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(57) ABSTRACT 

An integrated active Steering and braking control System for 
providing one or more corrective yaw moments to a vehicle 
in response to a plurality of Signals indicative of operational 
and environmental conditions related to the vehicle is dis 
closed. The System comprises a reference model, an esti 
mator, a vehicle level brake/Steer controller, and an actuator 
controller. The reference model provides a feedforward front 
Steering angle correction Signal a feedforward rear Steering 
angle correction signal, a desired yaw rate signal, a desired 
lateral Velocity signal, and a desired side slip angle signal. 
The estimator provides an estimated Surface coefficient of 
adhesion Signal, an estimated lateral Velocity signal, and an 
estimated Side slip angle signal. In response to the Signals 
from the reference model and the estimator, the vehicle level 
brake/steer controller provides either a desired speed differ 
ential Signal, a desired front Steering angle Signal and/or a 
desired rear Steering angle Signal. The actuator controller 
Selectively provides a corrective braking Signal to a brake 
actuator, a corrective front Steering Signal to a Steering 
actuator, and a corrective rear Steering Signal to the Steering 
actuator as a function of the desired Speed differential Signal, 
the desired front Steering angle signal, and the desired rear 
Steering angle signal, respectively. 
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INTEGRATED CONTROL OF ACTIVE TRE 
STEER AND BRAKES 

FIELD OF THE INVENTION 

0001. The present invention generally relates to control 
Systems for automotive vehicles, and more particularly 
relates to an integrated control of an active Steering System 
and a brake System of an automotive vehicle for improving 
upon a handling, Stability, and a maneuverability of the 
automotive vehicle. 

BACKGROUND OF THE INVENTION 

0002 Some automotive vehicles known in the art utilize 
an active brake control to enhance a directional Stability of 
the vehicle at or close to a limit of adhesion. Some other 
automotive vehicles known in the art utilize a limited active 
control of a rear tire Steering angle in order to improve a 
vehicle handling and maneuverability at low Speeds. More 
recently, automotive vehicles are utilizing a limited active 
control of a front tire Steering angle to introduce a steering 
correction to a steering angle commanded by a vehicle 
driver in an effort to improve a vehicle directional stability. 
The present invention addresses a need for an integrated 
control of vehicle brakes, and a front tire Steering angle 
and/or a rear tire Steering angle. 

SUMMARY OF THE INVENTION 

0003. One form of the present invention is an integrated 
active Steering and braking control method for a vehicle. 
First, a first corrective yaw moment for the vehicle as a 
function of a Steering angle of an axle of the vehicle is 
determined, and a Second corrective yaw moment for the 
vehicle as a function of a speed differential between a first 
tire and a Second tire of the vehicle is determined. Second, 
a corrective Steering Signal is provided to a steering System 
of the vehicle whereby the first corrective yaw moment is 
applied to the vehicle, and a corrective braking Signal is 
provided to a braking system of the vehicle whereby the 
Second corrective yaw moment is applied to the vehicle. 
0004. A second form of the present invention is also an 
integrated active Steering and braking control method for a 
vehicle. First, a desired speed differential between the speed 
of the first tire and the speed of the second tire is determined. 
Second, a desired Steering angle of the axle as a function of 
Said desired Speed differential is determined. 
0005. A third form of the present invention is also an 
integrated active Steering and braking control method for a 
vehicle. First, a feedforward portion of a corrective front 
Steering angle Signal in response to a plurality of operational 
Signals indicative of an operational State of the vehicle is 
determined. Second, a feedforward portion of a corrective 
rear Steering angle Signal in response to Said plurality of 
operational Signals. 

0006 A fourth form of the present invention is also an 
integrated active Steering and braking control System for a 
vehicle comprising a first controller and a Second controller. 
The first controller is operable to determine a first corrective 
yaw moment for the vehicle as a function of a steering angle 
of an axle of the vehicle, and to determine a Second 
corrective yaw moment for the vehicle as a function of a 
speed differential between a first tire and a second tire of the 
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vehicle. The second controller is operable to provide a 
corrective Steering Signal to a Steering System of the vehicle 
whereby the first corrective yaw moment is applied to the 
vehicle, and to provide a corrective braking Signal to a 
braking System of the vehicle whereby the Second corrective 
yaw moment is applied to the vehicle. 
0007 A fifth form of the present invention is also an 
integrated active Steering and braking control System for a 
vehicle. The System comprises a means for determining a 
feedforward portion of a corrective front Steering angle 
Signal in response to a plurality of operational signals 
indicative of an operational State of the vehicle. The System 
further comprises a means for determining a feedforward 
portion of a corrective rear Steering angle Signal in response 
to Said plurality of operational Signals. 

0008. A sixth form of the present invention is a vehicle 
comprising an axle, a first tire, a Second tire, and an 
integrated active Steering and braking control System. The 
System is operable to determine a desired Speed differential 
between a Speed of the first tire and a speed of the Second tire 
and to determine a desired Steering angle of the axle as a 
function of the desired speed differential. 
0009. The foregoing forms, and other forms, features and 
advantages of the present invention will become further 
apparent from the following detailed description of the 
presently preferred embodiments, read in conjunction with 
the accompanying drawings. The detailed description and 
drawings are merely illustrative of the present invention 
rather than limiting, the Scope of the present invention being 
defined by the appended claims and equivalents thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0010 FIG. 1A is a vector diagram illustrating a yaw 
moment of a vehicle that is generated by a differential 
braking of a pair of front tires of the vehicle as known in the 
art, 

0011 FIG. 1B is a vector diagram illustrating a yaw 
moment of a vehicle that is generated by a front tire Steering 
of the vehicle as known in the art; 

0012 FIG. 1C is a vector diagram illustrating a yaw 
moment of a vehicle that is generated by a differential 
braking of a pair of rear tires of the vehicle as known in the 
art, 

0013 FIG. 1D is a vector diagram illustrating a yaw 
moment of a vehicle that is generated by a rear tire Steering 
of the vehicle as known in the art; 

0014 FIG. 2 is a block diagram of one embodiment of a 
coordinated control System in accordance with the present 
invention; 

0015 FIG. 3 is a block diagram of one embodiment of a 
vehicle reference model of FIG. 2 in accordance with the 
present invention; 

0016 FIG. 4 is a graph illustrating three (3) feedforward 
gain curves for an active rear Steer as a function of a vehicle 
Speed in accordance with the present invention; 

0017 FIG. 5 is a block diagram of one embodiment of a 
Surface coefficient estimator in accordance with the present 
invention; 
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0.018 FIG. 6 is a block diagram of one embodiment of a 
Side slip Velocity estimator in accordance with the present 
invention; 
0019 FIG. 7 is a block diagram of one embodiment of a 
vehicle level brake/steer controller in accordance with the 
present invention; and 
0020 FIG. 8 is a graph of a lateral tire force vs. a tire slip 
angle in accordance with the present invention. 

