826 filters Ayg(dot) using
a single pole lag filter to get Ayg(dot)g.
Block 830 checks a diagnostic flag that is set when system
20 diagnostics has indicated an error in the closed loop yaw control system or
when a spin condition of the vehicle is detected. An example diagnostic
control suitable for use with this system is set forth in pending patent
application United States Serial No. 08/683,881, assigned to assignee of this
invention. An example spin detection routine is set forth in pending United
25  States patent application, Serial No., 08/660,150, assigned to the assignee of
this invention. If the flag is set, then block 832 sends the routine to block 834
where Aygyg, Aygr and Ayg(dot)g are reduced with each loop through the
subroutine to force the active brake control off. The terms are reduced, for
example, by multiplying each by a gain term with each loop through the

30  subroutine. The gain term is less than one and progressively decreases with
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each loop so that after a predetermined number of loops the gain term is zero
and Aygyr, Aygr and Ayg(dot)g are forced to zero. Otherwise, if no diagnostic
failure is observed, the subroutine 804 is terminated.

Referring now to figure 28, the subroutine performed by block
806 for computing the closed loop left to right wheel speed difference AVig
begins at block 840 where it checks whether the understeer flag is set. If the
understeer flag is set, the routine continues to block 846 where it sets the
closed loop yaw rate error Ay equal to Aygyg.

Then at block 848 the routines retrieves a set of PID gains Kp,
K and K}, for control of the vehicle in the understeer state. The proportional
and derivative gains are determined from look-up tables as a function of
vehicle speed and the integral gain is set, for example, at 0.03. Example
look-up table functions for the proportional and derivative gains are illustrated
in table 6 below.

If at block 840 the understeer flag is not set, then it is assumed
that the vehicle in an oversteer condition and the routine continues to block
842 where it sets the closed loop yaw rate error Ay equal to Aygg.

At block 844 the proportional and derivative gains K, and K
are determined from another set of look-up tables for the oversteer condition
responsive to vehicle speed. The integral gain K is set, for example, equal to

0.03. Example functions of the look-up tables of blocks 844 and 848 are as

follows.

TABLE S

(oversteer)

Vg¢(km/hr) Kp Kp

0 0.6417 0.1128

80 0.6667 0.1333

160 0.6917 0.1503

240 0.7167 0.1753
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TABLE 6
(understeer)
Vg(km/hr) Kp Kp
0 0.225 0.0625
80 0.25 0.083
160 0.275 0.1
240 0.3 0.125

From block 844 or 848, the routine continues to block 850
where it determines the left to right command proportional and derivative
components, P, p and D, 3, according to P,z = Kp * Aycand Dy = Kp *
Ayg(dot). Then from block 850 the routine continues to block 852 where it
performs the subroutine illustrated in figure 29 for determining the integral
portion of AVy;.

Referring to figure 29, the routine determines at block 860 an
adjusted yaw rate error, Ay,, as follows. If Aygpis positive and larger than
DBg, the over steer dead band determined at block 108 (figure 2), then Ay,
= Aygg - DBg. If Aygeis negative and smaller than negative DB, then Ay, =
Avegr + DBg or if Aygg is between the positive and negative variable dead
bands, then Ay, is set to zero.

The routine from block 860 continues to block 862 where it
compares the value Ay, to zero. If Ay, is equal to zero, then at block 866 the
integral term I, g is reduced by a predetermined decay value, for example
0.007 radians/s (0.4 deg/s), until I, ; reaches zero. If Ay, is not equal to zero
at block 862, then at block 864 the accumulated value for I, ; is updated
according to I; = I} 3 + K; * Ay,. From block 864 or 866, the routine
continues to 868 where, if the exiting flag is set (block 830, figure 27), I} is

further reduced by multiplying it by a gain between zero and one. Block 868



WO 98/09854 PCT/US96/14422

10

15

20

25

29

provides for gradual termination of the control represented by the integral
portion of the command I; .

Block 872 determines whether or not a change in steering
wheel direction has been made by comparing the sign of y, with the sign of
Ayge. If the signs are different, then the routine moves to block 874 where
the term Iy is reset to zero. Otherwise, from block 872 the subroutine is
ended and similarly from block 874 the subroutine is ended.

Referring again to figure 28, once the subroutine at block 852
is completed, the routine continues to block 854 where it determines the
closed loop left to right command as AV, = P;g + I}z + Dig. The
subroutine 806 is then completed.

