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(57) Abstract: A system for estimating vehicle side-slip in the linear vehicle operating region that includes updating front and rear
cornering stiffness signals. The system includes a first state observer processor that employs a bicycle model with state feedback
for generating yaw acceleration and lateral acceleration signals. The system further includes a subtractor that receives the yaw
& acceleration and lateral acceleration signals and measured yaw rate and lateral acceleration signals, and generates yaw acceleration
and lateral acceleration error signals. A parameter estimation processor calculates an updated front cornering stiffness and rear
cornering stiffness signals. The updated front and rear cornering stiffness signals are sent back to the first state observer processor,
and are used by second state observer processor for generating the estimated vehicle side-slip.
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ONLINE ESTIMATION OF VEHICLE
SIDE-SLIP UNDER LINEAR OPERATING REGION

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] This invention relates generally to a method for
estimating vehicle side-slip and, more particularly, to a method for estimating
vehicle side-slip within a linear vehicle operating region, where the method
includes updating front and rear cornering stiffness signals using a linear
bicycle model with state feedback.

2. Discussion of the Related Art

[0002] Various vehicle control systems are known in the art,
such as lane-keeping systems, lane-changing systems and path-following
systems, that improve driver convenience, safety and comfort. These control
systems typically operate within a linear vehicle operating region, where the
vehicle states define the behavior of the vehicle. Vehicle side-slip is one of
the key states for determining vehicle dynamics, kinematics and control for
these types of control systems. Vehicle side-slip is defined as the lateral
speed at the vehicle’s center of gravity in a direction perpendicular to the
vehicle longitudinal velocity. The vehicle side-slip combined with the vehicle
longitudinal velocity forms a vehicle vector velocity in the vehicle traveling
direction. Vehicle control systems calculate the vehicle side-slip to determine
an error so that the vehicle can be controlled to reduce the side-slip to zero.
However, vehicle side-slip is difficult to accurately calculate because vehicle
side-slip is typically very small within the linear operating region of the vehicle.
Also, measuring the vehicle lateral speed to determine the side-slip is
currently cost prohibitive, and thus impractical.

[0003] Three approaches are known in the art for determining
vehicle side-slip. These approaches are sometimes defined as an indirect
sensor approach, a direct sensor approach and a model-based approach.
The indirect sensor approach estimates vehicle side-slip by the integration of
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the side-slip rate from existing sensors, such as yaw rate sensors and lateral
acceleration sensors. However, this approach typically has the
disadvantages of sensor noise, drift and cumulative integration error.

[0004] The direct sensor approach measures the vehicle side-
slip directly, such as by a GPS or camera based system. However, this
approach typically has a slow throughput, and is often subject to weather
and/or road conditions, and thus may not be suitable for fast-loop control
purposes and be reliable for all times.

[0005] The model based approach is valid only in the vehicle
linear operating region, but has the advantages of being more reliable and
cost effective. The model based side-slip estimation results are more smooth
and continuous, and the requirements of the sensors are less restrictive.
However, the model based approach is often limited by model inaccuracy,

. unknown road surfaces and other unknown disturbances.

SUMMARY OF THE INVENTION

[0006] In accordance with the teachings of the present
invention, a system for estimating vehicle side-slip in the linear vehicle
operating region is disclosed that includes updating front and rear cornering
stifiness parameters. The system includes a first state observer processor
that employs a bicycle model for generating yaw acceleration and lateral
acceleration signals. The first state observer processor receives sensor
signals from a vehicle speed sensor and a hand-wheel angle sensor. The
system calculates yaw acceleration and lateral acceleration and compares
them to measured yaw rate and lateral acceleration signals to generate yaw
acceleration and lateral acceleration error signals. The error signals are sent
to a parameter estimation processor that calculates an updated front
cornering stiffness and rear cornering stiffness. The updated front and rear
cornering stiffness are sent back to the first state observer processor, and are
used by a second state observer processor for generating the estimated
vehicle side-slip. The system includes a logic and data sanity check
processor to ensure that the updated front and rear cornering stiffness are
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meaningful and meet predetermined criteria before the second state observer
processor uses them.

[0007] Additional features of the present invention will become
apparent from the following description and appended claims, taken in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Figure 1 is a block diagram of a system for estimating
vehicle side-slip, according to an embodiment of the present invention; and
[0009] Figure 2 is a flow chart diagram showing a method for
determining whether updated front and rear cornering stiffness signals meet
predetermined criteria, according to an embodiment of the present invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0010] The following discussion of the embodiments of the
invention directed to a method for estimating vehicle side-slip in a linear
operating region of the vehicle is merely exemplary in nature, and is in no way
intended to limit the invention or its applications or uses.