DETAILED DESCRIPTION OF THE 
PRESENTLY PREFERRED EMBODIMENTS 

0021 Referring to FIGS. 1A-1D, a vehicle 10 including 
a front axle 11 having a front left tire 12 and a front right tire 
13 coupled thereto, and a rear axle 14 having a rear left tire 
15 and a rear right tire 16 coupled thereto is shown. As 
known by those having ordinary skill in the art, a response 
of vehicle 10 in a yaw plane is primarily dictated by a 
combination of longitudinal tire forces and lateral tire forces 
being applied to tires 11, 12, 15, and 16. Good handling of 
vehicle 10 in the yaw plane requires that a yaw rate (i.e. a 
rate of rotation of vehicle 10 about a vertical axis 17 passing 
through the center of gravity of vehicle 10) and a lateral 
acceleration of vehicle 10 be consistent with driver inten 
tions, Subject to a physical limit imposed by a Surface 
coefficient of adhesion. Since the vehicle yaw rate is deter 
mined by a yaw moment acting on vehicle 10 (i.e. a moment 
of forces about vertical axis 17), a main mechanism to 
control vehicle yaw response is by generating a corrective 
yaw moment. This can be achieved by applying one or more 
brakes (not shown) to tires 11, 12, 15, and/or 16; by a change 
in a Steering angle of front axle 11; or by a change in a 
Steering angle of rear axle 14. 
0022. For example, when vehicle 10 is being driven 
straight as illustrated in FIG. 1A, a brake force F can be 
applied to front right tire 13 to generate corrective yaw 
moment AM in a clockwise direction about vertical axis 
17. Corrective yaw moment AM can be computed by the 
following equation (1): 

AM,1=F(tw/2) (1) 
0023 where t is a track width. In a linear range of tire 
operation, brake force F can be approximated by the fol 
lowing equation (2): 

0024 where C is a tire longitudinal stiffness; ) is a brake 
slip; AV is a difference in a linear Speed of tire 12 and a 
linear speed of tire 13; and v is a vehicle speed of vehicle 10. 
Combining equations (1) and (2) yields the following equa 
tion (3): 

AM1=C(tw/2) AV1/V (3) 
0025. As illustrated in FIG. 1B, tire 12 and tire 13 can 
also be controlled to generate corrective yaw moment AM 
as a function of incremental front Steering angle Aöf. Cor 
rective yaw moment AM can be computed by the follow 
ing equation (4): 

AM,2-Fa (4) 
0.026 where a is the distance from axis 17 to front axle 
11; and F, is the total lateral force on both tire 12 and tire 
13, which in the linear range of tire operation can be 
computed by the following equation (5): 
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0027) where C is a cornering stiffness coefficient of both 
tire 12 and tire 13. Thus, corrective yaw moment AM can 
also be computed by the following equation (6): 

0028. Equating yaw moment AM to yaw moment AM 
can be accomplished by computing front Steering angle Aöf 
under the following equation (7) with the assumption that 
tire longitudinal StiffneSS coefficient C and tire lateral Stiff 
ness C are approximately equal: 

0029. Also by example, when vehicle 10 is being driven 
straight as illustrated in FIG. 1C, brake force F can be 
applied to rear right tire 16 to generate corrective yaw 
moment AM in a clockwise direction about vertical axis 
17. Corrective yaw moment AM can be computed by 
equation (1). In a linear range of tire operation, brake force 
F can be approximated by the following equation (8): 

0030 where C is a tire longitudinal stiffness; ) is a brake 
slip; AV is a difference in a linear speed of tire 15 and a 
linear speed of tire 16; and v is a vehicle speed of vehicle 10. 
Combining equations (1) and (8) yields the following equa 
tion (9): 

0031. As illustrated in FIG. 1D, tire 15 and tire 16 can 
also be controlled to generate corrective yaw moment AM 
as a function of incremental rear Steering angle Aö. Cor 
rective yaw moment AM can be computed by the follow 
ing equation (10): 

0032 where b is the distance from axis 17 to rear axle 14; 
and F is the total lateral force on both tire 15 and tire 16, 
which in the linear range of tire operation can be computed 
by the following equation (11): 

0033) where C is a cornering stiffness coefficient of 
both tire 15 and tire 16. Thus, corrective yaw moment AM 
can also be computed by the following equation (12): 

0034) Equating yaw moment AM to yaw moment AM 
can be accomplished by computing rear Steering angle A8, 
under the following equation (13) with the assumption that 
tire longitudinal Stiffness coefficient C and tire lateral stiff 
ness C are approximately equal: 

y - (13) 
0035. The present invention is an integrated active steer 
ing and braking control method based on equations (7) and 
(13) that selectively utilizes tire speed differential signal 
AV, to generate corrective yaw moment AM, and/or to 
generate corrective yaw moment AM when vehicle 10 has 
an active front Steering System, and Selectively utilizes tire 
Speed differential Signal AV to generate corrective yaw 
moment AMZ and/or corrective moment AM when 
vehicle 10 has an active rear Steering System. 
0036 Referring to FIG. 2, an integrated active steering 
and braking control system 11 for vehicle 10 in accordance 
with the present invention is shown. System 11 comprises a 
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reference model 20, an estimator 30, a vehicle level brake/ 
steer controller 40, and an actuator controller 50. To imple 
ment the principals of the present invention, reference model 
20, estimator 30, vehicle level brake/steer controller 40, and 
an actuator controller 50 may include digital circuitry, 
analog circuitry, or any combination of digital circuitry and 
analog circuitry. Also, reference model 20, estimator 30, 
vehicle level brake/steer controller 40, and an actuator 
controller 50 may be programmable, a dedicated State 
machine, or a hybrid combination of programmable and 
dedicated hardware. Additionally, reference model 20, esti 
mator 30, vehicle level brake/steer controller 40, and an 
actuator controller 50 may include any control clocks, 
interfaces, Signal conditioners, filters, Analog-to-Digital 
(A/D) converters, Digital-to-Analog (D/A) converters, com 
munication ports, or other types of operators as would occur 
to those having ordinary skill in the art to implement the 
principals of the present invention. 
0037) System 11 is incorporated within a processing 
environment of vehicle 10. However, for the simplicity in 
describing the present invention, System 11 is illustrated and 
described as being Separate from the processing environ 
ment of vehicle 10. Also, for the simplicity in describing the 
present invention, system 11 will be described herein as if 
vehicle 10 includes both a front active braking system and 
a rear active Steering System. However, those having ordi 
nary skill in the art will appreciate an applicability of System 
11 to a vehicle including only a front active braking System 
or a rear active Steering System. 
0.038. As known by those having ordinary skill in the art, 
conventional Sensors (not shown) provide a plurality of 
Signals indicative of an operational State of vehicle 10 
including, but not limited to, a driver Steering wheel angle 
Signal Öswa, a front Steering wheel angle signal of, a rear 
Steering wheel angle Signal ö, a vehicle yaw rate Signal S2, 
a lateral acceleration signal a, a wheel speed signal Ws 
(from tire 12), a wheel speed signal Ws (from tire 13), a 
wheel speed signal Ws (from tire 15), a wheel speed signs 
WSs (from tire 16), and an estimated vehicle speed signal 
V 

0.039 Reference model 20 inputs driver steering wheel 
angle signal öswa, lateral acceleration signal ay, and esti 
mated vehicle speed signal V from vehicle 10. Alternative to 
lateral acceleration signal ay, reference model 20 can input 
an estimated Surface coefficient of adhesion signal u, from 
estimator 30. In response to the inputted Signals, reference 
model 20 provides signals indicative of a feedforward front 
Steering angle correction Signal of a feedforward rear 
Steering angle correction Signal ö, a desired yaw rate signal 
G2a1, a desired lateral velocity signal va, and a desired slip 
angle signal fa. 
0040 Estimator 30 inputs front steering wheel angle 
Signal Ör, rear Steering wheel angle Signal 6, vehicle yaw 
rate signal S2, lateral acceleration signal a, and estimated 
vehicle speed signal V from vehicle 10. Estimator 30 further 
inputs desired yaw rate signal G2 from reference model 20. 
In response to the inputted Signals, estimator 30 provides an 
estimated Surface coefficient of adhesion signal u, an esti 
mated lateral Velocity Signal V, and an estimated Slip angle 
Signal f. 