In the above example, Py g, I,z and D,y are determined using
gains that vary as a function of vehicle speed. In an alternative example, P,
I r and D can be determined directly from look-up tables responsive to Ay,
Ay, and Ayg(dot)g, respectively. This alternative approach allows the terms to
vary nonlinearly with yaw rate error and its derivative.

Referring now to figure 30, the routine for determining AVgg
checks the understeer flag at block 1020. If the understeer flag is not set, the
routine continues to block 1022 where it checks the ABS flag. If the ABS
flag 1s set, indicating that ABS is active, the routine continues to block 1024
where it determines front to rear proportional term, Pgg, using an ABS gain,
Kpagps, for example 0.083, where Pgg = Kppps * Avge. At block 1024 the
sign of Pgg is set to negative.

From block 1024, the routine continues to block 1032 where it
checks whether the yaw rate error is diverging, that is, getting larger. If not,
the routine continues to block 1034 where it determines the derivative term
Dy according to Dgg = Kpagse * Ayg(dot)g, where Kpapsc is the anti-lock
brake mode converging derivative gain set, for example, equal to 0. Block

1034 sets the sign of Dgy positive.
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If the yaw rate error is not diverging at block 1032, the routine
continues to block 1040 where the diverging derivative term is determined
using the anti-lock brake mode diverging derivative gain, Kpagsp. instead of
Kpansc. An example value for the diverging derivative gain Kp,pgp is 0.1.
Block 1040 sets the sign of Dy negative.

From blocks 1034 or 1040, the routine continues to block 1054
where AVpy is set equal to Py plus Dy Block 1054 limits AV, so that it is
no greater than zero. After block 1054, the routine in figure 29 is exited.

If at block 1022, the ABS active flag was not set, the routine
continues to block 1030 where it determines whether or not the vehicle is a
rear wheel drive vehicle. If the vehicle is a rear wheel drive vehicle, the
routine continues to block 1038 where it determines the proportional term P
using the traction control proportional gain, K., having an example value

of 0.083, and sets the sign of P, to negative.

The routine continues to block 1046 where it checks whether
the yaw rate error is diverging, that is, getting larger. If not, the routine
continues to block 1044 where it determines the derivative term Dgg using
Kpresc as the traction control mode converging derivative gain set, for
example, equal to 0. The sign of Dy is set to positive at block 1044,

If the yaw rate error is diverging at block 1046, the routine
continues to block 1052 where the diverging derivative term is determined
using the traction control mode diverging derivative gain, Kyresp, instead of
Kpresc. The sign of the derivative term Dy is set negative at block 1052.
An example value for the diverging derivative gain Kpregp is 0.05.

From blocks 1044 or 1052, the routine continues to block
1054.

If at block 1030, the vehicle is not a rear wheel drive vehicle,
then the routine moves to block 1028 where the proportional and derivative
terms are set to zero and then to block 1054, where the resulting command,

AVyg, will likewise equal zero.
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If at block 1020, the understeer flag is set, the routine
continues 1o block 1026, where it checks whether the vehicle is a rear wheel
drive vehicle or if the ABS active flag is set. If either of these conditions is
true, the routine continues to block 1028 where P, and Dy are set to zero.

If at block 1026, the vehicle is not in ABS and the vehicle is
front wheel drive, the routine continues to block 1036 where it determines P,
using the traction control mode proportional gain, K, s, and sets the sign of
Prr negative.

The routine continues to block 1042 where it checks whether
the yaw rate error is diverging, that is, getting larger. If not, the routine
continues to block 1050 where it determines the derivative term Dgg using
Kprese. The sign of Dy is set to positive at block 1050.

If the yaw rate error is not diverging at block 1042, the routine
continues to block 1048 where the diverging derivative term is determined
using the traction control mode diverging derivative gain, Kprcsp- The sign
of the derivative term Dy is set negative at block 1048.

Referring now to figure 31, a subroutine for determining the
vehicle velocity, Vg, and the four wheel reference velocities Vgi g, Vrre, Vrir
and Vggg, for the left front, right front, left rear and right rear vehicle
wheels, respectively, is shown. At block 1002, a vehicle speed compensation
term V¢ is determined equal to y, * T/2, where T is the track width of the
vehicle.

Next, block 1004 determines compensated speeds, Vi and
Vur, for the left and right undriven wheels, i.e., in a front wheel drive
vehicle, the undriven wheels are the rear wheels. Vy; and Vy are

determined according to:

VoL = Vyy - Ve and

Vur = Vurn + Ve,
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where Vy;y and Vygy are the normalized wheel speeds (typically available
from the ABS controller) for the left and right undriven wheels, respectively.

