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(67) A control system 24 for controlling a safety system 40 of a vehicle comprises a plurality of wheel speed
sensors 30 generating a plurality of wheel velocity signals, a lateral acceleration sensor 32 generating a
lateral acceleration signal and a controller 26 coupled to the plurality of wheel speed sensors 30, the
lateral acceleration sensor 32 and the safety system 40 wherein the controller 26 is operable to calculate a
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controller may determine correction factors, and calculate the final reference velocity in response to a
learning function.
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A SYSTEM AND METHOD FOR CONTROLLING A SAFETY SYSTEM

The present invention relates generally to dynamic
control systems for automotive vehicles and, more
specifically, to a system that compensates wheel speed

sensor signals to determine a vehicle reference velocity.

It is a well-known practice to control various
operating dynamics of a motor vehicle to achieve active
safety. Examples of active safety systems include traction
control, yaw stability control and roll stability control
systems. A more recent development has been to combine all
the available subsystems to achieve better vehicle safety
and dynamics performance. The effective operation of the
various control systems requires high-accuracy and fast-
response-times in the determination of the operating states
of the vehicle, regardless of road conditions and driving
conditions. Such vehicle operating states include the
vehicle longitudinal, lateral and vertical velocities
measured along the body-fixed longitudinal, lateral and
vertical axes, the attitude of the vehicle body, and the

travel course of the vehicle.

One piece of basic information that forms the afore-
mentioned vehicle state estimation is the linear velocity of
the rotating centres of the four wheels. For example, this
information can be used to assess the wheel slip used in
anti-brake-lock controls and traction controls and to
estimate the longitudinal velocity of the vehicle. 1In order
to obtain the linear corner velocities, the wheel speed
sensors are used. The wheel speed sensors output the
products of the wheel rotational speeds and the rolling
radii. The wheel rotational speeds are directly measured
and the rolling radii are assumed their nominal values.
During dynamic manoeuvres, the variations of the wheel
normal loading will affect the rolling radii. Hence, the

nominal rolling radii may not reflect the actual rolling
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radii and thus cause errors in the calculation of the wheel

speeds.

It is an object of this invention to provide a system
and method to provide a more accurate way in which to
determine the vehicle speed taking into consideration

changes in rolling radii.

According to a first aspect of the invention there 1is
provided a control system for controlling a safety system of
an automotive vehicle comprising a plurality of wheel speed
sensors generating a plurality of wheel velocity signals, a
lateral acceleration sensor generating a lateral
acceleration signal and a controller coupled to the
plurality of wheel speed sensors, the lateral acceleration
sensor and the safety system wherein the controller is
operable to calculate a final reference vehicle velocity in
response to a number of inputs including at least the
plurality of wheel velocity signals and is further operable
to control the safety system in response to the final

reference vehicle velocity.

The controller may be further operable to determine a
preliminary longitudinal velocity of the vehicle from the
plurality of wheel velocity signals, determine a plurality
of correction factors for the plurality of wheel velocity
signals, determine a vehicle reference velocity in response
to the plurality of correction factors, the plurality of
wheel velocities and the preliminary longitudinal velocity,
determining a vehicle reference velocity correction factor
in response to the lateral acceleration, calculate a final
reference velocity in response to the velocity correction
factor and the vehicle reference velocity and control the
safety system in response to the final reference vehicle

velocity.
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The system may further comprise a steering angle sensor
generating a steering actuator angle signal coupled to the
controller and a yaw rate sensor generating a yaw rate
signal coupled to the controller and the number of inputs
further includes the steering angle signal and the yaw rate

signal.

The safety system may comprises at least one of a
rollover control system, a yaw control system and an

antilock brake system.

The final reference vehicle velocity may be further

calculated in response to a learning function.

Determining a plurality of correction factors may be
performed using a learning function. The learning function

may average N correction factors, where N is an integer.

The controller may be further operable to determine a
nominal rolling radius. The wheel velocity may be a
function of vehicle speed. The nominal rolling radius may

be used to calculate a wheel velocity.