0041 Vehicle level brake/steer controller 40 inputs front 
Steering wheel angle Signal 6, rear Steering wheel angle 
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Signal 6, vehicle yaw rate Signal S2, lateral acceleration 
signal a, and estimated vehicle speed signal V, from vehicle 
10. Controller 40 further inputs desired yaw rate signal S2, 
desired lateral velocity signal va, and desired slip angle 
Signal B from reference model 20, and estimated Surface 
coefficient of adhesion Signal lie, estimated lateral Velocity 
signal V, and estimated slip angle signal f from estimator 
30. In response to the inputted signals, controller 40 pro 
vides a desired speed differential signal AV indicating a 
desired speed difference between a linear Speed of tire 12 
and a linear speed of tire 13 (FIGS. 1A-1D) or a desired 
speed difference between a linear speed of tire 15 and a 
linear speed of tire 16 (FIGS. 1A-1D). Controller 40 further 
provides a desired front Steering angle signal of indicative 
of a desired steering angle of front axle 11 (FIGS. 1A-1D), 
and a desired rear Steering angle Signal 6 indicative of a 
desired steering angle of rear axle 14 (FIGS. 1A-1D). 
0042 Controller 40 only provides desired speed differ 
ential signal AVs and desired front Steering angle Önd for 
alternative embodiments of vehicle 10 only having a front 
active Steering System. 
0043 Actuator controller 50 inputs desired speed differ 
ential signal AVs, desired front Steering angle Signal ord, 
and desired rear Steering angle signal 6 from controller 
40. Controller 50 further inputs front steering wheel angle 
Signal Ör, rear Steering wheel angle Signal ö, wheel Speed 
Signal Ws, wheel Speed signal Ws, wheel Speed signal 
Ws, and wheel speed signal Ws from vehicle 10. In 
response to the inputted Signals, actuator controller 50 
compares desired tire speed differential signal AVs to either 
a speed differential between tire 12 and tire 13 (FIGS. 
1A-1D) as indicated by wheel speed signs WSs and wheel 
Speed signs WSs as would occur to those having ordinary 
skill in the art, or a speed differential between tire 15 and tire 
16 (FIGS. 1A-1D) as indicated by wheel speed signs WSs 
and wheel speed signs WSs as would occur to those having 
ordinary skill in the art. The result is a corrective braking 
Signal T that is provided to a braking System (not shown) of 
vehicle 10. In one embodiment of vehicle 10, a brake 
actuator of the braking System appropriately adjusts brake 
preSSure to a corresponding brake in response to corrective 
braking Signal T, as would occur to those having ordinary 
skill in the art. 

0044 Actuator controller 50 compares desired front 
Steering angle signal ord and front Steering wheel angle 
Signal of as would occur to those with ordinary skill in the 
art, and compares desired rear Steering angle signal ö, and 
rear Steering wheel angle signal ö, as would occur to those 
with ordinary skill in the art to thereby provide a corrective 
front Steering Signal T and a corrective rear Steering Signal 
T to a steering system (not shown) of vehicle 10. In one 
embodiment of vehicle 10, a front steering actuator of the 
Steering System adjusts a position of a steering rack for axle 
11 (FIGS. 1A-1D) in response to corrective front steering 
Signal T and a rear Steering actuator of the Steering System 
adjusts a position of a steering rack for axle 14 (FIGS. 
1A-1D) in response to corrective rear Steering signal T. 
0045 Referring to FIG. 3, one embodiment of reference 
model 20 in accordance with the present invention is shown. 
Ablock 21 converts Steering wheel angle Signal Öswa into a 
corresponding angle of front tires Signal or as computed by 
the following equation (14): 

örd-Öswa Kr(v) (14) 
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0046 where K(v) is a ratio between the angle of rota 
tion of a steering wheel of vehicle 10 (FIGS. 1A-1D) and 
front wheels 12 and 13 (FIGS. 1A-1D). In the case of active 
front Steer, front ratio K(V) may be speed dependent, for 
example decreasing with Speed to promote maneuverability 
at low Speeds and Stability at high Speeds. 

0047 A block 22 determines a feed forward part of a 
Steering angle correction by limiting a magnitude of front 
tire Steering angle of to a reasonable level. A desired value 
of lateral acceleration is computed from the following 
equation (15): 

0.048 where L is a vehicle tirebase and K is an under 
steer coefficient. It follows from equation (15) that in order 
to limit a magnitude of this acceleration to a reasonable level 
ayana (an example value of ayana is 12 m/s), a magnitude 
of Steering angle of has to be limited in accordance with the 
following equation (16): 

ormal-layamal (L+Kuys)/v. (16) 
0049. This limiting can be interpreted as adding a feed 
forward term to the Steering angle Ör, as given by the 
following equation (17): 

O if lords of max (VA) (17) 
off 

ofmax (V) - lord 8 sign (ofd) if lord of max (VA) 

0050. After the limitation, front steering angle 8 
desired by the driver is computed from the following equa 
tion (18): 

Öri-Örd höpff (18) 

0051) When vehicle 10 is equipped with a traditional 
Steering mechanism, the ratio Kf does not depend on Speed 
of vehicle 10 and the limitation of the Steering angle cannot 
be performed, (i.e. Öpi-Ö). 
0.052 A block 23 determines a feed forward part of the 
rear tire Steering angle 6, as computed from the following 
equation (19): 

Öff=8rd. Kii (v) (19) 
0053 where K(V) is a speed dependant gain that must 
be selected to achieve an improved maneuverability (to 
reduce radius of curvature and/or driver Steering effort) at 
low Speeds, an improved Stability at high Speeds and a 
reduction of vehicle side slip Velocity (or side slip angle). 
One possible choice is requiring that the Side Slip Velocity be 
equal to Zero in a steady State maneuver. Side slip Velocity 
V, is computed by the following equation (20): 

KEG) aEM.B), (CL) (20) 
0054 where M is mass of vehicle 10, a and b are a 
distances of vertical axis 17 to front axle 11 and rear axle 14 
(FIGS. 1A-1D), respectively, and C and C. are the cornering 
stiffness coefficients of front tires 12 and 13, and rear tires 
15 and 16 (FIGS. 1A-1D), respectively. In order to make 
side slip velocity V, equal Zero, a feedforward gain K, (v) 
is computed by the following equation (21): 
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0055 Feed forward gain K(v) is illustrated in FIG. 4 
as curve 1. Gain K(v) is negative for Small speeds and 
positive for large Speeds and it changes sign at a Velocity V 
given by the following equation (22): 

0056 Thus, the sign of the rear tire steering angle 8, is 
opposite to that of the front Steering angle 8 (out of phase 
Steering) at low speeds, which improves maneuverability. At 
high Speeds, rear tires 15 and 16 are Steered in phase with the 
front tires 12 and 13, which improves stability of vehicle 10. 
In practice, feedforward gain K(v) given by equation (21) 
would require too large rear tire Steering angle or, which is 
typically limited to Several degrees. Also, yaw rate S2 of 
vehicle 10 during cornering maneuvers would be very 
limited at high Velocities, thus compromising Subjective 
handling feel. To rectify these problems, feedforward gain 
Kirs) can be multiplied by a factor m, which is less than 
1 in accordance with the following equation (23): 

