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SYSTEM FOR ESTIMATING VEHICLE
STATES FOR ROLLOVER REDUCTION

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] This invention relates generally to a system and
method for estimating vehicle states and, more particularly, to
a system and method for estimating vehicle roll-rate, vehicle
roll angle, vehicle lateral velocity and vehicle yaw-rate for
rollover reduction purposes.

[0003] 2. Discussion of the Related Art

[0004] It is known in the art to provide vehicle control
enhancement using differential braking control, rear-wheel
steering control, front-wheel steering control, or any combi-
nation thereof to help prevent a vehicle from encountering
conditions that present an increased possibility of rollover.
These systems may receive vehicle dynamics information
from various sensors, such as yaw rate sensors, lateral accel-
eration sensors and tire/wheel sensors to determine the proper
control action. These systems may also incorporate roll-rate
sensors and roll angle estimation features in order to estimate
rollover possibility during a maneuver and provide respon-
sive control enhancement. A balance typically needs to be
provided between controlling the vehicle roll motion and the
vehicle yaw motion to provide improved vehicle response.
Thus, it is usually necessary to detect certain vehicle condi-
tions to provide improved vehicle control enhancement.
[0005] Vehicle enhancement control can be designed using
output feedback. However, typically state-feedback based
designs generally can provide more freedom in design and
achieve higher potentials in performance. Furthermore, acti-
vation of vehicle control usually requires monitoring of
vehicle states. However, in many cases, not all of the vehicle
states are measured because of various disadvantages, such as
sensor costs, implementation difficulties, etc. Therefore, it is
common to estimate vehicle states for rollover reduction pur-
poses.

[0006] Estimation of vehicle states, such as yaw-rate, lat-
eral velocity and roll-rate has been investigated in the art for
the development of vehicle stability enhancement in the yaw
plane. Because of this, the focus has been on the estimation of
the vehicle lateral motion instead of the roll motion, which is
of particular interest in rollover reduction.

SUMMARY OF THE INVENTION

[0007] In accordance with the teachings of the present
invention, a system and method are disclosed for estimating
vehicle states, such as vehicle roll-rate, vehicle roll angle,
vehicle lateral velocity and vehicle yaw-rate. The system uses
a steering angle sensor for measuring a steering angle signal
of a steering angle of the vehicle, a yaw-rate sensor for mea-
suring a yaw-rate signal of the yaw-rate of the vehicle, a
roll-rate sensor for measuring a roll-rate signal of the roll-rate
of'the vehicle, a speed sensor for measuring a speed signal of
the speed of the vehicle, and a lateral acceleration sensor for
measuring a lateral acceleration signal of the lateral accelera-
tion of the vehicle. The system includes an extended Kalman
filter observer responsive to the steering angle signal, the
yaw-rate signal, the roll-rate signal, the speed signal and the
lateral acceleration signal that calculates an estimated yaw-
rate signal, an estimated roll-rate, an estimated roll angle and
an estimated lateral velocity. The system also includes a lat-
eral velocity estimation processor responsive to the roll-rate
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signal, the estimated roll angle signal, the estimated lateral
velocity signal and the lateral acceleration signal that calcu-
lates a modified lateral velocity estimation signal when the
vehicle is operating in a non-linear region.

[0008] The system can also include a sensor pre-filtering
processor that filters out a low-frequency component of the
signals, and estimates a sensor bias based on the low-fre-
quency component for the steering angle signal, the yaw-rate
signal, the roll-rate signal, the speed signal and the lateral
acceleration signal.

[0009] 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

[0010] FIG.1isaplanview ofa vehicleincludinga rollover
reduction system;

[0011] FIG. 2 is a block diagram of a system for estimating
vehicle states used in the rollover reduction system of FIG. 1;
[0012] FIG. 3 is a top plan view of a vehicle showing
variables used in a three degree-of-freedom of vehicle model;
and

[0013] FIG. 4 is a front view of a vehicle showing the
variables used in a three degree-of-freedom of vehicle model.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0014] The following discussion of the embodiments of the
invention directed to a system and method for estimating
vehicle states for vehicle rollover reduction purposes is
merely exemplary in nature, and is in no way intended to limit
the invention or its applications or uses. For example, the
system and method are used to estimate vehicle states for
rollover reduction purposes. However, the system and
method ofthe invention may be used to estimate vehicle states
for other applications.