According to a second aspect of the invention there is
provided a method of controlling a safety system for an
automotive vehicle having a plurality of wheels comprising
determining a plurality of wheel velocities for the
plurality of wheels, determining a preliminary longitudinal
velocity of the vehicle from the plurality of wheel
velocities, determining a plurality of correction factors
for the plurality of wheel velocities for the plurality of
wheels, determining a vehicle reference velocity in response
to the plurality of correction factors, the plurality of
wheel velocities and the preliminary longitudinal velocity,
determining a lateral acceleration, determining a vehicle
reference velocity correction factor in response to the

lateral acceleration, determining a final reference velocity
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in response to the vehicle reference velocity correction
factor and the vehicle reference velocity and controlling
the safety system in response to the final reference

velocity.

The method may further comprise determining a yaw rate
determining a plurality of preliminary lateral velocity of
the vehicle from the plurality of wheel speeds and the yaw

rate.

The method may further comprise determining a front
steering angle, wherein determining a plurality of
correction factors are determined in response to the front

steering angle.

According to a second embodiment of the second aspect
of the invention there is provided a method of controlling a
safety system for an automotive vehicle having a plurality
of wheels comprising determining a plurality of wheel
velocities for the plurality of wheels, determining a yaw
rate, determining a preliminary longitudinal velocity of the
vehicle from the plurality of wheel velocities and the yaw
rate, determining a front steering angle, determining a
plurality of correction factors for the plurality of
preliminary wheel speeds in response to the front steering
angle, determining a vehicle reference velocity in response
to the plurality of correction factors and the plurality of
correction factors and the preliminary longitudinal

velocity.

The method may further comprise determining a lateral
acceleration, determining a velocity correction factor in
response to the lateral acceleration and determining a final
reference velocity in response to the velocity correction

factor and the vehicle reference velocity.
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Said safety system may comprises at least one selected
from a rollover stability control system, a yaw control
system, a traction control system or an antilock brake

control system.

The method may further comprise using a learning
function in the step of determining a plurality of

correction factors.

The invention will now be described by way of example

with reference to the accompanying drawing of which:-

Figure 1 is a top view of a motor vehicle illustrating
various operating parameters of a vehicle experiencing a

turning manoeuvre on a road surface;

Figure 2 is a side view of a motor vehicle wheel

illustrating various operating parameters of the wheel;

Figure 3 is a block diagram showing a portion of a
microprocessor interconnected to sensors and controlled
devices, which may be included in a system according to the

present invention; and

Figure 4 is a control system block diagram in

accordance with the present invention.

In the following figures the same reference numerals

will be used to illustrate the same components.

Referring now to Figure 1, various operating parameters
and variables used by the present invention are illustrated
as they relate to the application of the present invention
to a ground based motor vehicle 10 having wheels 12, 14, 16,
18. Those skilled in the art will immediately recognize the

basic physics represented by these illustrations, thereby
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making the adaptation to different types of vehicles easily
within their reach.

Lateral and longitudinal velocities of the centre of

, V .
gravity are denoted as Ve and 7Y, a yaw angular rate 1is

denoted as a@’ a front wheel steering angle is denoted as
0, lateral acceleration is represented by a,, longitudinal

acceleration is represented by ax.

Using those vehicle motion variables, the velocities of
the vehicle at the four corner locations, where the wheels
are attached to the vehicle, can be calculated in the
following form which are projected along the body fixed
longitudinal and lateral directions

,//ﬁ\’zVX—a)ztf’ I/]fj}:Vy+’a)zlf
fo =VX +wzlf, l/’[y :V,V +Cl):lf

Vh‘x = Vx —w,l,, Vlry = Vy ~wzlr

Vrrx = Vx +w,l,, Vrry = Vy _wzlr

(1)

where '/ and ’ are the half tracks for the front and

rear axles, (f and Iy are the distances between the centre of

gravity of the vehicle and the front and rear axles. The

VisYeg sV and Ver are the linear velocities of the

variables
four corners along the wheel heading directions (left front,
right front, left rear and right rear, respectively), which

can be calculated as in the following

Vip = Vs c0s(8) + Vg, sin(5)
Vip =V,scos(8)+7V,, sin(d)