[0011] The following discussion of the invention includes a
technique for estimating vehicle side-slip in the linear vehicle operating region
using a bicycle model with state feedback to provide updated front and rear
cornering stiffness. The side-slip estimation process uses sensor signals from
a vehicle speed sensor, a yaw rate sensor, a lateral acceleration sensor and a
hand-wheel angle sensor. The side-slip estimation process of the invention
provides a number of advantages, including, but not limited to, making a fast-
changing state estimation become a slow-changing parameter estimation to
increase reliability and robustness; increased accuracy by taking into
consideration the lumped effect of vehicle non-linearities, such as un-modeled
dynamics and unknown road surfaces; monitoring the estimation results; and
providing less strict requirements for sensor signal noise and bias.



WO 2007/018765 4 PCT/US2006/024297

[0012] The present invention uses a bicycle mode to calculate
the vehicle side-slip. For the bicycle model and calculations discussed below,
the following nomenclature is used.

mi. mass of the vehicle;

I,: yaw moment of inertia around the center of gravity of
the vehicle;

a: distance from the center of gravity to the front axle
of the vehicle;

b: distance from the center of gravity to the rear axle
of the vehicle;

c: steering system compliance coefficient;

C,:  concerning stiffness of the front wheels of the

vehicle; |

C.: concerning stiffness of the rear wheels of the
vehicle;

V.. forward speed of the vehicle;

v, lateral speed of the vehicle;

r yaw rate of the vehicle;

O;: steering angle of the front wheels of the vehicle;

J,: steering angle of the rear wheels of the vehicle;

o.:  steering angle coefficient;

A lateral acceleration of the vehicle;

¢! suspension steer compliance coefficient due to F);
C,t suspension steer compliance coefficient due to Mz;
d: half-length of tire contract patch;

vehicle tire lateral force;

Mz:  vehicle tire alignment torque; and
X system state variables.
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[0013] Figure 1 is a block diagram of a system 10 that estimates

vehicle side-slip v, that will then be used in vehicle control systems, such as

those mentioned above, according to an embodiment of the present invention.
The system 10 uses sensor signals from sensors 12 to provide the side-slip
estimation. The sensors 12 are intended to represent a vehicle speed sensor,
a vehicle yaw rate sensor, a vehicle lateral acceleration sensor and a vehicle
hand-wheel angle sensor, which are all part of the vehicle control systems
discussed above.

[0014] The system 10 includes a state observer processor 14 that
receives an initial front cornering stiffness Cy, and an initial rear cornering
stiffness C,, predetermined for the particular vehicle. The state observer
processor 14 includes a bicycle model processor 16, a feedback gain
processor 18 and a subtractor 20. The bicycle model processor 16 receives - - :

the hand-wheel angle signal &, and the vehicle speed signal v, from the

sensors 12. The bicycle model processor 16 calculates vehicle states
including vehicle yaw rate and lateral speed, and estimated variables,
including vehicle yaw acceleration and vehicle lateral acceleration. The
vehicle yaw rate from the bicycle model processor 16 and the yaw rate signal
r from the sensors 12 are applied to the subtractor 20 that generates an error
signal that is applied to the feedback gain processor 18. The feedback gain
processor 18 applies a gain L to the error signal that is sent to the bicycle
model processor 16 to form a state. The output of the staie observer

processor 14 includes the yaw acceleration and the lateral acceleration

signals ¥ that is estimated from the yaw rate and lateral and longitudinal

speeds by the bicycle model processor 16. The front cornering stiffness C,

and the rear cornering stiffness C, are updated, as will be described below,
and are used by the state observer processor 14 to generate both yaw
acceleration and lateral acceleration signals Y .