[0015] The present invention includes a system and method
that use various vehicle sensors to estimate vehicle states to
provide rollover reduction. The main challenge for state esti-
mation for rollover reduction comes from the non-linearity of
vehicle dynamics, especially when the vehicle is at a near
rollover condition. During cornering maneuvers, vehicle yaw
motion produces the lateral acceleration that causes the
vehicle to roll. The roll motion introduces a lateral load trans-
fer that causes the tire cornering force to change, which alters
the yaw response. As the lateral acceleration gets larger and
the vehicle roll motion becomes more severe, both the vehicle
suspension and tires enter a non-linear region. Although there
are non-linear models that try to model these vehicle non-
linearities, linear models are usually preferred for estimation
and control purposes. The present invention proposes using a
linear-region based estimation when the vehicle is operating
in the linear region, and then extending the estimation of the
non-linear region by adding complimentary estimation mod-
ules.

[0016] For the following discussion, the following nomen-
clature will be used:

[0017] M,, unsprung mass;
[0018] M, sprung mass;
[0019] V lateral velocity;
[0020] vy yaw-rate;

[0021] p roll-rate;
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[0022] ¢ roll angle;

[0023] o front steering angle;

[0024] I, roll moment of inertia of the sprung mass;
[0025] I, yaw moment of inertia of the whole vehicle;
[0026] I the sprungmass productofinertia aboutthe x and

z axes with the added effect of roll axis inclination;
[0027] a distance from the center of gravity (CG) of the
sprung mass to the front axis;

[0028] b distance from the CG ofthe sprung mass to the rear
axis;

[0029] h, height of the sprung mass CG above the roll axis;

[0030] C,cornering stiffness of the front tires;

[0031] C, cornering stiffness of the rear tires;

[0032] K,roll stiffness coeflicients;

[0033] C,roll damping coefficients;

[0034] A, first rows of the A matrix in equation (1);

[0035] B, first rows of the B matrix in equation (1);

[0036] A forgetting factor;

[0037] X(i) input measurement;

[0038] d(i) output measurement;

[0039] wcoefficients (i.e., sensor bias in the invention); and

[0040] a,,, lateral accelerometer measurement.

[0041] FIG. 1 is aplan view of a vehicle 10 including front

wheels 12 and 14 and rear wheels 16 and 18. The vehicle 10
also includes a rollover reduction controller 22 that provides
vehicle rollover reduction. The controller 22 can provide
control signals to various actuators on the vehicle 10 to pro-
vide the control, such as differential braking for braking
actuators 24, 26, 28 and 30 of the wheels 12, 14, 16 and 18,
respectively, an active rear-wheel steering control actuator 32
and an active front-wheel steering control actuator 34, all of
which are well known to those skilled in the art. The control-
ler 22 receives signals relating to various vehicle states from
various sensors, including a hand-wheel angle sensor 36 for
measuring the angle of a vehicle hand-wheel 38 to provide a
signal d indicative of the steering angle of the front wheels 12
and 14. The controller 22 also receives a vehicle speed signal
v, from a vehicle speed sensor 40, a yaw-rate signal y from a
yaw-rate sensor 42, a lateral acceleration signal a,, from a
lateral acceleration sensor 44 and a roll-rate signal p from a
roll-rate sensor 46, all of which are well known to those
skilled in the art.

[0042] FIG. 2 is a block diagram of a state estimation sys-
tem 48 that is used in the controller 22, according to an
embodiment of the present invention. The steering angle sig-
nal d, the yaw-rate signal vy, the roll-rate signal p, the vehicle
speed signal v, and the vehicle lateral acceleration signal a,
are applied to a sensor pre-filtering processor 50 that provides
sensor signal filtering, discussed in more detail below.
[0043] The filtered sensor signals from the pre-filtering
processor 50 are sent to an extended Kalman filter (EKF)
based observer 52. Because a Kalman filter employs a pow-
erful model-based estimation algorithm, it is employed as a
linear-region based core estimator. Because the vehicle
model is actually linearly time varying, an extended Kalman
filter is used. From the sensor signals, the observer 52 calcu-
lates a yaw-rate estimation signal 0, a roll-rate estimation
signal P, a roll angle estimation signal ¢ and a lateral velocity
estimation signal ¥ . Because the standard design of an EKF
observer is well known to those skilled in the art, it does not
need to be described in further detail.

[0044] As will be discussed in detail below, the EKF-based
observer 52 is generally not accurate enough to estimate the
lateral velocity in the non-linear region. Therefore, a side-slip
or lateral velocity estimation processor 54 is included to
enhance the calculation of the lateral velocity estimation sig-
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nal ¥ . The lateral velocity estimation processor 54 receives
the filtered roll-rate signal from the pre-filtering processor 50,
the roll angle estimation signal ¢ from the observer 52, the
lateral velocity estimation signal ¥, from the observer 52 and
the lateral acceleration signal a,, to provide the modified esti-
mation of the lateral velocity when the vehicle is in the non-
linear range.