Vi = Vi
Vrr = Vrrx ( 2 )

Referring now to Figure 2, vehicle corner velocity

along the wheel longitudinal direction is equal to the sum
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of the contact patch slip velocity Yo and the product of the

1) . . . 7
whl and its rolling radius 0.

wheel rotational rate
Referring now to Figure 3, stability control system 24
has a controller 26 used for receiving information from a
number of sensors which may include a yaw rate sensor 28,
speed sensors 30 (at each wheel), a lateral acceleration
sensor 32, a roll rate sensor 34, a steering angle (hand
wheel position) sensor 35, a longitudinal acceleration
sensor 36, a pitch rate sensor 37, and steering angle
position sensor 39. Steering angle position sensor 39
senses the position of the steered road wheels. Lateral
acceleration, longitudinal acceleration, yaw rate, roll
orientation and speed may also be obtained using a global
positioning system (GPS). Based upon inputs from the
sensors, controller 26 controls the safety system 40.
Depending on the desired sensitivity, the type of safety
system and various other factors, not all the sensors 28-39
may be used in a commercial embocdiment. Other factors may
be obtained from the sensors such as the surface mu and the

vehicle side slip angle, B.

Roll rate sensor 34 and pitch rate sensor 37 may sense
the roll condition to be used with a rollover control system

as an extension of the present application.

Safety system 40 may be a number of types of safety
systems including a roll stability control system, a yaw
control system, antilock brakes, traction control, airbags,

or active suspension system.

Safety system 40 if implemented may control a position
of a front right wheel actuator, a front left wheel
actuator, a rear left wheel actuator, or a right rear wheel
actuator. However it will be appreciated that two or more
of the actuators may be simultaneously controlled as one

actuator.
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Based on the inputs from sensors 28 through 39,
controller 26 determines the vehicle dynamic conditions and
controls the safety system. Contreocller 26 may also use
brake control coupled to front right brakes, front left
brakes, rear left brakes, and right rear brakes to
dynamically control the vehicle. By using brakes in
addition to steering control some control benefits may be
achieved. For example, yaw control and rollover control may

be simultaneously accomplished.

Speed sensor 30 may be one of a variety of speed
sensors known to those skilled in the art. For example, a
suitable speed sensor may include a sensor at every wheel
that is averaged by controller 26. As will be described
below, the controller 26 translates the wheel speeds into

the speed of the vehicle.

Referring now to Figure 4, a method of operating a
safety system using a corrected vehicle velocity is
determined. In step 60 the wheel speed sensors are read and

preferably each wheel has a separate speed sensor.

The wheel speed sensor outputs usually are calibrated

- . . . L ,V
for providing the linear directional velocities ViraYif Y and

Vrr by multiplying the wheel rotational angular speeds with a

nominal rolling radius of the wheels. The variables

wlf—sensor ’ wrf—xem'or s Ol _sensor and Wy consor are the wheel a ngu lar
velocity at the left-front corner, right-front corner, left-
rear corner and rear-right corner respectively. The nominal

rolling radius (typically used in ABS) for calculating wheel

speeds from the wheel rotational rates is o,
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Thus, the linear directional velocities may be

represented by:

vlf = w/f—sensor i
vrf = wrf -sensor 10
Vip = @y,

—sensor!0

Vrr = wrr—:enmrr() ( 3 )

Notice that the wheels have different rolling radii

7 .
than 9. Hence, in order to accurately calculate the actual
linear velocities at the four corners, correction factors

need to be added. The individual correction factors are

denoted as V%7 Xr ang X for the left-front, right-front,
left-rear and rear-right corners, respectively. Thus, the
linear directional velocities may then be represented by:

vlj' = Klfa)/f—sensorro
vrf = Krfwrf—sem'or o

\¢/

r =K

r Ol —sensor 10

Vir = K Opr_sensorto (4)

Notice also that the wheels experience not only the
rotational motion but also the linear sliding motion, or
longitudinal slip. The slip is caused by the relative
motion between the wheel and the road at the contact patch

(CP). The longitudinal velocities of the relative motions

v, SV Vo A
at the contact patches are denoted as @ @-tf>"ep-Ir gngq ",
then the vehicle corner velocities can be expressed as the

sums of two speeds as in the following:

Vi =Vep-y +Vy

Vr - vC/)'—f“f + v'f

Y

r = ch—lr VY,

rr = vcp—rr + vl’l"
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The longitudinal and lateral velocities of the vehicle
may be determined in step 62 from the sensors or even a
rough estimation by averaging certain variables calculated

from wheel speeds.