(C*L) (23) 

0057 with a reasonable value of m=0.4 (the optimal value 
for a given application depends on the range of Steering 
angle for rear tires 15 and 16). Gain Ki"(v) given by 
equation (23) is represented by curve 2 in FIG. 4. 
0.058 According to equation (22), a velocity V, at which 
gain K changes sign depends on cornering Stiffness C of 
rear tires 15 and 16. On slippery surfaces, the value of the 
cornering Stiffness C, and the characteristic velocity V (at 
which gain K, crosses Zero) will be reduced. If the gain 
determined by equation (23) with the nominal values of 
cornering Stiffness coefficient C. that correspond to a dry 
surface are used, vehicle 10 will exhibit a tendency to 
OverSteer during driving on Slippery Surfaces at the Veloci 
ties just below V. This is due to out of phase Steering 
increasing a rate of rotation of vehicle 10. To rectify this 
problem and make the behavior of vehicle 10 acceptable 
over the entire range of Surfaces, the feedforward gain Kr 
is chosen to be 0 for Speed between approximately 0.4*V. 
and V, as illustrated by curve 3 in FIG. 4. 
0059) Ablock 24 determines a steady state desired values 
of yaw rate S2 and side slip velocity Vyas. These values 
can be computed from look up tables, which are obtained 
from vehicle testing performed on dry Surface. During tests, 
the feedforward portion of the rear tire Steering angle of 
must be active and vehicle 10 must be in approximately 
Steady State cornering conditions. Thus, the desired values at 
a given Speed and front Steering angle of represent the values 
which vehicle 10 achieves on dry surface in steady state 
cornering with the feed forward portion of the rear tire steer 
being active. Another way of obtaining the desired values is 
by using analytical models. For example, the Steady State 
values of yaw rate S2 and side slip velocity V,as can be 
computed from the following equations (24) and (25): 

0060. In the equations (24) and (25), an understeer coef 
ficient K depends on the magnitude of lateral acceleration 
a. When vehicle 10 is without active rear tire steer, feed 
forward gain K=0. Since yaw rate S2 and Side slip Velocity 
vy are overestimated at large steering angles by equations 
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(24) and (25), the desired values obtained from equations 
(24) and (25) must be limited. A reasonable maximum value 
for a magnitude of yaw rate S2 can be computed from the 
following equation (26): 

S2dmaxi-glyx (26) 

0061 where g is acceleration of gravity. The limited 
value of a desired yaw rate S2 can be computed from the 
following equation (27): 

Odiss if Ods sg five (27) 
Odst = 

(g five): Sign(Ods) if Ods g five 

0062) The limited value of lateral velocity vs. can be 
computed from the following equation (28): 

visi–92/(1-Ka)I{b-M*a*v/(C*L)+Kira-- 
M*b*, 2/(C*L). (28) 

0063 Ablock 25 receives steady state yaw rate S2 and 
lateral velocity V. Block 25 represents a desired dynam 
ics of vehicle 10 and the delay in the generation of tire lateral 
forces. In the linear range of handling, the transfer functions 
between front Steering angle of and desired yaw rate S2. 
and between front Steering angle 8 and desired lateral 
velocity V, can be computed by the following equations 
(29) and (30): 

2C(V)*(), (v)*s--(1), (v) (29) 

2266). For (30) 
0064. In equations (29) and (30), S is the Laplace oper 
and, I is the moment of inertia of vehicle 10 about axis 17, 
Zo(V) and Z(V) are Zeros of the corresponding transfer 
functions, C(V) is the damping coefficient, and co(V) is the 
undamped natural frequency. 

0065. When vehicle 10 has active rear tire steer, the Zeros 
of the transfer functions depend on feedforward gain K. 
Each one of the above transfer functions can be represented 
as a product of a steady-state value (corresponding to S=0) 
and a term representing the dynamicS can be computed by 
the following equations (31) and (32): 

G(s)=(2dsförs)*Gs"(s) (31) 
Gwy(s)=(vyssförs)*Gvy"(s) (32) 

0066. Where 

0067 Thus, the dynamic values of the desired yaw rate 
S2, and lateral velocity v, can by obtained by passing the 
steady state values through the differential (or difference) 
equations (with parameters dependent on Speed) represent 
ing the dynamics of the transfer functions G(s) and G'(s). 
0068. In a block 26, the values of desired yaw rate C2 and 
side slip velocity va are subsequently passed through first 
order filters representing a delay in generating tire forces due 
to tire relaxation length. Block 26 can be represented as a 
transfer function in accordance with the following equation 
(35): 
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0069 in which a filter parameter a (v) is speed depen 
dent. In the case of vehicle 10 having active rear tire steer, 
one of the control objectives is to achieve quick response of 
vehicle 10 to Steering inputs. Thus, in this case, the dynamics 
of vehicle 10 as represented by the transfer functions (31) 
and (32) can be ignored, since vehicle 10 can respond faster 
to Steering inputs with active rear Steer than a conventional 
vehicle. 

0070 The desired values of yaw rate S2 and lateral 
velocity Vya obtained as outputs of block 26 may be subse 
quently limited in magnitude by a block 27 depending on the 
Surface conditions. A block 27 can utilize either an explicit 
estimate of Surface coefficient of adhesion in lateral direc 
tion u or a magnitude of lateral acceleration ay. In the first 
case, a limited value of desired yaw rate S2 is computed 
from the 20 following equation (36): 

Od if Ods ill 3 g fivy (36) 

(d = { 
(ill 3 g fivy): Sign(d) if Odd it 3 g f V. 

(0071) If the magnitude of lateral acceleration a is used 
by block 27, the limited desired yaw rate G2 is computed 
from the following equation (37): 

| if Ods (lay + Aay) fiv, (37) 

(lay + Aay)f V8 sign(Cd) if Odd (lay + Aay)f V. 

0072 where Aay is a constant positive value, for example 
2 m/s. The magnitude of desired lateral velocity Va is 
limited by the value obtained from equation (26) with the 
desired yaw rate at Steady State S2 replaced by the limited 
desired yaw rate S2. 
0073 Block 27 also outputs a desired side slip angle pd 
that can be computed as an arctangent function of the ratio 
of desired lateral Velocity to longitudinal Velocity in accor 
dance with the following equation (38): 

0074) Referring to FIG. 5, an embodiment of estimator 
30 (FIG.2) for estimating surface coefficient of adhesion u, 
is shown. A block 31 performs preliminary calculations. 
First, it is recognized that the most robust signal available is 
yaw rate G2, and an entry and an exit conditions are depen 
dent mainly on a yaw rate error, i.e. a difference between the 
desired yaw rate S2 and measured yaw rate S2, and to a 
lesser extent on measured lateral acceleration a (entry 
condition only). Thus, a yaw rate error is calculated and 
filtered, and lateral acceleration a, is filtered. 
0075 Second, when vehicle 10 (FIGS. 1A-1D) reaches 
the limit of adhesion in a steady turn, a Surface coefficient of 
adhesion can be determined as a ratio of the magnitude of a 
filtered lateral acceleration an to a maximum lateral accel 
eration a that Vehicle 10 can Sustain on dry pavement as ymax 

shown in the following equation (39): 
All temp-layiirlaymax (39) 
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0.076 where u temp is a temporary estimate of surface 
coefficient of adhesion in the lateral direction, and an is 
filtered lateral acceleration, which is also corrected for the 
effects of measured gravity components resulting from 
vehicle body roll and bank angle of the road. 