Block 1006 then sets the vehicle reference speed, Vs, equal to
the maximum of Vy;;, and Vz. At block 1010, if the ABS active flag is set,
then the routine moves to block 1012 where Vy is set to the vehicle reference
velocity calculated in a known manner by the ABS controller. If the ABS
active flag is not set at block 1010, block 1011 limits the present reference
velocity, Vg, to no more than a predetermined difference from the previous
reference velocity, Vg(n-1).

Next at block 1014, the routine determines if the vehicle is a
rear wheel drive vehicle. If so, the routine continues to block 1018 where it

sets the reference velocities for the four vehicle wheels according to:

Ve = Vg + Vg,
Veer = Vs - Vo,
Vrir = Vs + V¢, and
Verr = Vs + | Vel.

If the vehicle is not a rear wheel drive vehicle, then block 1016 determines the

four wheel reference velocities according to:

VRLF = VS + Vc,
Verr = Vs - Vg,
VRLR = VRLF’ and

After blocks 1016 or 1018 the subroutine in figure 31 is completed.
Thus the measured yaw rate, vy, is used to determine a
compensation term, V, that the control routine uses when determining the

vehicle reference velocity, Vg, and the individual wheel speeds, Vgxx. This
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control structure provides compensation for the effects of vehicle yaw rate on
the individual wheel speeds and on the vehicle reference velocity.

The subroutine in figure 31 can be carried out at any point in
the control, for example, after the sensor information is received or right
before the force distribution subroutine described below is performed.

Referring now to figure 32, the main subroutine for the force
distribution block 110 (figure 2) is shown. The routine starts at block 150
where it checks an ABS flag of a known type indicating whether or not anti-
lock braking is active. If the anti-lock braking control is active, the routine
moves to block 152 where it performs the ABS intercept described below with
reference to figure 33. Otherwise the routine continues to block 154 where it
checks another flag of a known type indicating whether or not positive
acceleration traction control is active. If the traction control is active, the
routine continues to block 156 where it performs the traction control intercept
as follows.

In known positive acceleration traction control systems, the
wheel slip of the drive wheels is targeted below a certain value that may either
be fixed or vary with vehicle speed. This target value is referred to herein as
the TCS target velocity. In rear wheel drive vehicles, the command AV is
added to the TCS target velocity. This has the effect of decreasing the TCS
target velocity in oversteer conditions, which decreases allowable slip on the
rear wheels, in turn increasing lateral holding force of the rear wheels to
remove oversteer.

In front wheel drive vehicles, the command AV, is added to
the TCS target velocity. When the vehicle is in understeer condition, this
results in a lowering of the TCS target velocity, reducing wheel slip of the
front wheels, which increases the lateral hold force of the front wheels to
reduce the understeer. In all cases, the TCS target velocity is limited in a

known manner to prevent engine power sags or stalling.
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Next block 158 performs a subroutine described below with
reference to figure 34 for achieving the left/right control responsive to AV, .
Referring now to figure 33, the ABS intercept routine is
applied to rear wheels to reduce oversteer or to front wheels to reduce
5 understeer. The following description is placed in the context of a known
ABS control in which, during cycling of the brakes to prevent incipient wheel
lock-up conditions, the brake pressure profile goes through four states: (1)
release of pressure state, (2) hold in the release state, (3) apply pressure state,
(4) hold in the apply state. Control of the individual wheel brakes into and
10 out of ABS mode and through the four states is well known to those skilled in
the art and will not be set forth in detail herein except as for the modifications
described with reference to figure 33.
The routine starts at block 160 where it compares the AV to a
first predetermined value, CAL1, for example -12 kph. If AV is less than
15 CALL, then the routine continues to block 162 where it sends the ABS control
into an immediate release mode (state (1) described above) to decrease wheel
slip and increase lateral holding forces of the wheel.
Next the routine continues to block 164, where AV is
compared to a second predetermined value, CAL2, for example -14 kph. If
20  AVpg is less than CAL2, the routine continues to block 166 where the ABS
hold time during brake apply portions of the ABS cycle is reduced by about
10 to 30 milliseconds. This reduces the average brake pressure during the
ABS cycle.
The routine then continues to block 168 where it compares
25  AVgg to another predetermined value, CAL3, for example -16 kph. If AV
is less than CAL3, the routine continues to block 170, where the release
portion of the ABS cycle is modified to increase pressure release for one
additional control loop. This has the effect of further reducing the average

brake pressure during the ABS cycle.
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The routine then continues to block 172 where AVgy is
compared to CALA4, for example, -20 kph. If AVgg is less than CALA4, the
routine continues to block 174 where the ABS cycle is modified by increasing
the hold in release time before each apply by about 250 ms. This has the
effect of further reducing the average brake pressure during the ABS cycle.
After block 174 or block 172, the routine 152 is exited.