This may be a rough estimate or average but, as
mentioned above, does not take into consideration the

rolling radius or other factors.

Consider

Vy =V, tan(f) (6)

. . . . |
where s is the vehicle side slip angle 7 is the

lateral velocity of the vehicle and Vs is the longitudinal
velocity of the vehicle. 1In step 64, the front steering

angle 8 is determined. Then, the individual correction

factors V%7 %ir ang Xr for each wheel can be calculated in
step 66 as
V,[cos(8) + tan( B) sin(6)] + @, [/, sin(6) — 1 cos(5)] Vep-if
Kl/ = -
wlf— sensor 70 w(f-xensorr()
V. [cos(6) + tan( ) sin(8)] + [l sin(5) + ¢, cos(6)] Veporf
Ky, = -
a)rf —sensor 10 @ rf—wnmrro
o Vx —-a.l, Vep-ir
Ky = T
Dpp—sensorTo Dir-sensor’o
. = Vx +w,t, Vep-rr
= -
Dyy_sensor™  Prr-sensor 0 (7)
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The product term tan(f)sin(d) ;g negligible in comparison

to 00“5), hence equation (7) may be further simplified to

the following, which is independent of the vehicle side slip

angle B
5
. V. cos(8) +w, !, sin(6) —¢, c0s(9)] Vep-if
r= -
wlf —sensorT0 w/f -sensor 70
. V, cos(8) + @, [l sin(8) +1, cos(0)] _ Veps
o=
wrf—senmrr 0 D sensorto
V,—w,t Vep-
X ztr cp=ir
K. -
Dpr—sensor™®  Dir-sensor0
_K+@q Vep-rr
K.r" - 2 - .
Dpr_sensor’s  Drr—sensor’d (8)

In the case of small wheel longitudinal slip ratios,
the longitudinal velocities Vep-if »Vep=rf s Vep-Ir ang Y- of the
10 relative motions at the contact patches are close to zero,

and equation (8) can be further simplified as the following

V. cos(8) + @[l sin(6) ¢, cos(8)]

K/f ~
wlf—semorr()
- V,cos(8) + w, [l sin(6)+1, cos(9)]
=
a)zf -sensor 0
V. -w.t
_ x ztr
Ky ="
Dy —sensor’o
V. +w.t
P | =t
I\,.,. = —‘
Dy sensor 1 ( 9)

15
The digital value of the above wheel speed individual
correction factors “V¥/ K ana ®r at the time instant
Kir > Ku s K, K . .
t=kAT gye "V>"">"Mm and "™, then learning algorithms can be
used to calculate the average correction factors.
20



10

15

12

The correction factors are determined using an

iterative process that is updated every N calculation

samples in the following learning example.

Notice that this

is a conditional computation which is conducted only if the

wheel’s longitudinal slip ratios are small.

START

if k<N
_ Ky
AT
— Kifi
Ko =50 Ty
— I,
Kin, =K, + &l
= — Il
rrw = Kt N
k=k+1

elseif k=N
k=0
Ky =Ky, .,
Ky =Ky,
Elr = ’\T]’:\:u
E"" = _rr,vu
go 1o START

Using the above learning algorithm,

(10)

corrected wheel

speeds at each wheel can be determined in step 66 based upon

the learned correction factor.

vlf,‘ = K[frOwl/'—censork

vrfA = Krf 0 wry’—sensoq
vli; =Kyhy wlr—xensm;

vrq = Ky HgWpye sensor,

(11)

Notice that the above learning algorithm only corrects

the individual wheel speeds.