[0045] The sprung mass of a vehicle is usually treated as a
rigid body with six degrees-of-freedom, which consists of the
longitudinal, lateral, vertical, yaw, roll and pitch motions. For
vehicle rollover reduction, the lateral, yaw and roll motions
are of primary interest, and thus, a three degree-of-freedom
linear yaw/side-slip/roll model has been developed in the art
for this purposes.

[0046] FIG. 3 is a top plan view and FIG. 4 is a front view
of a vehicle showing variables that are used in the three
degree-of-freedom vehicle model for state estimation. These
figures show a vehicle as a two-mass system consisting of an
unsprung mass M,, and a sprung mass M,, which is con-
strained to roll about a roll axis.

[0047] From the three degree-of-freedom model, the fol-
lowing equations are known.

X = AX + BU (9]
X=[vy, rp #17 2)
U=ds 3)
Cr+C, Cr - bC, 4
_ e R S P
VX VX
aCy —bC, a*Cy - b C,
A=M - - 0 aCpys—bCyy,
Vi Vi
0 Mhgv, -Cy  Msgh — Ky
0 0 1 0
Cr ®
aC
="
0
0
M 0 Mg 0 ©)
M 0 I, I, O
-Mshs L, I, 0
0 0 0 1
0048] The sensor pre-filtering processor 50 is used to
p gp

approximately remove the biases in inertia sensors, such as
the yaw sensor 42, the roll-rate sensor 46 and the lateral
acceleration sensor 44. Generally, sensor biases are a slowly-
drifting low-frequency signal. Therefore, it is straightforward
to filter out the low-frequency component of a sensor output
for bias removal. However, this is only advantageous if the
proper sensor output signal does not contain any low-fre-
quency components. In some cases, such as during a steady-
state turn, both the yaw-rate and the lateral acceleration can be
constant producing low-frequency outputs. Hence, it is nec-
essary to differentiate the low-frequency component due to
steady-state behavior and the low-frequency component due
to sensor biases.

[0049] According to the invention, the sensor signal pre-
filtering uses two steps. First, the processor 50 determines
situations where the low-frequency component in the signal
contains sensor biases only, and filters out the corresponding
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low-frequency component. Second, the processor 50 esti-
mates the bias based on the resulting low-frequency compo-
nent.

[0050] In one embodiment, a recursive least square (RLS)
technique is employed in the bias estimation. Though the
standard RLS technique is well known, the present invention
uses a modified version of the RLS technique, i.e., an RLS
technique with a variable forgetting factor A. It has been
observed that after a large yaw-rate maneuver, the bias of the
yaw-rate sensor 42 can be quite different than the sensor bias
before the maneuver. According to the invention, the variable
forgetting factor A is used to allow fast tracking of the large
variation without corrupting the generally slow-drifting char-
acteristics of the bias.

[0051] For estimating the sensor bias, the following RLS
equations can be used, according to the invention:

Pln-1) y (@)
+ m( (1) = Wp1)

Wn = Wn-1

Pn—1) (8
P = Doy

with

PO)=1

Where w,, is the bias estimation, d(n) is the filtered low-
frequency component and A(n)e(0 1) is the variable forgetting
factor, i.e., between 0 and 1. For example, for the estimation
of the bias in yaw-rate measurement, w,, represents the bias
estimate and d(n) is the filtered yaw-rate. The forgetting fac-
tor A is determined based on the error between low-frequency
components of the sensor signal and the estimated bias. [f the
error is relatively large, then the forgetting factor A(n) is
chosen to be small so that the estimated bias can quickly catch
up with recent measurements. If the error is relatively small,
then the forgetting factor A(n) is chosen to be closer to 1 so
that the estimated bias can only vary slowly.

[0052] The EKF-based observer 52 is designed based on
the discrete-time version of the three degree-of-freedom
model. The EKF-based observer 52 uses the steering angle
signal § as the input, the vehicle speed signal v, as a parameter
in the model and the yaw-rate vy, the roll-rate signal p and the
lateral acceleration signal a, as the output. The equations used
in the Kalman filter can be:

R = FR ), ut), 1) (&)

P (5) = Fa) P )FT (1) + Qultey) 10
K@) = P-@)HT )IR@) + Ha)P () H (6] an
R = X(0)™ + K@) Yplt) - H(R (0)1)) 12
P) = [ - K@) H@OIP™ (1) (13
‘Where,

af (14)
Flo) = X |x=xep = A1)

oh 1s)
HE0 = 3= g

The output measurements are h(X)=[a, r p1%, Q, is the input
covariance matrix and R is the output covariance matrix.
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Further, X(t,)” is a priori state estimate at step k, and X(t,) is
a posteriori state estimate at step k.

