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1

METHOD FOR DETERMINING A
LONGITUDINAL VEHICLE BY
COMPENSATING INDIVIDUAL WHEEL
SPEEDS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS REFERENCE TO RELATED
APPLICATIONS

The present invention claims priority to provisional appli-
cation No. 60/450,248, filed on Feb. 26, 2003, filed simulta-
neously herewith, the disclosure of which 1s incorporated by
reference.

BACKGROUND OF INVENTION

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 1s 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 avail-
able subsystems to achieve better vehicle safety and dynam-
ics performance. The effective operation of the various con-
trol 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, lat-
eral 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 aforemen-
tioned vehicle state estimation is the linear velocity of the
rotating centers of the four wheels. For example, this infor-
mation can be used to assess the wheel slip used 1 anti-
brake-lock controls and traction controls and to estimate the
longitudinal velocity of the vehicle. In order to obtain the
linear corer 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 radi1 are
assumed their normal values. During dynamic maneuvers,
the vaniations of the wheel normal loading will affect the
rolling radii. Hence, the nominal rolling radii may not retlect
the actual rolling radi1 and thus cause errors 1n the calcula-
tion of the wheel speeds.

It would, therefore be desirable to provide a more accurate
way 1n which to determine the vehicle speed taking into
consideration changes in rolling radii.

SUMMARY OF INVENTION

The present invention provides an improved determina-
tion of the individual wheel speeds. In the present invention
the individual wheel speed calculations may be compensated
for by learning the rolling radi of the wheels. Thus, a more
accurate determination of the vehicle reference velocity or
the longitudinal velocity may be determined.

In one aspect of the invention, a control system 24 for
controlling a safety system 40 of an automotive vehicle
includes a plurality of wheel speed sensors 30 generating a
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plurality of wheel velocity signals, a steering angle sensor 39
generating a steering actuator angle signal, a yaw rate sensor
28 generating a yaw rate signal, a lateral acceleration sensor
32 generating a lateral acceleration signal and a controller
26. The controller 26 generates a final reference vehicle
velocity 1n response to the plurality of wheel speed signals,
the steering angle signal, the yaw rate signal and the lateral
acceleration signal. The controller 26 controls the safety sys-
tem 1n response to the final reference vehicle velocity.

In a further aspect of the mvention, a method of control-
ling a safety system for an automotive vehicle having a plu-
rality of wheels includes determining a plurality of wheel
velocities for the plurality of wheels, determining a prelimi-
nary longitudinal velocity of the vehicle from the plurality of
wheel velocities, determining a plurality of correction fac-
tors for the plurality of wheel velocities for the plurality of
wheels, determining a vehicle reference velocity 1n response
to the plurality of correction factors, the plurality of wheel
velocities and the preliminary longitudinal velocity, deter-
mining a lateral acceleration, determining a vehicle refer-
ence velocity correction factor in response to the lateral
acceleration, determining a final reference velocity 1n
response to the vehicle reterence velocity correction factor
and the vehicle reference velocity, and controlling the safety
system 1n response to the final reference velocity.

Other advantages and features of the present invention
will become apparent when viewed 1n light of the detailed
description of the preferred embodiment when taken 1n con-

Y junction with the attached drawings and appended claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a top view of a motor vehicle 1llustrating various
operating parameters ol a vehicle experiencing a turning
maneuver on a road surface.

FIG. 2 1s a side view of a motor vehicle wheel illustrating
various operating parameters of the wheel.

FIG. 3 1s a block diagram showing a portion of a micro-
processor interconnected to sensors and controlled devices,
which may be included 1n a system according to the present
invention.

FIG. 4 1s a control system block diagram in accordance
with the present invention.

DETAILED DESCRIPTION

In the following figures the same reference numerals will
be used to illustrate the same components.

Referring now to FIG. 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 1n the art will immediately recognize the basic
physics represented by these illustrations, thereby making
the adaptation to different types of vehicles easily within
their reach. A lateral and longitudinal velocities of the center
of gravity are denoted as V_ and V , a yaw angular rate 1s
denoted as w_, a front wheel steering angle 1s denoted as 9,
lateral acceleration 1s represented by a,, longitudinal accel-
eration 1s represented by a_.