There are cases when the
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average rolling radii of the four wheels are reduced
together due to vehicle loading change. Feeding back the
above corrected wheel speeds to the algorithms used in

vehicle dynamics control will provide a vehicle reference

. 14 , . .
velocity ' in step 70 which needs to be further calibrated
against the available vehicle longitudinal acceleration

sensor signal.

Consider that the actual vehicle reference velocity is

re

where K is the global correction factor due to the
total vehicle loading. K is usually a slow time varying

parameters

KV, =a, g0, (13)

where 0, is the vehicle pitch angle generated from a
pitch angle sensor or calculated from the pitch rate sensor

signal.

In step 72, the longitudinal acceleration 9 is

determined. Then, the following variables are defined

9’ ef, axn 0)’|
- |V, a 6
7 nfz , Ax — ':z , ®y — ):’z
G’ efy a‘.\' 9)"\. (14)

Then a least square computation of the correction
factor due to loading can be determined in step 74 as the

following:

& = vV’ 17)I7T[Ax -g9,]
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or in the following form

M+N
Z Vref, (ax‘ —gayh)
s k=M+1
k= M+N
)
2 P,
k=M +l (16)
5 Notice that the global correction factor K is updated

every N computational samples when the wheels have small

longitudinal slip ratios. The digital implementation of

equation (16) can be obtained as in the following where Vs

is the updated reference velocity determined in step 76.
10

START
if k<N
Ak+l = Ak + {;ref,‘,l (axk,. - ge}’m)

Vk+1 = Vk + Vreﬁ“,vref,“l

k=k+1
elseif k=N
r? - AN+I
VN+I
k=0

go to START

The final corrected wheel speed sensor signals may be
15 corrected by the aforementioned factors can also be obtained

as the following:

V/ﬂ = K‘K[froa)/f—senwr‘
vrﬁ = K’(lfr'()a)r:f—srm<mr,~

vlq = KKl a)lr—sensoq

. P
vrq = KK, Ty a)rr——.s'enmr,r
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Once the corrected final vehicle reference velocity is
determined, the safety system 40 may be controlled using the

compensated velocity values.

Therefore in summary, the present invention provides an
improved determination of the individual wheel speeds. In
the present invention the individual wheel speed
calculations may be compensated for by learning the rolling
radii of the wheels. Thus, a more accurate determination of
the vehicle reference velocity or the longitudinal velocity

may be determined.

In accordance with one aspect of the invention, a
control system for controlling a safety system of an
automotive vehicle includes a plurality of wheel speed
sensors generating a plurality of wheel velocity signals, a
steering angle sensor generating a steering actuator angle
signal, a yaw rate sensor generating a yaw rate signal, a
lateral acceleration sensor generating a lateral
acceleration signal and a controller. The controller
generates a final reference vehicle velocity in response to
the plurality of wheel speed signals, the steering angle
signal, the yaw rate signal and the lateral acceleration
signal. The controller controls the safety system in

response to the final reference vehicle velocity.

In a further aspect of the invention, a method of
controlling a safety system for an automotive vehicle having
a plurality of wheels includes determining a plurality of
wheel velocities for the plurality of wheels, determining a
preliminary longitudinal velocity of the vehicle from the
plurality of wheel velocities, determining a plurality of
correction factors for the plurality of wheel velocities for
the plurality of wheels, determining a vehicle reference
velocity in response to the plurality of correction factors,
the plurality of wheel velocities and the preliminary

longitudinal velocity, determining a lateral acceleration,
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determining a vehicle reference velocity correction factor
in response to the lateral acceleration, determining a final
reference velocity in response to the vehicle reference
velocity correction factor and the vehicle reference
velocity, and controlling the safety system in response to

the final reference velocity.

While particular embodiments of the invention have been
shown and described, it will be appreciated by those skilled
in the art that numerous variations and alternate
embodiments could be made without departing from the scope

of the invention.
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Claims

1. A control system for controlling a safety system
of an automotive vehicle comprising a plurality of wheel
speed sensors generating a plurality of wheel velocity
signals, a lateral acceleration sensor generating a lateral
acceleration signal and a controller coupled to the
plurality of wheel speed sensors, the lateral acceleration
sensor and the safety system wherein the controller is
operable to calculate a final reference vehicle velocity in
response to a number of inputs including at least the
plurality of wheel velocity signals and is further operable
to control the safety system in response to the final

reference vehicle velocity.