Referring to figure 34, the sign convention for the command
AV, g as used herein is as follows, AV, is negative when it is desired that
AV, command a counterclockwise yaw moment and positive when it is
desired that AV, ; command a clockwise yaw moment. The objective of the
left-to-right control is to apply brake forces on particular wheels to alter the
vehicle YAW moment in such a manner to reduce the oversteer or understeer
of the vehicle. The particular wheels that are selected depend on the
mechanization of the brake system. In general, by adding a brake force on
one wheel a differential torque is developed across the axle, the magnitude of
which is reflected by the speed difference between the left and right wheels on
that axle.

The brake control described herein can be used with either a
two or a four channel hydraulic brake system. A two channel system allows
pressure to be selectively applied, independently of the driver, to each of the
front wheels and allows pressure to be released independently on all four
wheels. Any front wheel drive vehicle with positive acceleration traction
control that utilizes the brake actuators has this capability in the actuators. In
the two channel system, both understeer and oversteer are controlled by
distributing the brake forces on the front axle. Oversteer is reduced by
applying the brake force (and therefore a tire-to-road force) on the outside
front wheel and, in some cases, releasing pressure on the inside front wheel
causing a counter torque with respect to the center of rotation of the vehicle to

offset the torque generated by the vehicle being in the oversteer condition.
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Understeer is reduced by applying a brake force on the inside front wheel
and, in some cases, releasing pressure on the outside front wheel.

A four channel system has the same features as a two channel
system but also allows brake pressure to be selectively applied to the rear
wheels (or non-driven wheels) independent of the driver. In the four channel
system, understeer is reduced by applying brake force to the inside rear wheel
and, in some cases, releasing brake pressure on the outside rear wheel. To
achieve full implementation of anti-lock braking, traction control and yaw rate
control on a rear wheel drive vehicle, the four channel system having the
features described herein must be implemented.

During anti-lock braking mode, differential axle torque is
formed by releasing brake pressure on one wheel only in the oversteer
condition. Understeer control is not performed by releasing brake pressures
during ABS.

Referring to figure 34, when the routine starts, it first performs
the subroutines shown in figures 35 and 36, which configure the system to
either the two channel or four channel hardware, as is implemented in the
vehicle being controlled.

Referring to figures 35 and 36, two flags are set depending on
whether or not the system is a two channel system, whether or not the system
is in oversteer mode, whether or not ABS is active and whether or not the
vehicle is a front wheel drive vehicle. The control provided by blocks 214-
242 sets the ABC desired front axle (DFA) flag equal to true if the hardware
is a two channel system, if the vehicle is experiencing oversteer, or if the ABS
is active. Otherwise the DFA flag is set to false. The ABC desired driven
axle (DDA) flag is set to true if the vehicle is a front wheel drive vehicle and
the DFA flag is set to true. If the vehicle is not a front wheel drive vehicle,
the DDA flag is set to true if the DFA flag is set to false. In all other
conditions, the DDA flag is set to false.



WO 98/09854 PCT/US96/14422

10

15

20

25

30

37

The routines performed in figures 35 and 36 ensure that the
front axle is the primary control axle in all cases except in understeer
conditions in a four channel system when the anti-lock brake flag is not set.

Referring again to figure 34, after the preliminary routines in
figures 35 and 36 are performed, the subroutine represented by block 200 is
performed. Block 200 uses the command AV, the traction control
information and the ABS information along with the flags set at figures 35 and
36 to determine which wheels to control and calculates a base delta velocity
for each wheel to be controlled. The base delta velocity represents wheel slip
already occurring when active control is initiated on the wheel. The
subroutine performed at block 200 is shown with respect to figures 37A-C.

Referring now to figures 37A-C, the subroutine starts and
moves to block 250 where it checks the DFA flag. If the DFA flag is set to
true, the routine moves to block 252. Otherwise the routine moves to block
254. At block 252, the routine designates the left front wheel as the left
active wheel (LAW) and the right front wheel as the right active wheel
(RAW). At block 254, the routine designates the left rear wheel as the LAW
and the right rear wheel as the RAW.