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
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form which are projected along the body fixed longitudinal
and lateral directions

V=V, —0,ts V m=Vy+mz[f
Vo a=V,+0,t, V, o=V +0,l,
V=V~ Vi, =V ~0.l,
(1)

where t.and t, are the half tracks for the front and rear
axles, l.and 1, are the distances between the center of gravity
of the vehicle and the front and rear axles. The variables V
V,» V, and V  are the linear velocities ot the four corners
along the wheel heading directions (left front, right front,
left rear and right rear, respectively), which can be calculated
as 1n the following

V=V, 00,1, V,, =V .,

V=V 4 €0s (0)+V 4, sin (0)
V, =V, 4 cos (0)+V, 4 sin (0)
Vfr=vfrx

V=V (2)

Referring now to FIG. 2, vehicle corner velocity along the
wheel longitudinal direction 1s equal to the sum of the con-
tact patch slip velocity v_, and the product of the wheel
rotational rate m_, , and 1ts rolling radius r,,.

Referring now to FIG. 3, stability control system 24 has a
controller 26 used for receving information from a number
ol 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 sys-
tem and various other factors, not all the sensors 28-39 may
be used 1n a commercial embodiment. Other factors may be
obtained from the sensors such as the surface mu and the
vehicle side slip angle, 3.

Roll rate sensors 34 and pitch rate sensors 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 1ncluding a roll stability control system, a yaw con-
trol system, antilock brakes, traction control, airbags, or
active suspension system.

Safety system 40 1f 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.
Although, as described above, two or more of the actuators
may be simultaneously controlled as one actuator. Based on
the inputs from sensors 28 through 39, controller 26 deter-
mines the vehicle dynamic conditions and controls the safety
system. Controller 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 1n 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 1s
averaged by controller 26. As will be described below, the
controller 26 translates the wheel speeds 1nto the speed of
the vehicle.
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Referring now to FIG. 4, a method of operating a safety
system using a corrected vehicle velocity 1s determined. In
step 60 the wheel speed sensors are read. In one embodiment
cach wheel has a separate speed sensor.

The wheel speed sensor outputs usually are calibrated for
providing the linear directional velocities V., V.V, and V
by multiplying the wheel rotational angular speeds with a
nominal rolling radius ot the wheels. The variables w,. ..,
W, £ sensors Dirsensor Ad ®,_  are the wheel angular
velocity at the left-front comer, right-ifront corner, left-rear
corner and rear-right corner respectively. The nominal roll-
ing radius (typically used in ABS) for calculating wheel
speeds from the wheel rotational rates 1s r,. Thus, the linear

directional velocities may be represented by:

V.{f= m.{ﬁsensar'r O
v}"f: mrﬁsensarr 0

VI}“:mfr—sensarr 4]

(3)

Vir =Wy sensorlo

Notice that the wheels have different rolling radi1 than r,.
Hence, 1n order to accurately calculate the actual linear
velocities at the four corners, correction factors need to be
added. The mdividual correction factors are denoted as K,
K,s K;. and K, for the left-front, right-front, left-rear and
rear-right corners, respectively. Thus, the linear directional
velocities may then be represented by:

V.{,i'; Kgfm lf-sens orl0
v}"f: K}j}‘('o ri-sens orl0
Vi F=Kfrm Ir-sensorl 0

(4)

V=K 0, sensorlo

Notice also that the wheels experience not only the rota-
tional motion but also the linear sliding motion, or longitudi-
nal slip. The slip 1s caused by the relative motion between
the wheel and the road at the contact patch (CP). The longi-
tudinal velocities of the relative motions at the contact
patches are denoted as v_, ;s V¢ yops and v, then the
vehicle corner velocities can be expressed as the sums of two
speeds as 1n the following

ViVt Viy

Vrj= ch—rfl_ Vrf
VEF=V5p—IF+V.§r
V,,=v_, .+V,, (5)

¥t op-ry

The longitudinal and lateral velocities of the vehicle may
be determined 1n step 62 from the sensors, or they may be
calculated as 1n Ford disclosure 201-1057 filed simulta-
neously herewith, 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

V=V, tan (B) (6)

where 5 1s the vehicle side slip angle V15 the lateral velocity
of the vehicle and V_ 1s the longitudinal velocity of the
vehicle. In step 64, the front steering angle 8 1s determined.

Then, the individual correction factors K,» K, . K, and K,
for each wheel can be calculated 1n step 66 as
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V. |cos(d) + tan(B)sin(0) | + w,|lss1n(d) — tpcos(0)] (7)
Kif = —_
! (I —sensorl0
Vep-If
(f —sensorl0
B Vx[cos(d) + tan(f)sin(d) | + w, [lgsin(d) + trcos(o)]
ot = Wrf—sensorl 0
Vep—if
(Wrf —sensorlQ
V}; _ Imﬂﬁ' Yep—Ir
Klr = — P

(WNr—sensorl 0 (M —sensorl0

Ker = —
Wy —sensorl()

Yep—rr

(Wrr—sensorlQ

The product term tan ({3) sin (0) 1s negligible 1n compari-
son to cos (0), hence equation (7) may be further simplified
to the following, which 1s independent of the vehicle side
slip angle