0077. A block 32 is designed to recognize situations 
when vehicle 10 operates at or close to the limit of adhesion 
and estimates a lateral Surface coefficient of adhesion u 
from measured lateral acceleration ay. This estimate is 
calculated by identifying one of the following three condi 
tions. 

0078 First, entry conditions are tested during a stage S1. 
Entry conditions are when vehicle 10 is handling at the limit 
of adhesion and is not in a quick transient maneuver. Under 
entry conditions, Stage S2 Sets coefficient of adhesion ul 
equal to temporary estimate of Surface coefficient of adhe 
Sion u temp as calculated by equation (37). 

0079 Second, exit conditions are tested during a stage 
S3. Exit conditions indicate vehicle 10 is well below the 
limit of adhesion (within the linear range of handling 
behavior). Under exit conditions, a stage S4 resets coeffi 
cient of adhesion u to a default value of 1. 

0080. Third, when neither the entry conditions nor the 
exit conditions are met, a Stage S5 holds coefficient of 
adhesion u unchanged from a previous value (i.e. holding 
conditions). The only exception is when the magnitude of 
measured lateral acceleration a, exceeds the maximum value 
predicted using currently held estimate. In this case, Stage S5 
calculates coefficient of adhesion u as if vehicle 10 was in 
an entry condition. 

0081. The entry conditions are met during stage S1 when 
the following three (3) conditions are simultaneously satis 
fied. The first condition is either (1) the magnitude of the 
yaw rate error, that is the difference between the desired yaw 
rate S2 and the measured yaw rate S2 being greater than a 
threshold as computed in the following equation (40): 

|2-2nd Yaw Threshold1 (40) 

0082 where the typical value of Yaw. Thershold1 is 
0.123 rad/s=7 deg/s); or (2) the magnitude of yaw rate error 
being greater than a lower threshold Yaw. Threshold2 for 
Some time Te as computed in the following equation (41): 

|2-2nd Yaw Threshold2 for Te Seconds (41) 

0.083 where Yaw. Threshold2 depends on the magnitude 
of desired yaw rate G2 or measured yaw rate S2. For 
example, Yaw. Threshold2=4 deg/s +5*S2=0.07 rad/s+ 
0.09: 12, where S2 is the desired yaw rate in rad/s). A 
typical value of the time period Te for which this condition 
must be satisfied is 0.3 sec. The threshold Yaw. Threshold1 
used in equation (40) may also depend on the magnitude of 
desired yaw rate G2 or measured yaw rate S2. 

0084. The second condition is the signs of the filtered 
lateral acceleration an and the weighted Sum of yaw rate 
S2 and the derivative of yaw rate are the same in accordance 
with the following mathematical expression (42): 

ani (S2+Yaw Der MultidSP/dt)>Sign Comp (42) 
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0085 where S2 is the measured yaw rate and d2/dt is its 
derivative. The magnitude of the filtered lateral acceleration 
an is limited from equation (43): 

Glyfitti if layfill a dymin (43) 
dyfitti 

dymin 3 Sign (Old) if layfill (dymin 

0086) where at is a constant with a typical value of 0.2 
M/s. Thus if an is very Small in magnitude, it is replaced 
by the at with a sign the same as the desired yaw rate G2a. 
This limit is needed to improve estimation on very Slick 
Surfaces (e.g. ice) when the magnitude of lateral acceleration 
a, is comparable to the effect of noise, so that the sign of an 
cannot be established. 

0087. The recommended values in equation (42) for the 
constant Yaw Der Mult is 0.5 and for Sign Comp is 0.035 
(if S2 is in rad/s and dS2/dt in rad/s). 
0088. In order to allow lateral acceleration a to fully 
build up at the beginning of maneuver and after each change 
in Sign, before it can be used for estimation of Surface 
coefficient u, a condition is used that requires both the 
desired yaw rate G2a and lateral acceleration a to have the 
same signs for a specific time period (necessary for the 
acceleration to buildup). In order to keep track of how long 
the desired yaw rate S2 and lateral acceleration a have had 
the Same Signs, a timer is introduced. In accordance with an 
equation (44), the timer becomes Zero when the desired yaw 
rate S2 and lateral acceleration a have opposite signs and 
counts the time that elapses from the moment the Signs 
become and remain the Same. 

O when (d : a fitti < Ay sign comp (44) 
timer = 

timer-loop time otherwise 

0089 where S2 is the desired yaw rate in rad/s) and 
Ay sign comp is a constant with a typical value of 0.2 m/s. 
0090 The third condition is either (1) the signs of the 
desired yaw rate G2a and measured lateral acceleration a are 
the Same and they have been the same for Some time in 
accordance with following equation (45): 

timershold time (45) 

0091 The hold time in equation (42) can be 0.25s, or (2) 
the magnitude of a derivative of lateral acceleration day/dt is 
less than a threshold in accordance with the following 
mathematical equation (46): 

day/dt|<Ay Der Thresh (46) 
0092 A recommended value of the threshold, Ay Der 
Thresh=2.5 m/s. The derivative day/dt is obtained by 

passing filtered lateral acceleration anthrough a high pass 
filter with a transfer function a? S/(S+a) with a typical value 
of a=6 rad/s. 
0093. The exit conditions are met during stage S3 when 
the following two (2) conditions are simultaneously satis 
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fied. The first condition is the magnitude of yaw rate error 
filtered is less than or equal to a threshold as illustrated in the 
following equation (47): 

|2-2s Yaw Threshold3 (47) 

0094) with a typical value of Yaw. Threshold3=0.10 rad/ 
S. 

0.095 The second condition is a low-pass filtered version 
of the magnitude of the yaw rate error is less than or equal 
to a threshold as illustrated in the following equation (48): 

(12-2)nizYaw Treshold4 (48) 

0096 where the value of Yaw. Threshold4=0.06 rad/s is 
recommended and the filter is a first order filter with a cutoff 
frequency of 1.8 rad/s, e.g. a filter with a transfer function 
a/(s+a) with at-1.8 rad/s). The thresholds Yaw. Threshold3 
and Yaw. Thereshold4 may depend on the magnitude of 
desired yaw rate G2 or the measured yaw rate S2. 

0097. A block 33 corrects surface estimate u for load 
transfer. Because of the effects of load transfer to the outside 
tires during cornering, which is Smaller on slippery Surfaces 
than on dry roads, lateral acceleration a is not directly 
proportional to the Surface coefficient of adhesion u To 
account for this effect, the Surface estimate u temp com 
puted from equation (37), is corrected using the following 
equation (49): 

At =ll temp (c1+C2 at temp) (49) 

0.098 where c-1 and c=1-c, so that on dry surface 
pull temp=1, while on slippery Surfaces usu temp. 
Example values are c=0.85 and C=0.15. 

0099. A block 34 limits surface estimate u from below 
by a value u (a typical value 0.07) and may be limited 
from above by u (a typical value 1.2). Surface estimate 
tly can be passed through a slew filter, which limits the rate 
of change of the estimate to a Specified value, for example 
2/Sec, or a low pass filter. 