The routine then moves to block 256 where it compares the
command AV, g to zero. If AV, is less than zero, signifying that a
counterclockwise yaw moment is desired, the routine moves to block 258. If
AV is not less than zero, signifying that a clockwise yaw moment is desired,
the routine moves to block 260. At block 258, the routine checks the ABS
active flag. If the ABS active flag is set, the routine continues to block 262
where it determines that the primary wheel (PW) is the RAW and the
secondary wheel (SW) is the LAW.

If the ABS active flag is not set at block 258 or if at block 260
the ABS flag is set, the routine continues to block 264 where it sets the LAW
as the PW and the RAW as the SW. If at block 260 the ABS active flag is not

set, the routine continues to block 266 where the primary and secondary



WO 98/09854 PCT/US96/14422

10

15

20

25

38

wheels are set as done at block 262. It is noted that the primary wheel is the
wheel to which brake force is to be applied to develop a differential torque if
ABS is not active or where brake pressure is released if ABS is active.

The blocks 270-328 are performed for each wheel to determine
whether or not the ABC wheel flag, ABCWHEEL,y (where XX = LF (left
front), RF (right front), LR (left rear), RR (right rear)), is to be set for that
wheel and to determine the base delta velocity AVgyy for that wheel. The
ABCWHEELyy flag is true for a given wheel if the ABC active flag is set and
the wheel in question is the primary wheel. The ABCWHEEL,, flag is also
true for a wheel if the ABC flag is set, if the wheel in question is the
secondary wheel, if the ABS flag is not set and the TCS flag is not set. Also
the ABCWHEEL yy flag is set to true if the ABC flag is set, the wheel in
question is the secondary wheel, the ABS flag is not set, the TCS flag is set,
and the DDA flag is set to false.

Moving to block 272, for each wheel the ABCWHEEL,y(n-1)
flag (n-1 designating the “previous” flag) is set equal to the ABCWHEELyy
flag. Then at block 274 the routine checks the ABC active flag. If the ABC
active flag is not set to true, then at block 276 the ABCWHEEL, flag for
that wheel is set to false. At block 278 if the wheel in question is the primary
wheel the routine moves to block 280 where the ABCWHEEL,y, flag for that
wheel is set to true. At block 282, if the wheel in question is not the
secondary wheel then the ABCWHEEL,y flag for that wheel is set to false at
block 284.

From block 282 if the wheel is the secondary wheel, the
routine continues to block 286 where, if the ABS active flag is set, the routine
continues to block 284. Otherwise the routine continues to block 288 where it
checks whether the TCS flag is set. If yes, the routine continues to block 290
where it checks the DDA flag. If the DDA flag is true, the routine continues
to block 284.
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If at block 288 the TCS flag is not set or if at block 290 the
DDA flag is set to false, the routine continues to block 292 where the
ABCWHEELyy flag for that wheel is set to true.

From blocks 292, 284, 280 or 276, the routine continues to
block 302 where it checks whether the master cylinder has a pressure sensor.
If not the routine continues to block 314 where the SWCyy flag, which
indicates whether or not the secondary wheel is under active brake control, is
reset, indicating that the secondary wheel flag is not under active brake
control. If there is a master cylinder pressure sensor, the routine continues to
block 304 where it checks to determine if the wheel in question is designated
as the secondary wheel. If the wheel in question is not the secondary wheel,
the routine continues to Block 314. Otherwise the routine continues to block
306 where it checks whether the ABS active flag is set.

If the ABS active flag is set, the routine continues to block 314.
Otherwise the routine continues to block 308 where it checks the master
cylinder pressure sensor output and compares the output to a threshold, for
example, 1034 kPA (150 psi). If the master cylinder pressure is above this
threshold, it indicates that the driver’s foot is depressing the brake pedal. If
the master cylinder pressure is not above the threshold, the routine continues
to block 314. Otherwise the routine continues to block 310 where it checks
the DFA flag. If the DFA flag is not set to true, the routine continues to
block 314. Otherwise the routine continues to block 312 where it sets the
SWCyx flag to true.

From block 312 or 314 the routine continues to block 316
where it again checks the ABC active flag. If the ABC active flag is set, the
routine continues to block 318 where it checks whether the wheel under
consideration is the primary wheel. If the wheel under consideration is the
primary wheel, the routine continues to block 324 where it sets the filter gain,
GAIN, equal to zero. Otherwise the routine continues to block 320 where it

checks the SWCyy flag. If the SWCyy flag is set to true, the routine again
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continues to block 324. Otherwise the routine continues to block 322 to
which it continues if at block 316 the ABC active flag is not set.