[0053] According to the invention, the EKF-based observer
52 uses an additional scheduling of the feedback gains. As the
roll motion becomes more severe, for example, when either
the roll-rate p>p,, or the roll angle ¢>¢,, with p,,=2 deg/sec
and ¢,,=3 deg’, the non-linearity of the vehicle dynamics
cannot be ignored and the accuracy of a three degree-of-
freedom model can decrease dramatically. To reduce the
effect of the model inaccuracy on the vehicle state estimates
calculated by the EKF observer 52, further scheduling of the
feedback gains are added by manipulating the input and out-
put covariance matrices used in the filtering. First, the input
covariance matrix Q, is increased to reflect the increase in
model inaccuracy. Second, because the lateral motion based
on the three degree-of-freedom model, i.e., v,=A,X-B,U,
where A, and B, are the first rows of the system matrices A
and B in equation (1), respectively, no longer approximates
the actual lateral motion when vehicle roll motion is relative
severe, the output equation for the lateral acceleration sensor
measurement does not hold in those conditions. Therefore,
the output covariance R corresponding to the lateral accelera-
tion signal is increased so that the EKF observer 52 makes
little use of it. Such scheduling of the input and output cova-
riance matrices can be some function of the lateral accelera-
tion, the vehicle yaw-rate, the vehicle speed or the vehicle
roll-rate.

[0054] The lateral acceleration signal a,, from the sensor 44
can be used to determine when the vehicle goes between a
linear operating condition and a non-linear operating condi-
tion, based on vehicle side-slip. The roll-rate signal P and the
roll angle signal ¢ can also be used to determine when the
vehicle goes into the non-linear region. When the vehicle
goes from the linear operating region to the non-linear oper-
ating region, the algorithm will change the input covariance
matrix Q,. When the vehicle is operating in the linear range,
the EKF-based observer 52 calculates the lateral velocity
estimation signal accurately, which is passed through the
lateral velocity estimation processor 54. However, when the
vehicle is operating in the non-linear region, the EKF-based
observer 52 does not provide an accurate enough estimation
of'the lateral velocity, and thus, the lateral velocity estimation
processor 54 is used to modify the estimated lateral velocity
signal.

[0055] Because the lateral motion in the three degree-of-
freedom model is not valid during severe roll motions, for
example, when either the roll-rate p>p,, or the roll angle ¢>¢,,,
with p,,=2 deg/sec and ¢,=3 deg’, the lateral velocity has to
be estimated by another process in the lateral velocity esti-
mation processor 54. Because the equation a,,,, =V +yv_ +g sin
¢ is always valid, the lateral acceleration can be used to
estimate the lateral velocity directly. Using the yaw-rate esti-
mation signal y and the roll-rate estimation signal p from the
EKF-based observer 52, the derivative of the lateral velocity

can be calculated as ¥,=a,, —yv,~g sin ¢. Therefore:

vy:j (dy,=YV,—g sin @)t (16)

[0056] This integration-based estimation provided by the
lateral velocity estimation processor 54 is mainly active dur-
ing severe roll motions. In the linear region, the lateral veloc-
ity is estimated directly by the EKF-based observer 52, that is,
{]:{\]yEKF'

[0057] 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
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without departing from the spirit and scope of the invention as
defined in the following claims.

What is claimed is:

1. A system for estimating vehicle states of yaw-rate, roll-
rate, roll angle and lateral velocity, said system comprising:

a steering angle sensor providing a steering angle signal of

a steering angle of the vehicle;

a yaw-rate sensor for providing a yaw-rate signal of the

yaw-rate of the vehicle;

a roll-rate sensor for providing a roll-rate signal of the

roll-rate of the vehicle;

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

the vehicle;

a lateral acceleration sensor for providing a lateral accel-

eration signal of the lateral acceleration of the vehicle;

a Kalman filter observer responsive to the steering angle

signal, the yaw-rate signal, the roll-rate signal, the speed
signal and the lateral acceleration signal, said observer
using Kalman filtering to provide an estimated yaw-rate
signal, an estimated roll-rate, an estimated roll angle and
an estimated lateral acceleration; and

a lateral velocity estimation processor responsive to the

roll-rate signal, the estimated roll angle signal, the esti-
mated lateral velocity signal and the lateral acceleration
signal, said lateral velocity estimation processor calcu-
lating a modified lateral velocity estimation signal when
the vehicle is operating in a non-linear region.