0100. A block 35 estimates total Surface coefficient of 
adhesion u, using the following equation (50): 

RiLitt when as Ax Dz (50) 

0101 where Ax DZ is the dead-zone applied to the 
estimated longitudinal acceleration (a typical value is 2m/s2) 
and as is a maximum longitudinal deceleration which 
vehicle 10 can achieve on dry surface (a typical value is 9 
m/s). The Square root function in the above expression can 
be replaced by a Simplified linear equation or by a look-up 

-C f : a fe: (1 - (bef : (a felf ul))), 
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table. The estimate is finally limited from below by ut 
(typical value is 0.2) and from above by us (1.0). 
0102) The (unfiltered) estimate of surface coefficient in 
lateral direction, u, was found to be good for estimation of 
vehicle Side Slip angle. However, for control purposes, the 
estimate of the Surface coefficient in lateral direction may be 
too low in Some situations (for example during heavy 
braking on slick Surfaces) and may cause unnecessary tight 
control of slip angle. Therefore, for the purpose of control 
the estimated Surface coefficient is increased when the 
magnitude of the estimated vehicle longitudinal acceleration 
exceeds certain value. Note that Separate thresholds on yaw 
rate error for the entry and exit conditions are used, with the 
thresholds on the exit conditions being a little tighter. 
0.103 Referring to FIG. 6, an embodiment of estimator 
30 (FIG. 2) for estimating the actual lateral velocity and slip 
angle of vehicle 10 (FIGS. 1A-1D) as a function of front 
Steering wheel angle Signal Ör, rear Steering wheel angle 
Signal ö, yaw rate Signal G2, estimated vehicle Speed signal 
V, and the estimated lateral Surface coefficient of adhesion 
tl is shown. The Slip angle estimation implements an 
iterative nonlinear closed loop observer to determine the 
estimated vehicle lateral velocity V, and slip angle f. 
0104. A block 36 of the observer estimates the side slip 
angles of front axle 11 and rear axle 14 using the following 
equations (51a) and (51b): 

Cle=ve (k-1)-b*2/v-8, (51b) 
01.05) where v(k-1) is the estimated lateral velocity 
from the previous iteration of the observer, and C and C. 
are the estimated front and rear axle side slip angles, 
respectively. The Steering angles of and Ö, are the actual 
(measured) Steering angles of front tires 12 and 13, and rear 
tires 15 and 16, respectively, including the corrective terms. 
0106 A block 37 of the observer estimates lateral forces 
Fre of the front axle 11 according to one of two functions as 
illustrated in the following equation (52): 

if a fell < ill 8 are (52) 

-Nr. 8 (la felf a fe): Lul + Sf 8 (a felf a fi - ut) if a fel 2 up 3 are 

0107 where s is a small non-negative number (the slope 
of the F-Clf curve at the limit of adhesion), e.g., S-005, 
and where C is defined by the following equation (53): 

Clf. =1/(2*ber) (53) 

0108 where bris defined by the following equation (54): 
br=Cf(4*N), (54) 

0109 where N is defined by the following equation (55): 
N =M*b*(aa-i-A)/(a+b) (55) 

0110) where an is the maximum lateral acceleration 
that vehicle 10 can Sustain on a dry Surface in m/s and A, 
is a positive constant, e.g., A=0.5 m/s. M is the nominal 
value of the total vehicle mass. 
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0111) The observer similarly estimates lateral forces F. 
of the rear axle 14 according to the following equation (56): 

-C 3 are : (1 - bc is are), 
Fyre = 

-N, 8 (late fare): All + S 3 (ae far - ill) if are 2 ill: a, 

0112 where S is a Small non-negative number, e.g., 
s=0.05 and where C, is defined by the following equation 
(57): 

C.. =1/(2b) (57) 

0113 where b is defined by the following equation (58): 
b=C/(4*.N.), (58) 

0114 where N is defined by the following equation 
(59): 

ymax 

0115) A block 38 of the observer then estimates a state 
variable q(k) related to lateral Velocity according to the 
following equation (60): 

0.116) where AA is defined by the following equation 
(61): 

AA=ay-(Fyfe+Fyle)/M, (61) 

0117) and AAF is AA passed through a first order digital 
low pass filter, for example, with a cut off frequency of 1 
rad/s. 

0118) A block 39 of the observer uses state variable q(k) 
to determine estimates of lateral velocity V, and slip angle 
f using equations (62) and (63): 

0119) The gains g1, go, gs and g are tuning parameters 
preset by a System designer, typically through experimen 
tation on a test vehicle, and may vary from implementation 
to implementation. The estimated lateral velocity V, and the 
estimated Slip angle B are the main outputs of the observer. 

0120 Referring to FIG. 7, one embodiment of controller 
40 in accordance with the present invention is shown. In 
controller 40, an overall corrective yaw moment is deter 
mined and expressed in terms of a desired Speed differential 
Signal Avis (which is achieved by differential braking) 
between either front tire 12 and front tire 13 (FIGS. 1A-1D), 
or rear tire 15 and rear tire 16 (FIGS. 1A-1D). The corrective 
yaw moment is also expressed in terms of a Summation of 
front Steer angle correction signal Aö and front Steering 
angle signal öf (FIG. 2) to form the total front Steering 
angle signal ö and in terms of a Summation of rear Steer 
angle correction signal Aö, and rear Steering angle Signal of 
(FIG. 2) to form the total desired rear Steer angle signal 6. 
The magnitudes of total desired rear Steer angle Signal 6, 
and the total desired front Steering angle Signal of may be 
Subsequently limited to desired rear Steering angle signal 
8, and desired front steering angle signal öna, respectively. 

if are < ill: a, 
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0121. A block 41 calculates desired speed differential 
Signal AVs, front Steer angle correction signal Aöf and rear 

(56) 

Steer angle correction signal Aö. The corrective yaw 
moment is obtained by a feedback control operating on the 
yaw rate error and the side slip Velocity (or side slip angle) 
error. The yaw rate error S2-C2 is the difference between the 
desired yaw rate Signal S2 and measured yaw rate Signal S2. 
Similarly, the side slip velocity error is the difference 
between the desired side slip velocity signal Va and the 
estimated side slip velocity signal ve. The control law is 
essentially a PD (proportional and derivative) feedback 
control law, in which the control gains depend on vehicle 
Speed Signal V, estimated Surface coefficient of adhesion 
Signal u, and on the magnitude of the estimated vehicle Slip 
angle error. Thus, for the delta Velocity Signal AVs, the 
control law equation (64) may be written as follows: 

Avis = kop(vy, ite) * (Od - (2) + (64) 