2. A control system as claimed in claim 1 wherein the
controller is further operable to determine a preliminary
longitudinal velocity of the vehicle from the plurality of
wheel velocity signals, determine a plurality of correction
factors for the plurality of wheel velocity signals,
determine a vehicle reference velocity in response to the
plurality of correction factors, the plurality of wheel
velocities and the preliminary longitudinal velocity,
determining a vehicle reference velocity correction factor
in response to the lateral acceleration, calculate a final
reference velocity in response to the velocity correction
factor and the vehicle reference velocity and control the
safety system in response to the final reference vehicle

velocity.

3. A control system as claimed in claim 1 wherein the
system further comprises a steering angle sensor generating
a steering actuator angle signal coupled to the controller
and a yaw rate sensor generating a yaw rate signal coupled
to the controller and the number of inputs further includes

the steering angle signal and the yaw rate signal.
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4. A control system as claimed in any of claims 1 to
3 wherein the safety system comprises one of a rollover
control system, a yaw control system and an antilock brake

system.

5. A control system as claimed in any of claims 1 to
4 wherein the final reference vehicle velocity is further

calculated in response to a learning function.

6. A control system as claimed in claim 5 when
dependent upon claim 2 wherein determining a plurality of

correction factors is performed using a learning function.

7. A control system as claimed in claim 6 wherein the
learning function averages N correction factors, where N is

an integer.

8. A control system as claimed in any of claims 1 to
7 wherein the controller is further operable to determine a
nominal rolling radius and the wheel velocity is a function

of vehicle speed.

9. A method of contrelling a safety system for an
automotive vehicle having a plurality of wheels comprising
determining a plurality of wheel velocities for the
plurality of wheels, determining a preliminary longitudinal
velocity of the vehicle from the plurality of wheel
velocities, determining a plurality of correction factors
for the plurality of wheel velocities for the plurality of
wheels, determining a vehicle reference velocity in response
to the plurality of correction factors, the plurality of
wheel velocities and the preliminary longitudinal velocity,
determining a lateral acceleration, determining a vehicle
reference velocity correction factor in response to the
lateral acceleration, determining a final reference velocity
in response to the venicle reference velocity correction

factor and the vehicle reference velocity and controlling
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the safety system in response to the final reference

velocity.

10. A method as claimed in claim 9 wherein the method
further comprises determining a yaw rate determining a
plurality of preliminary lateral velocity of the vehicle
from the plurality of wheel speeds and the yaw rate.

11. A method as claimed in claim 9 or in claim 10
where the method further comprises determining a front
steering angle, wherein determining a plurality of
correction factors are determined in response to the front

steering angle.

12. A method of controlling a safety system for an
automotive vehicle having a plurality of wheels comprising
determining a plurality of wheel velocities for the
plurality of wheels, determining a yaw rate, determining a
preliminary longitudinal velocity of the vehicle from the
plurality of wheel velocities and the yaw rate, determining
a front steering angle, determining a plurality of
correction factors for the plurality of preliminary wheel
speeds in response to the front steering angle, determining
a vehicle reference velocity in response to the plurality of
correction factors and the plurality of correction factors

and the preliminary longitudinal velocity.

13. A method as claimed in claim 11 further comprising
determining a lateral acceleration, determining a velocity
correction factor in response to the lateral acceleration
and determining a final reference velocity in response to
the velocity correction factor and the vehicle reference

velocity.

14. A method as claimed in any of claims 9 to 13
wherein said safety system comprises at least one selected
from a rollover stability control system, a yaw control
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system, a traction control system or an antilock brake

control system.

15. A method as claimed in any of claims 9 to 14
further comprising using a learning function in the step of

determining a plurality of correction factors.

16. A system substantially as described herein with

reference to the accompanying drawing.

17. A system substantially as described herein with

reference to the accompanying drawing.
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