At block 322, GAIN is set equal to a predetermined value, i.e.,
0.03. From block 322 or block 324, the routine continues to block 326 where

it computes the delta velocity for the wheel, AVyy (where XX = LF, RF,
LR, RR), according to:

AVxx = Vyy - VRxx,

where Vy is the normalized wheel speed and Vyyy is the reference speed
determined above with reference to figure 31. Block 326 also computes the

base delta velocity for each wheel, AVyyy, according to the equation:

AVBXX = GAIN * AVxx + (1'GAIN) * Avax(n"l).

Then at block 328, AVgxy is limited so that it is greater than
the predetermined minimum, for example -6.0 kph, and less than the TCS
target velocity referred to above with reference to figure 32. From block 328
the routine moves to block 330 where it repeats the loop beginning at block
270 until it has been executed for all four vehicle wheels, after which block
200 in figure 34 is completed.

When the gain of the filter block 326 is set to zero at block
324, this has the effect of freezing the value AVyyy so that it can be used as a
reference point for calculating ABC target delta velocity (described below).
This is done to support the PD or PID control which determines the value
AV, . The low cut off frequency for the filter is used so that each wheel’s
AVpxx does not follow the cycling of the wheel during ABS or traction
control conditions. The limits imposed at blocks 328 minimize the effects of
possible deep wheel cycles that can occur on low coefficient of friction

surfaces that may otherwise pass through the low pass filter at block 326.
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Referring to figure 34, once the subroutine at block 200 is
completed, the routine moves to block 202 where it performs a subroutine for
calculating the maximum delta velocity representing the maximum change in
brake force allowed at a wheel. The maximum delta velocity varies
depending upon the state of the vehicle and depending on the vehicle speed.
Therefore, separate vector calibration is necessary for understeer and
oversteer. The input to each of the vectors is the vehicle reference speed, Vj,
and the output is the maximum allowed delta velocity, AVy,, in kilometers/hr.
Since the relationships are nonlinear, as shown in figure 9, look-up tables are
implemented.

The routine is shown with reference to figure 38, which starts
at block 340 where it checks the oversteer flag. If the oversteer flag is set the
routine continues to block 342 where it looks up from an oversteer calibration
table, i.e., trace 346 in figure 39, AV, using vehicle speed as the input. If
the oversteer flag is not set, then at block 344, AV, is retrieved from a
separate understeer table, i.e., trace 348 in figure 39.

After block 342 or 344 the subroutine 202 is completed.
Referring again to figure 34, from block 202, the routine continues to block
204. At block 204 a subroutine is performed to calculate the target delta
velocity for each wheel, AVrxy, based on the AV, command, the master
cylinder pressure (if available), the ABS and TCS flags and AV .

Referring to figures 40A-B, the subroutine for determining
AV starts and moves to block 360 where it sets a variable MCO,
representing an offset to be calculated, equal to zero. Then at block 362, it
checks the ABS active flag. If the ABS is active then the routine limits the
amount of pressure release to be commanded to adjust yaw rate. This is done
by block 364 by setting the upper limit value, UL, equal to a predetermined
constant, i.e., 6.0 kph. Block 364 also sets the delta velocity gain, GDV,
equal to a predetermined calibrated value, i.e., 0.314. From block 364 the

routine continues to block 390 described further below.
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If at block 362 the ABS flag is not set, the routine continues to
block 366 where it sets UL equal to AV),. Then at block 368 the routine is
sent to block 382 if no master cylinder pressure sensor is included on the
vehicle. Otherwise the routine continues to block 370 where it performs the

5  same test performed at block 308, figure 37B. If the test is false, the routine
continues to block 382. If the test is true, the routine continues to block 372
where it checks the DFA flag and, if the flag is set to false, continues to block
382.

If the DFA flag is set to true, the routine continues to block

10 374 where it determines a brake command responsive to the master cylinder
pressure signal. The brake command determined at block 374 is used in a
brake-by-wire control of the front wheels for systems in which the activation
of the actuators would otherwise isolate the front brakes from the driver
pedal. The brake-by-wire control bypasses that isolation to maintain

15 continuous brake feel to the driver. Block 374 calculates the master cylinder

offset value, MCO, according to:

MCO = MCP * GMC * V,,

20  where MCP is the measured master cylinder pressure and GMC is the master
cylinder gain, for example, 0.0000765.