[0015] The state observer processor 14 defines the vehicle state
variables of yaw rate and lateral speed from the vehicle lateral dynamics as:
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X=A%+Bu+L(y—$) (10)
y=C% (11)

Where y is the output of the state observer. Thus:
i—x=(A-LC)(x—3%) (12)

[0017] The bicycle model is very sensitive to steering angles.
The steering caused by suspension and steering system compliance

generates a large error for the estimation of the front cornerning stiffness C,
and the rear cornering stiffness C,. Therefore a compensation needs to be
made. A compliance steering compensation signal d; is applied to the

bicycle model processor 16 for this purpose, which is calculated as:
O, =cF, +c,M = (cl +%ac2JFy (13)

[0018] The system 10 includes a subtractor 26 that receives the
yaw acceleration and lateral acceleration signals ¥ from the state observer
processor 14 and the actual measurement from the sensors 12 of the yaw
acceleration (derived from the yaw rate) and the lateral acceleration signals
Y. The subtractor 26 generates an error signal AY of the difference between
the yaw acceleration and lateral acceleration signals.

[0019] The error signal AY is applied to a parameter estimation
processor 28 that generates an updated front cornering stiffness C, and rear

cornering stiffness C, that are applied to the state observer processor 14. In

one embodiment, the parameter estimation processor 28 uses a recursive
least squares (RLS) parameter estimation, well known to those skilled in the

art. The updated front cornering stiffness C, and rear cornering stiffness C,
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are used by the state observer processor 14 to drive the error signal AY as
close as possible to zero.
[0020] In one embodiment, the parameter estimation processor

28 calculates the lateral acceleration signal A, and the yaw acceleration

signal 7 as:
A =V, +rv, =ayv, +a,r+b,0; +b,0, +rv,
(14)
v o y
= (___y__.fﬁ__;._f_)cf +(- Vy __?L_l_i)cr
my, mv, m mv, mv, m
F=ayv, +ayr +b, 0, +by,0,
(15)
av 2 ad bv 2
= (——2 -2 e, v (-2 b +b§')cr
Ly, Ly, I, v, Iv, I,
[0021] The combination of the lateral acceleration and the yaw
acceleration signals Y is defined herein as:
Y=¢"0 (16)
Where,
A
Y =[ .y} (17)
7
¥y _ar 6 v, _br 6
T _ mv, mv, m my, mv, m
o = _av, g’r ad, by, P’r b6, (18)
Iv, Iy, I, Iv, Iv, 1,
C
o=[ 1 19
[ C,] (19)
[0022] The recursive least squares estimation method with a

forgetting factor can be used for parameter estimation using the equations:
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) =8¢ -D+K@OF¥ O ~¢" ®)8E-1) (20)

K ()= P@)p(t) = P(t—=1)$@)(AI +¢" ()Pt ~Dp(t))” (21)

P(t)=(I-K@)¢" @)PE-1/A (22)
[0023] Initial parameters for the RLS parameter estimation play

an important role in the estimation process. For example, the initial values for
the cornering stiffnesses C;,, C,, can be chosen as Cy, =929.10 and C,, =
1517.08, which can be obtained from a specific vehicle model. The initial
value of the covariance matrix can be set at P = 100000 1(2), where 1(2) is a
2x2 identity matrix. The value of the forgetting factor can be 4=0.4 and the
sampling rate can be T, = 0.01 seconds.

[0024] The system 10 also includes a logic and data sanity check
processor 30 that determineé whéther the updated front éornering stiffness Cr
and rear cornering stiffness C, are within a predefined range before these
signals are used to determine the vehicle side-slip. The logic and data sanity
check processor 30 includes a logic processor 32 that receives the sensor
signals from the sensors 12, the error signal AY from the subtractor 26 and
the updated front cornering stiffness Crand rear cornering stiffness C,. The
logic processor 32 determines if the system 10 is operating under predefined
regions for parameter estimation, if the estimated parameters are converging,
if the error dynamics is in a steady state region, and if the errors are
minimized.

[0025] The processor 30 includes a data sanity check processor
34 that receives the updated front cornering stiffness Crand rear cornering
stiffness C,, and determines if the estimated cornering stiffness signals are
meaningful and can be used.

[0026] A switch 38 switches the updated front cornering stiffness
Crand rear cornering stiffness C, between the logic and data sanity check
processor 30 and a second state observer processor 40. Once the logic and
data sanity check processor 30 determines that the updated front cornering
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stiffness C;and rear cornering stiffness C, are suitable, then the switch 38 is
switched so that the signals are applied to the staie observer processor 40.
The state observer processor 40 uses the updated front and the rear
cornering stiffness and the state observer discussed above to provide an

estimated vehicle side-slip signal 7, .