kod (Va., ple): d(Od - (2)/ dt + k (Vr, ite, F - B): (Vyd - Vye) + 

kyd (vy, ite, fid - fel): d(vyd - Vye)f dt 

0122) where ko (v.u.) and ko (Vul) are the propor 
tional and derivative yaw rate gains, while k (Vu, Ba 
BI) and k (V, u, ula-il) are the proportional and deriva 
tive lateral Velocity gains. The magnitudes of the gains for 
each velocity and Surface coefficient are tuned through 
vehicle testing and are implemented as look up tables. 
Typically, the proportional yaw rate gain ko (v.u.) and 
derivative yaw rate gain ko (v, u) increase nearly propor 
tionally with vehicle speed V and decrease as the estimated 
Surface coefficient of adhesion u, increases. The lateral 
velocity gains, kvy (Valle, Ba-B) and kvya(Valle, Ba-B), 
increase with vehicle Speed and increase quite rapidly on 
Slippery Surfaces. This is done to provide a proper balance 
between yaw control and Side slip control. On dry Surfaces, 
the yaw rate feedback control usually dominates to achieve 
responsive handling, while on Slippery Surface the control of 
Side slip increases to achieve better Stability. In addition, the 
Slip angle gains may depend on the magnitude of Side Slip 
angle error, with the gain generally increasing as the Side Slip 
angle error increases. For example, the gain may be Zero or 
close to Zero when the magnitude of Side slip angle error is 
below a threshold, and increases as the Side Slip angle error 
increases in magnitude. 
0123 There exist several modifications of the control 
law, which may be considered the Special cases of the 
control law (64). First, the desired side slip velocity and side 
Slip angle may be set to Zero. In this case, the last two terms 
in equation (64) are proportional and derivative terms with 
respect to Side slip Velocity, rather than Side slip errors. In 
this case, the desired Side Slip Velocity does not need to be 
computed, which simplifies the algorithm. This simplifica 
tion is justified, because at higher speeds the desired Side Slip 
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angles are Small, especially for active rear Steer vehicles. 
Further simplification may be achieved by deleting the third 
term in the control law (64), involving the side slip Velocity. 
In this case, the control law includes P (proportional) and D 
(derivative) yaw rate terms, but only a derivative lateral 
Velocity term. In that manner, the estimation of vehicle Side 
Slip Velocity is avoided and the algorithm is further simpli 
fied. The control gains may depend on whether vehicle is in 
OverSteer or underSteer condition. 

0.124 AS discussed earlier, differential speed signal Avia 
determined for the brake controller can be converted into 
equivalent Steering angle correction signal Aö, for rear axle 
14 and front Steering angle correction signal Aöf for axle 12. 
Thus the feedback portions of the front or rear steering 
angles can be computed from equations (65) and (66): 

Aö, gr(vs. ite)*Avis (65) 
Aöfg,(vs. ite)*Avis (66) 

0.125 where the gains can vary with speed and the 
estimated Surface coefficient of adhesion. 

0.126 Block 42 determines a vehicle steer flag, which 
determines whether vehicle 10 is in understeer (flag=1) or 
oversteer (flag=0). The following is an example of steer flag 
determination. 

0127. Vehicle 10 is in understeer if either front steering 
angle signal Ör, control Signal AVs and lateral acceleration 
signal ay are all in the same direction or when vehicle 10 is 
plowing on a slippery surface. Vehicle 10 is in oversteer if 
either front steering angle signal of is in different direction 
from control Signal AV, or front Steering angle Signal of 
and control Signal AV are in the same direction, but lateral 
acceleration signal ay is in opposite direction. If neither 
OverSteer nor underSteer conditions are Satisfied, previous 
steer definition is held. It is theoretically possible that 
vehicle 10 is plowing (understeer) and front Steering angle 
Signal of and control signal AV have opposite signs (over 
Steer). In this case vehicle State is considered oversteer (i.e. 
oversteer overrides understeer if both are true). 
0128. The situation when vehicle 10 is plowing is iden 
tified when the magnitude of the desired yaw rate S2 is 
Significantly larger than the magnitude of measured yaw rate 
G2 over a pre-defined period of time, and the measured yaw 
rate S2 is Small. This can happen only on very slippery road 
Surface. In this situation, we do not demand that front 
Steering angle signal Ör, control Signal AVs and lateral 
acceleration signal ay have the same signs, in order to 
declare understeer, since lateral acceleration signal a may 
be very Small in magnitude. 

0129. The over/understeer flag is used to further influence 
the control actions. If the brake control System is a four 
channel System, i.e. it can actively apply brakes to either 
front tires 12 and 13 (FIGS. 1A-1D) or rear tires 15 and 16 
(FIGS. 1A-1D), then the control command Ava is applied 
to tire 12 and/or tire 13 when vehicle 10 is in oversteer and 
to tire 15 and/or tire 16 when vehicle 10 is in understeer. For 
a two channel System, the control command AV is always 
applied to tire 12 and/or tire 13. The actual commanded 
differential Speed signal AV is corrected for the difference 
in tire Velocities, resulting from kinematics of turn. During 
cornering maneuvers, free rolling tires have a Speed differ 
ence equal to the product of vehicle yaw rate G2, and the 
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track width tw. Thus, the target tire slip difference can be 
computed from equation (67): 

Avis-Avis +tw.2 (67) 
0.130. When the driver is not braking, the velocity dif 
ference between front tires 12 and 13 is achieved by braking 
of one or both front tires 12 and 13, and the velocity 
difference between rear tires 15 and 16 is achieved by 
braking of one or both front tires 15 and 16. When driver is 
braking, the braking force may also be reduced on the 
opposite Side, if braking of the desired tire reached a 
Saturation point without achieving the desired Speed differ 
CCC. 

0131) A block 43 tests entry and exits conditions for 
applying the brake command AVs to vehicle 10. The brake 
command AV is applied only if entry conditions for the 
active brake control are established and only until the exit 
conditions for active brake control satisfied. First, the esti 
mated vehicle speed signal V must be above a certain entry 
Speed V, which is rather low, for example 5 mph. If this 
condition is Satisfied, then the brake System becomes active 
when the magnitude of yaw rate error exceeds a threshold 
value, which depends on vehicle Speed Signal V, front 
Steering angle signal of and over or underSteer flag. The yaw 
rate error consists of a proportional and a derivative terms. 
Thus the entry condition can be computed from the follow 
ing equation (68): 

0132) where k is a constant and S2s (V, Ör, Steer flag) 
is a threshold, which depends on the vehicle speed signal V, 
front Steering angle signal of and Steer flag. It is larger in 
understeer condition than in oversteer. The entry conditions 
for the brake System are significantly relaxed, or even the 
system may not be allow to enter, when vehicle 10 is being 
braked in ABS mode. In this case, the directional control is 
provided by Steering only, until the errors in yaw following 
are quite large. In the case of braking on split mu Surface (a 
Surface with Significantly different coefficients of adhesion 
under left and right tires) the entire correction of the yaw 
motion is provided by Steering alone. This is done in order 
to avoid compromising the Stopping distance. 
0.133 An exit condition is established if the magnitude of 
the yaw rate error, as defined above, is below a predeter 
mined yaw rate error threshold (which is lower than the 
entry threshold) for a specified period of time or when 
vehicle Speed drops below a certain value. 
0.134. When entry conditions are not met, the active brake 
control System is disabled. During this time vehicle dynamic 
behavior is controlled through active Steer control, front or 
rear, which do not have entry conditions. A block 44 
determines total commanded targeted control valves. First, 
rear Steering angle Ö, is computed as the Sum of the 
feedforward part 8, and the feedback part Aö, in accordance 
with the following equation (69): 

0135) If vehicle 10 is in oversteer, the commanded rear 
Steer angle is limited in order to limit the Side Slip angle of 
the rear tires to a maximum value C(u), which depends 
on the estimated Surface coefficient of adhesion (it decreases 
when the Surface estimate decreases). Typical shapes of the 
curves relating lateral force to the tire Slip angle for two 
different surfaces are shown in FIG. 8. Increasing slip angle 
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beyond C, leads to decline in the magnitude of lateral 
force on most Surfaces. The purpose is to avoid increasing 
Slip angle beyond that corresponding to the peak lateral 
force. This yields the following equation (70): 

(wye - b : (2)/ V, - a max if old < (vye - b : (2)/ V, - a max (70) 
oth = 3 (vye - b : (2) fivy + amax if Önd (vye - b : (2) five + amax 

ord otherwise 

0.136 Similarly, the commanded front steer angle correc 
tion, Aö consists of the feedforward part of and the 
feedback part Aöf in accordance with following equation 

0.137 The total desired steering angle 8 is the sum of 
the Steering angle correction and the angle commanded by 
the driver 8 as computed from the following equation (72): 