Next blocks 376 and 378 limit MCO to a predetermined
maximum offset, for example 20 kph. Then at block 382, the routine checks
whether or not the TCS flag is set. If not, the routine continues to block 386

25 where it sets the delta velocity gain GDV equal to 1. If the TCS flag is set,
the routine continues to block 384 where it checks whether the DDA flag is
set to true. If not, the routine continues to block 386. If so, the routine
continues to block 388 where GDV is set to 0.5.

From block 386 or 388, the routine continues to block 390

30  where the temporary delta velocity value, DVT, is determined according to:
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At block 392 DVT is compared to UL. If DVT is greater than UL, the
routine continues to block 398 where DVT is limited to UL. If at block 392
DVT is not greater than UL, the routine continues to block 394 where it
compares the value DVT temp to minus one times UL. If DVT is less than
the result, then block 396 limits DVT to minus one times UL.

From block 398, 394 or 396, the routine continues to block 400
where it begins a loop run for each of the four wheels. At block 402, the
routine checks whether or not a master cylinder pressure sensor is included on
the vehicle. If not, the routine continues to block 406 where it determines a
second temporary value, DVT2, equal to DVT. If the vehicle includes a
master cylinder pressure sensor, the routine continues to block 404 where it
checks whether the SWCyy flag is set to true. If not, the routine continues to
block 406. If yes, the routine continues to block 408 where it sets DVT2
equal to zero.

From block 406 or 408, the routine continues to block 410
where it checks whether the wheel being considered is the LAW. If so, the
routine continues to block 412 where it computes the ABC target delta

velocity for that wheel, AVyxx, according to:

AVTXX = AVBXX + DVT2 - MCO

From block 412, the routine continues to block 422, which sends the routine
to repeat the do loop until all four wheels have been considered.

If at block 410 the wheel is not the LAW, the routine continues
to block 416 where it checks whether or not the wheel is the RAW. If yes,
block 418 sets the ABC target delta velocity according to:
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AVixx = AVpyy - DVT2 - MCO.

From block 418 the routine moves to block 422. If, at block 416, the wheel
is not the right active wheel, the routine continues to block 420 where the
ABC target delta velocity for that wheel is set equal to the ABC base delta
velocity for that wheel. Then the routine continues to block 422 and once all
four wheels have been considered by the loops from blocks 400 to 422, the
routine is exited.

Thus, the routine at block 204 determines the ABC target delta
velocity for each of the four wheels responsive to the ABC base delta
velocity, a gain term determined at block 386 or 388 multiplied by the AV, ;
command. Additionally, if a master cylinder pressure sensor is implemented,
the ABC target delta velocity is responsive to the master cylinder pressure.

The master cylinder pressure sensor is necessary in rear wheel
drive implementation since during active brake control, the master cylinder
may be completely isolated from both front and rear wheels. This allows the
common offset to be added to both wheel terms based on the vehicle operator
input to the master brake cylinder.

In systems in which the base brakes are a drive-by wire
implementation, the master cylinder pressure sensor will generally be included
in the vehicle. The portion of the term represented by AV, is limited when
the ABS is active and when the differential torque by the active brake control
is being applied to the driven axle while the traction control is active. This is
the purpose of the constant gain at block 388. This helps in providing
transitions between active brake control and traction control modes. The limit
during ABS and traction control compensates for increased differential torque
authority resulting from the cycling of the brakes during traction control and
in ABS events.

Referring again to figure 34, once the subroutine at block 204

is completed and the target delta velocity is calculated for each vehicle wheel,
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the routine continues to blocks 206 to 210 where a loop is repeated
performing the subroutine at block 208 for each of the four vehicle wheels.
The subroutine at block 208 calculates the control terms for each vehicle
wheel. In general, a delta velocity error for each wheel is calculated and its
derivative determined. The delta velocity error is the difference between the
target delta velocity and the wheel’s actual delta velocity, AVyy

More particularly, referring to figure 41, block 430 first
updates the delta velocity error, AVgyy equal to AVyy minus AVyy. Then a
derivative of the error term, DEyy, is determined as (AVgyxy - AVgyx(n-
1))/0.01.

From block 430, the routine continues to block 432 where it

filters DEyy to determine DEyyy according to the equation:

DEXXF =(0.25* DEXX + 0.75 * DExxp(n'l).

Block 434 next determines a term DEByy equal to DEyyg, but no greater than
an upper limit and no lower than a lower limit. The upper and lower limits
are, for example, +/- 70.6 kph/s.