- V. cos(0) + w,|[lgsin(o) — trcos(0)] Vep-If (3)
s (J1f—sensorl 0 B (Wi —sensorl0
V,cos(Q) + w,|lesin(d) + tecos(0)] Vep—if
= (Wrf—sensorl0 - (Wrf—sensorl0
Vi = wat; Vep-Ir
Kip = —

(Nr—sensorl 0 (r—sensorl0

Ker = —
(hrr—sensorl0

Vep—rr

(rr—sensorl 0

In the case of small wheel longitudinal slip ratios, the
long%tudmal. velocities vV, ;s Vo, 5 Ve, and v, of the
relative motions at the contact patches are close to zero, and

equation (8) can be fturther simplified as the following

V., cos(0) + w,|[lgsin(o) — trcos(O)] (3)

Kif =
(WIf—sensorl 0
V,cos(Q) + w,|lesin(d) + tecos(0)]
Kef ==
(Wrf—sensorlQ
V}; - '[U'ztr
Kir =

(Nr—sensorl 0

Vi + w,t,
Kep =

(rr—sensorl0

The digital value of the above wheel speed individual cor-

rection factors K,z K, 5 K;, and K, at the time instant t=kAT
are

K. K, K;, and K,

.
then learming algorithms can be used to calculate the average
correction factors. The correction factors are determined
using an 1terative process that 1s updated every N calculation
samples 1n the following learning example. Notice that this

1s a conditional computation which 1s conducted only if the
wheel’s longitudinal slip ratios are small.

START (10)

if k<N
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-continued

K]
— = Tk+1
King ) = K + g

Ky = Ky N
k=k+1
elseif k=N

k=0

oo to START

Using the above learning algorithm, corrected wheel
speeds at each wheel can be determined in step 66 based
upon the learned correction factor.

V.{ﬁc:KE}I Um.{f—sensar;c

Vrf;c rjI Dmrﬁs ENSOVY

Vg r';c= Kfrr Gm fr-sensory

vrr;c= o Gmrr—sensark ( 11 )

Notice that the above learning algorithm only corrects the
individual wheel speeds. There are cases when the 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 velocity

Ea

Vref

in step 70 which needs to be further calibrated against the
available vehicle longitudinal acceleration sensor signal.

Consider that the actual vehicle reference velocity 1s

VFE'Ji": K“;Tre > f (1 2)

where K 1s the global correction factor due to the total
vehicle loading. K 1s usually a slow time varying parameters

K‘:/Tref d,— gey ( 13 )

where 6 1s the vehicle pitch angle generated from a pitch
angle sensor or calculated from the pitch rate sensor signal.

In step 72, the longitudinal acceleration a_ 1s determined.
Then, the following variables are defined

o1 ot e (14)

~ V[‘t:fz aKZ 9?2
V = LAy = 0,=| |,
N meN i - aKN - - QFN -

Then a least square computation of the correction factor
due to loading can be determined 1n step 74 as the following:

K=imv(VIV)V'[A,-g0,] (15)
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or 1n the following form
M+N - (16)
Z Vrﬁfk(axk — ggyk)
o My
M+N
~2
Z Vrefy
k=M+1

Notice that the global correction factor

.

K

1s updated every N computational samples when the
wheels have small longitudinal slip ratios. The digital imple-
mentation of equation (16) can be obtained as in the follow-
ing where V. ; 1s the updated reference velocity determined
in step 76.

START

if k<N

Agy = A+ Vet (B — 80y, )

Virl = Vi + Vief, | Veefy 4

k=k+1
elseif k=N

ANt

K=
VN+1

k=0
go to START

The final corrected wheel speed sensor signals may be
corrected by the alorementioned factors can also be obtained
as the following:

Viﬁ:= KKE}‘I o {f-sensory
Vrfk= KKUI Dmrf—s ERSOYY

Vf F;C=KKfrr Dm [r-sensor)

S —

V?"P"k= ?"YrDmFF—SEHSDFk (]‘7)

Once the corrected final vehicle reference velocity 1s
determined, the safety system 40 may be controlled using
the compensated velocity values.

While particular embodiments of the mnvention have been
shown and described, numerous variations and alternate
embodiments will occur to those skilled in the art.
Accordingly, 1t 1s intended that the invention be limited only
in terms of the appended claims.

What 1s claimed 1s:

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 steering angle sensor generating a steering actuator
angle signal;
a yaw rate sensor generating a yaw rate signal;

a [lateral] longitudinal acceleration sensor generating a
[lateral] longitudinal acceleration signal; and

a controller coupled to the plurality of wheel speed
sensors, the steering actuator angle sensor, the yaw rate
sensor, the [lateral] longitudinal acceleration sensor,
said controller generating a final reference vehicle
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velocity 1n response to the plurality of wheel velocity
signals, the steering angle signal, the yaw rate signal
and the [lateral] longitudinal acceleration signal, said
controller controlling the safety system 1n response to
the final reference vehicle velocity.