0.138. This steering may subsequently be a subject of the 
following limitation. If vehicle is in an underSteer condition, 
then the total front tire Steering angle of is limited to by the 
following equation (73): 

(vye + a 8 (2)/ Vy - a fmax if ofid < (vye + a 8 (2)/ Vy - a fmax (73) 
Öfidi = (vye + a 8 (2)/ Vy + a fmax if of d > (vye + a 8 (2) fivy - a fmax 

did otherwise 

0.139 where C(u) is a front tires slip angle corre 
sponding to maximum lateral force. It is a function of the 
estimated Surface coefficient of adhesion us. 
0140 Thus, during normal vehicle operation, vehicle 10 
is controlled through Steering inputs only, which are quite 
effective in controlling vehicle yaw motion in and close to 
the linear range of handling behavior. Only if the actual 
response of vehicle 10 significantly deviates from the 
desired response, the active brake control is activated in 
addition to the Steering control. 
0141 While the embodiments of the present invention 
disclosed herein are presently considered to be preferred, 
various changes and modifications can be made without 
departing from the Spirit and Scope of the invention. The 
Scope of the invention is indicated in the appended claims, 
and all changes that come within the meaning and range of 
equivalents are intended to be embraced therein. 

1. An integrated active Steering and braking control 
method for a vehicle, the vehicle including an axle, a first 
tire, a Second tire, a Steering System, and a braking System, 
Said method comprising: 

determining a first corrective yaw moment as a function 
of a Steering angle of the axle, 

determining a Second corrective yaw moment as a func 
tion of a speed differential between the first tire and the 
Second tire; 
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providing a corrective Steering Signal to the Steering 
System whereby Said first corrective yaw moment is 
applied to the vehicle, and 

providing a corrective braking Signal to the braking 
System whereby Said Second corrective yaw moment is 
applied to the vehicle. 

2. The method of claim 1, wherein 
Said corrective Steering Signal and Said corrective braking 

Signal are concurrently provided whereby Said first 
corrective yaw moment and Said Second corrective yaw 
moment are concurrently applied to the vehicle. 

3. An integrated active Steering and braking control 
method for a vehicle, the vehicle including an axle, a first 
tire, and a Second tire, Said method comprising: 

determining a desired Speed differential between the 
Speed of the first tire and the Speed of the Second tire; 
and 

determining a desired Steering angle of the axle as a 
function of said desired speed differential. 

4. The method of claim 3, further comprising: 
determining a corrective braking Signal as a function of 

Said desired Speed differential. 
5. The method of claim 3, further comprising: 
determining a corrective Steering Signal as a function of 

Said desired Steering angle. 
6. The method of claim 3, further comprising: 
applying a limitation to said desired steering angle; and 
determining a corrective Steering Signal as a function of 

Said desired Steering angle in View of Said limitation. 
7. The method of claim 3, further comprising: 
Selectively determining a corrective braking Signal as a 

function of Said desired Speed differential; and 
determining a corrective Steering Signal as a function of 

Said desired Steering angle. 
8. An integrated active Steering and braking control 

method for a vehicle, the vehicle including an axle, a first 
tire, and a Second tire, Said method comprising: 

receiving a plurality of operational Signals indicative of an 
operational State of the vehicle; 

determining a feedforward portion of a corrective front 
Steering angle signal in response to Said plurality of 
operational Signals, and 

determining a feedforward portion of a corrective rear 
Steering angle signal in response to Said plurality of 
operational Signals. 

9. The method of claim 8, further comprising: 
determining a desired yaw rate in response to Said plu 

rality of operational Signals, 
determining a desired Side slip Velocity in response to Said 

plurality of operational signals, and 
determining a desired Side Slip angle in response to Said 

plurality of operational signals. 
10. The method of claim 8, further comprising: 
estimating a Surface coefficient of adhesion in response to 

Said plurality of operational Signals 
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estimating a side slip Velocity in response to Said plurality 
of operational Signals, and 

estimating a side slip angle in response to Said plurality of 
operational Signals. 

11. The method of claim 8, further comprising: 
determining a feedback portion of Said corrective front 

Steering angle signal in response to Said plurality of 
operational Signals, and 

determining a feedback portion of Said corrective rear 
Steering angle signal in response to Said plurality of 
operational Signals. 

12. An integrated active Steering and braking control 
method for a vehicle including an axle, a first tire, a Second 
tire, a Steering System, and a braking System, Said method 
comprising: 

a first controller operable to determine a first corrective 
yaw moment as a function of a steering angle of the 
axle and to determine a Second corrective yaw moment 
for the vehicle as a function of a speed differential 
between the first tire and the second tire; and 

a Second controller operable to provide a corrective 
Steering Signal to the Steering System whereby Said first 
corrective yaw moment is applied to the vehicle, and to 
provide a corrective braking Signal to the braking 
System whereby Said Second corrective yaw moment is 
applied to the vehicle. 

13. The system of claim 12, wherein 
Said Second controller is operable to concurrently provide 

Said corrective Steering Signal to the Steering System 
and Said corrective braking Signal to the braking System 
whereby Said first corrective yaw moment and Said 
Second corrective yaw moment are concurrently 
applied to the vehicle. 

14. A vehicle, comprising: 
an axle, 
a first tire; 

a Second tire; and 
an integrated active Steering and braking control System 

operable to determine a desired speed differential 
between a Speed of Said first tire and a speed of Said 
Second tire and to determine a desired Steering angle of 
Said axle as a function of Said desired Speed differential. 

15. The vehicle of claim 14, wherein 

Said System is further operable to determine a corrective 
braking Signal as a function of Said desired Speed 
differential. 
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16. The vehicle of claim 14, wherein 
Said System is further operable to determine a corrective 

Steering Signal as a function of Said desired Steering 
angle. 

17. The vehicle of claim 14, wherein 
Said System is further operable to apply a limitation to Said 

desired Steering angle and to determine a corrective 
Steering Signal as a function of Said desired Steering 
angle in View of Said limitation. 

18. The vehicle of claim 14, wherein 
Said System is further operable to Selectively determine a 

corrective braking Signal as a function of Said desired 
Speed differential and to determine a corrective Steering 
Signal as a function of Said desired Steering angle. 

19. An integrated active Steering and braking control 
System for a vehicle, comprising: 

a means for determining a feedforward portion of a 
corrective front Steering angle Signal in response to a 
plurality of operational Signals indicative of an opera 
tional State of the vehicle; and 

a means for determining a feedforward portion of a 
corrective rear Steering angle Signal in response to Said 
plurality of operational signals. 

20. The system of claim 19, further comprising: 
a means for determining a desired yaw rate in response to 

Said plurality of operational Signals, 
a means for determining a desired side slip Velocity in 

response to Said plurality of operational signals, and 
a means for determining a desired side Slip angle in 

response to Said plurality of operational signals. 
21. The system of claim 19, further comprising: 
a means for estimating a Surface coefficient of adhesion in 

response to Said plurality of operational signals 
a means for estimating a side Slip Velocity in response to 

Said plurality of operational Signals, and 
a means for estimating a Side slip angle in response to Said 

plurality of operational signals. 
22. The System of claim 8, further comprising: 
a means for determining a feedback portion of Said 

corrective front Steering angle Signal in response to Said 
plurality of operational signals, and 

a means for determining a feedback portion of Said 
corrective rear Steering angle Signal in response to Said 
plurality of operational signals. 
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