[0027] The process of determining the updated front cornering
stiffness C;and rear cornering stifiness C, by the state observer processor 14
and the parameter estimation processor 28 is a slow loop, and provides the
updated signals on the order of about one to two seconds. However, the

state observer processor 40 provides the estimated vehicle side-slip signal ¥,

in real time on a fast loop basis, on the order of a few milliseconds.

[0028] Figure 2 is a flow chart diagram 50 showing a process for
determining when the logic and data sanity check processor 30 will allow the
front and rear cornering stiffness to be updated. The algorithm sets a
cornering stifiness update flag to false at box 52 meaning that the updated
front cornering stiffness Crand rear cornering stiffness C, from the parameter
estimation processor 28 are not ready to be used by the state observer
process block 40. The algorithm then determines if the vehicle is in the linear
operating range at decision diamond 54. Particuiarly, the algorithm
determines if the vehicle speed is within a predetermined range, if the hand-
wheel angle is within a predetermined range, if the vehicle lateral acceleration
is in a predetermined range, and if the longitudinal acceleration is in a
predetermined range. If the vehicle operating condition meets all of these
requirements, then the algorithm checks the convergence of the front
cornering stiffness Crand the rear cornering stiffness C, at decision diamond
56. Particularly, the algorithm determines if the change in the front cornering
stiffness Crand the rear cornering stiffness C; are small enough for a
predetermined time period.

[0029] If the cornering stiffness sighals are small enough, then
the algorithm determines if the error signal between the sensor

measurements and the estimation is in a steady state region at decision
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diamond 58. Particularly, the algorithm determines if the error signal remains
small enough for a predetermined time period. If the error signal does remain
small enough, then the algorithm checks if the updated front cornering
stiffness Crand rear cornering stiffness C, have a physical meaning, i.e., fall
within a predefined range, at decision diamond 60. If the updated front and
rear cornering stiffness signals meet these requirements, then the aigorithm
sets the update flag to true at box 62 so that the updated front cornering
stiffness Crand the rear cornering stiffness C, are used by the state observer

processor 40 to generate the estimated vehicle side-slip signal v, .

[0030] The foregoing discussion discloses and describes merely
exemplary embodiments of the present invention. One skilled in the art will
readily recognize from such discussion and from the accompanying drawings
and claims that various changes, modifications and variations can be made
therein without departing from the spirit and scope of the invention as defined
in the following claims.
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CLAIMS
What is Claimed is:

1. A system for estimating vehicle side-slip of a vehicle, said
system comprising:

a vehicle speed sensor for providing a vehicle speed signal of
the speed of the vehicle;

a vehicle yaw rate sensor for providing a yaw rate signal of the
yaw rate of the vehicle;

a vehicle lateral acceleration sensor for providing a vehicle
lateral acceleration of the vehicle;

a hand-wheel angle sensor for providing a hand-wheel angle
signal;

a first state observer processor responsive to the vehicle speed
signal and the hand-wheel angle signal, said first state observer processor
generating yaw acceleration and lateral acceleration signals;

a subtractor responsive to the yaw acceleration and lateral
acceleration signals, said subtractor generating yaw acceleration and lateral
acceleration error signals;

a parameter estimation processor responsive to the yaw
acceleration and lateral acceleration error signals, said parameter estimation
processor generating an updated front cornering stiffness signal and rear
cornering stiffness signal, said first state observer processor being responsive
to the updaied front and rear cornering stiffness signals; and

a second state observer processor responsive to the updated
front cornering stiffness signal and the rear cornering stiffness signal, said
second state observer processor calculating an estimated vehicle side-slip
signal.

2. The system according to claim 1 wherein the first state observer
processor and the second state observer processor use a bicycle model and
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state feedback to generate the yaw acceleration and lateral acceleration

signals and the estimated vehicle side-slip signal.

3. The system according to claim 1 wherein the first state observer
processor is further responsive to a vehicle steering angle compliance signal
for generating the yaw acceleration and lateral acceleration signals.

4, The system according to claim 1 wherein the parameter
estimation processor uses a recursive least squares estimation process for
determining the updated front cornering stiffness signal and the rear cornering
stiffness signal.

5. The system according to claim 1 further comprising a logic and
data sanity check processor responsive to the yaw rate signal, the lateral
acceleration signal, the vehicle speed signal, the updated front and rear
cornering stiffness signals, and the yaw acceleration and lateral acceleration
error signals, said logic and data sanity check processor determining whether
the updated front cornering stiffness signal and the rear cornering stiffness
signal meet predetermined criteria before they are sent to the second state
observer processor.