2. A control system as recited in claim 1 wherein the
safety system comprises a rollover control system.

3. A control system as recited in claim 1 wherein the
safety system comprises a yaw control system.

4. A control system as recited 1n claim 1 wherein the
safety system comprises an antilock brake system.

5. A control system as recited 1n claim 1 wherein the final
reference vehicle velocity 1s determined i response to a
learning function.

6. A control system for an automotive vehicle comprising;:

a plurality of wheel speed sensors generating a plurality of
wheel velocity signals;

a [lateral] longitudinal acceleration sensor generating a
[lateral] longitudinal acceleration signal;

a safety system; and

a controller coupled to the plurality of wheel speed
sensors, the [lateral] longitudinal acceleration sensor
and the safety system, said controller determining a
preliminary longitudinal velocity of the vehicle from
the plurality of wheel velocity signals, determining a
plurality of correction factors for the plurality of wheel
velocity signals, determining a vehicle reference veloc-
ity in response to the plurality of correction factors, the
plurality of wheel velocities and the preliminary longi-
tudinal velocity, determining a vehicle reference veloc-
ity correction factor in response to the [lateral] longitu-
dinal acceleration, determining a final reference
velocity 1n response to the velocity correction factor
and the vehicle reference velocity, said controller con-
trolling the safety system 1n response to the final refer-
ence vehicle velocity.

7. A control system as recited in claam 1 wherein the
safety system comprises a rollover control system.

8. A control system as recited 1n claim 1 wherein the
safety system comprises a yaw control system.

9. A control system as recited 1 claim 1 wherein the
safety system comprises an antilock brake system.

10. A control system as recited 1n claim 1 wherein deter-
mining a plurality of correction factors 1s performed using a
learning function.

11. A control system as recited in claim [1] /0 wherein the
learning function averages N correction factors, where N 1s
an integer.

12. A control system as recited in claim 1 further compris-
ing said controller determining a nominal rolling radius,

wherein the wheel velocity 1s a function of vehicle speed.
13. A method of controlling a safety system for an auto-
motive vehicle having a plurality of wheels comprising:

determining a plurality of wheel velocities for the plural-
ity of wheels;

determining a preliminary longitudinal velocity of the
vehicle from the plurality of wheel velocities;

determining a plurality of correction factors for the plural-
ity 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] longitudinal acceleration;

determining a vehicle reference velocity correction factor
in response to the [lateral] longitudinal acceleration;
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determining a final reference velocity in response to the
vehicle reference velocity correction factor and the
vehicle reference velocity; and

controlling the safety system 1n response to the final refer-

ence velocity.

14. A method as recited in claim 13 further comprising
determining a yaw rate determining a plurality of prelimi-
nary [lateral] longitudinal velocity of the vehicle from the
plurality of wheel speeds and the yaw rate.

15. A method as recited in claim 13 further comprising
determining a front steering angle, wherein determining a
plurality of correction factors are determined 1n response to

the front steering angle.

16. A method as recited 1n claim 13 wherein said safety
system comprises at least one selected from a rollover stabil-
ity control system, a yaw control system, a traction control

system or an antilock brake control system.

17. A method as recited in claim 13 further comprising
using a learning function 1n the step of determining a plural-
ity ol correction factors.

18. A method of controlling a safety system for an auto-
motive vehicle having a plurality of wheels comprising:

determining a plurality of wheel velocities for the plural-
ity ol wheels;
determining a yaw rate;

determining a preliminary longitudinal velocity of the
vehicle from the plurality of wheel velocities and the

yaw rate;
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determining a front steering angle;

determining a plurality of correction factors for the plural-
ity of preliminary wheel speeds 1n response to the front
steering angle;

determiming a vehicle reference velocity 1n response to the
plurality of correction factors and the plurality of cor-
rection factors and the preliminary longitudinal veloc-
ty.
19. A method as recited 1n claim 18 further comprising
determining a [lateral] longitudinal acceleration;

determining a velocity correction factor in response to the
[lateral] longitudinal acceleration; and

determining a final reference velocity in response to the
velocity correction factor and the vehicle reference
velocity.
20. A method as recited 1n claim 18 further comprising
using a learming function 1n the step of determining a plural-
ity of correction factors.

21. A method as recited 1n claim 18 wherein said safety
system comprises at least one selected from a rollover stabil-
ity control system, a yaw control system, a traction control
system or an antilock brake control system.
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