2. The system according to claim 1 wherein the Kalman
filter observer changes a covariance matrix in the filter when
the vehicle goes from a linear to a non-linear operating region.

3. The system according to claim 1 wherein the Kalman
filter observer uses a three degree-of-freedom model.

4. The system according to claim 1 further comprising a
sensor pre-filtering processor responsive to the steering angle
signal, the yaw-rate signal, the roll-rate signal, the speed
signal and the lateral acceleration signal, said sensor pre-
filtering processor filtering out a low-frequency component of
the signals, and estimating a sensor bias based on the low-
frequency component.

5. The system according to claim 4 wherein the sensor
pre-filtering processor uses a recursive least squares tech-
nique to provide the sensor bias estimation.

6. The system according to claim 4 wherein the sensor
pre-filtering processor employs a variable forgetting factor
that is a value between 0 and 1 and is set based on an error
between the low-frequency component of the sensor signal
and an estimated bias of the sensor.

7. The system according to claim 1 wherein the lateral
velocity estimation processor integrates the lateral velocity to
modify the lateral velocity estimation signal.

8. The system according to claim 7 wherein the lateral
velocity estimation processor uses the following equation to
determine the modified estimated lateral acceleration signal:

vy:j(aym—yvx—g sin ¢p)dr
where v, is the lateral velocity, a,,,, is the lateral acceleration,
y is the yaw-rate, v__is the vehicle speed and g is the gravita-
tional constant.

9. The system according to claim 1 wherein the system is
used to estimate vehicle states for vehicle rollover reduction.

10. The system according to claim 1 wherein the system
uses the lateral acceleration signal, the roll-rate signal or the
roll angle signal to determine whether the vehicle is in the
non-linear operating region.
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11. A system for estimating vehicle states, said system
comprising:

a plurality of sensors for measuring vehicle states and

providing sensor signals;

a Kalman filter observer responsive to sensor signals, said
observer providing estimated vehicle states; and

a lateral velocity estimation processor responsive to some
of the sensor signals and some of the estimated vehicle
states, said lateral velocity estimation processor calcu-
lating a modified lateral velocity estimation signal when
the vehicle is operating in a non-linear region.

12. The system according to claim 11 wherein the Kalman
filter observer changes a covariance matrix in the filter when
the vehicle goes from a linear to a non-linear operating region.

13. The system according to claim 1 1 wherein the Kalman
filter observer uses a three degree-of-freedom model.

14. The system according to claim 1 further comprising a
sensor pre-filtering processor responsive to the sensor sig-
nals, said sensor pre-filtering processor filtering out a low-
frequency component of the signals, and estimating a sensor
bias based on the low-frequency component.

15. The system according to claim 14 wherein the sensor
pre-filtering processor uses a recursive least squares tech-
nique to provide the sensor bias estimation.

16. The system according to claim 14 wherein the sensor
pre-filtering processor employs a variable forgetting factor
that is a value between 0 and 1 and is set based on an error
between the low-frequency component of the sensor signal
and an estimated bias of the sensor.

17. The system according to claim 11 wherein the lateral
velocity estimation processor integrates the lateral velocity to
modify the lateral velocity estimation signal.

18. A system for estimating vehicle states, said system
comprising:

a plurality of sensors for measuring vehicle states and

providing sensor signals; and

a Kalman filter observer responsive to sensor signals, said
observer providing estimated vehicle states, said Kal-
man filter observer changing a covariance matrix in the
filter when the vehicle goes from a linear to a non-linear
operating region.

19. The system according to claim 18 wherein the Kalman

filter observer uses a three degree-of-freedom model.

20. A system for estimating vehicle states, said system
comprising:

a plurality of sensors for measuring vehicle states and

providing sensor signals;

a sensor pre-filtering processor responsive to the sensor
signals, said sensor pre-filtering processor filtering out a
low-frequency component of the signals, and estimating
a sensor bias based on the low-frequency component;
and

a Kalman filter observer responsive to filtered sensor sig-
nals, said observer providing estimated vehicle states.

21. The system according to claim 20 wherein the sensor
pre-filtering processor uses a recursive least squares tech-
nique to provide the sensor bias estimation.

22. The system according to claim 20 wherein the sensor
pre-filtering processor employs a variable forgetting factor
that is a value between 0 and 1 and is set based on an error
between the low-frequency component of the sensor signal
and an estimated bias of the sensor.
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