6. The system according to claim 5 wherein the logic and data
sanity check processor determines whether the updated front cornering
stiffness signal and the rear cornering stiffness signal are converging, if the
error signals are in a steady state region, if the system is operating under
predefined regions for parameter estimation and if the error signals are
minimized.

7. The system according to claim 1 wherein the first state observer
processor and the parameter estimation processor are on a relatively slow
loop and the second state observer processor is on a relatively fast loop.
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8. A system for estimating vehicle side-slip of a vehicle, said
system comprising:

a first state observer processor responsive to vehicle state
signals, said first state observer processor using the state signals for
generating yaw acceleration and lateral acceleration signals;

a subtractor responsive to the yaw acceleration and lateral
acceleration signals and the vehicle state signals, said subtractor generating
yaw acceleration and lateral acceleration error signals; and

a parameter estimation processor responsive to the yaw
acceleration and lateral acceleration error signals, said parameter estimation
processor generating updated front cornering stiffness and rear cornering
stiffness signals.

9. The system according to claim 8 wherein the state signals
include one or more of a vehicle speed signal of the speed of the vehicle, a
yaw rate signal of the yaw rate of the vehicle, a vehicle lateral acceleration of
the vehicle, and a hand-wheel angle signal.

10.  The system according to claim 8 further comprising a second
state observer processor responsive to the updated front cornering stiffness
signal and the rear cornering stiffness signal, said second state observer
processor calculating the estimated vehicle side-slip signal.

11.  The system according to claim 8 wherein the first state observer
processor uses a bicycle model and state feedback to generate the yaw
acceleration and lateral acceleration signals.

12.  The system according to claim 8 wherein the first state observer
“processor is further responsive to a vehicle steering angle compliance signal
for generating the yaw acceleration and lateral acceleration signals.
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18.  The system according to claim 8 wherein the parameter
estimation processor uses a recursive least squares estimation process for
determining the updated front cornering stiffness signal and the rear cornering
stiffness signal.

14.  The system according to claim 8 further comprising a logic and
data sanity check processor responsive to the vehicle state signals, the
updated front and rear cornering stiffness signals, and the yaw acceleration
and lateral acceleration error signals, said logic and data sanity check
processor determining whether the updated front cornering stiffness signal
and the rear cornering stiffness signal meet predetermined criteria before they
are sent to the second state observer processor.

15. The system according to claim 14 wherein the logic and data
sanity check processor determines whether the updated front cornering
stiffness signal and the rear cornering stiffness signal are converging, if the
error signals are in a steady state region, if the system is operating under
predefined regions for parameter estimation and if the error signéls are
minimized.

16. A method for estimating vehicle side-slip of a vehicle, said

method comprising:

calculating yaw acceleration and lateral acceleration signals
using vehicle states;

subtracting the yaw acceleration and lateral acceleration signals
from an estimated yaw acceleration from a measured yaw acceleration and
lateral acceleration signal to generate yaw acceleration and lateral
acceleration error signals;

calculating an updated front cornering stiffness signal and rear
cornering stiffness signal from the yaw acceleration and lateral acceleration
error signals; and
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calculating an estimated vehicle side-slip signal from the

updated front and rear cornering stiffness signals.

17.  The method according to claim 16 wherein calculating yaw
acceleration and lateral acceleration signals using vehicle states includes
using one or more of a vehicle speed signal of the speed of the vehicle, a yaw
rate signal of the yaw rate of the vehicle, a vehicle lateral acceleration of the
vehicle, and a hand-wheel angle signal.

18.  The method according to claim 16 wherein calculating yaw
acceleration and lateral acceleration signals using vehicle states and
calculating an estimated vehicle side-slip signal from the updated front and
rear cornering stiffness signals include using a bicycle model with state
feedback.

19. The method according to claim 16 wherein calculating yaw
acceleration and lateral acceleration signals using vehicle states includes
using a vehicle steering angle compliance signal.

20. The method according to claim 16 wherein calculating an
updated front cornering stiffness signal and rear cornering stiffness signal
from the yaw acceleration and lateral acceleration signéls includes using a
recursive least squares estimation process for determining the updated front

cornering stiffness signal and the rear cornering stiffness signal.

21. The method according to claim 16 further comprising
determining whether the updated front cornering stiffness signal and the rear
cornering stiffness signal meet predetermined criteria before they are used to
calculate the estimated vehicle side-slip signal.
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