Block 436 next determines an error bias term, EByy equal to
DEByx multiplied by a predetermined gain, GEB, for example, 0.086.

Then at block 438, the control term for the wheel,
CONTROLyy, is determined as the sum of AVEyy plus EByy

The control terms, CONTROLyy, control the brake fluid apply
and release rate for the wheels under control. A positive control term (above
a deadband) commands an apply of brake fluid to the wheel brake, a negative
control term (below the deadband) commands a release of brake fluid from the
wheel brake and a control term within the deadband maintains the brake
pressure at its current level. Application of the control terms to affect the
desired apply and release rates is well known to those skilled in the art of anti-

lock brake control and/or positive acceleration traction control.
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1. In a vehicle with an active brake control system (52, 54,
56, 58, 68) and a plurality of vehicle wheels (12, 14, 16, 18), wherein the
active brake control system has an active state and an inactive state for each
wheel, a control method comprising the steps of:

determining individual wheel speeds of the vehicle
wheels responsive to sensor output signais (1016, 1018);

determining a vehicle reference velocity responsive to
the individual wheel speeds (1002-1012);

measuring vehicle yaw rate (1128);

determining a delta velocity for each wheel responsive
to the individual wheel speed for the wheel and the vehicle reference velocity
(326); and

when the active brake control system is in the active
state for at least one of the wheels,

(a) setting a base delta velocity for the one wheel
equal to the delta velocity for the one wheel immediately prior to the active
brake contro!l obtaining the active state for the one wheel (200);

(b) determining a control term responsive to the
measured vehicle yaw rate (806), wherein the control term represents a
desired delta velocity for the one wheel;

©) setting a first target change in delta velocity
responsive to the base delta velocity and the control term (204), wherein the
first target change in delta velocity represents an amount of change desired in
the delta velocity for the one wheel; and

d) controlling a first wheel brake for the one wheel
so that a difference between the delta velocity for the one wheel and the

desired delta velocity for the one wheel is minimized (208).
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2. A control method according to claim 1, wherein the step
of determining the vehicle reference velocity comprises the sub-steps of:
determining a velocity compensation term responsive to
the measured vehicle yaw rate (1002); and
determining the vehicle reference velocity responsive to
the sensor output signals and the compensation term (1004, 1006), wherein an
effect of vehicle yaw rate on the vehicle reference velocity is compensated

for.

3. A control method according to claim 2, wherein the
individual wheel speeds are determined responsive to the sensor output signals
and the compensation term (1016, 1018), wherein an effect of vehicle yaw

rate on the individual wheel speeds is compensated for.

4. A control method according to claim 1, also comprising
the step of determining a desired vehicle yaw rate (454) responsive to a

plurality of vehicle conditions.

5. A control method according to claim 4, wherein the

contro} term is also determined responsive to the desired vehicle yaw rate.

6. A control method according to claim 1, also comprising
the step of:
measuring a brake fluid pressure in a master cylinder
(94), wherein the first target change in delta velocity is also responsive to the

measured brake fluid pressure.

7. A control method according to claim 1, also comprising

the steps of:
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determining a second target change in delta velocity
responsive to the measured brake fluid pressure (374);
controlling a second wheel brake for another of the

wheels responsive to the second target change in delta velocity (402-418).

8. A control method according to claim 1, wherein said

one wheel and said another of the wheels are both front wheels of the vehicle.

9. In a vehicle with an active brake control system (52, 54,

56, 58, 68) and a plurality of vehicle wheels (12, 14, 16, 18), wherein the
active brake control system has an active state and an inactive state for each
wheel, the active brake control system comprising:

a yaw rate sensor (80) providing an output signal
indicative of measured vehicle yaw rate;

a plurality of speed sensors (28, 30, 32, 34) providing
sensor signals indicative of rotational velocities of the vehicle wheels:

controller (68) coupled to the speed and yaw rate
sensors, wherein the controller determines individual wheel speeds responsive
to the sensor signals, wherein the controller includes

(a) a signal summer for determining a difference
between the individual wheel speed for one of the wheels and a vehicle
reference speed (326);

(b) a filter (326), having a filter gain, receiving the
difference output from the signal summer and providing a filter output;

(c) a gain control (316-324) for the filter, wherein
the gain control changes the filter gain when the active brake control system is
in the active state for the one wheel so that the filter output does not change

during the active state for the one wheel,
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wherein the controller determines a control signal

(1116) for a wheel brake for the one wheel responsive to the filter output, the

difference signal, and the measured vehicle yaw rate.
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