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SYSTEM AND METHOD INCORPORATING 
DYNAMIC FEEDFORWARD FOR INTEGRATED 
CONTROL OF MOTOR VEHICLE STEERING AND 

BRAKING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of Ser. 
No. 09/935,274, Which Was ?led Aug. 22, 2001, the disclo 
sure of Which is hereby incorporated by reference. 

TECHNICAL FIELD OF THE INVENTION 

[0002] The present invention relates to control systems for 
motor vehicle subsystems, and more particularly to a system 
and method including a dynamic feedforWard feature for 
integrated control of the motor vehicle steering and brakes. 

BACKGROUND OF THE INVENTION 

[0003] Uni?ed or integrated chassis control systems have 
been proposed Which control the brakes, steering, and sus 
pension of a motor vehicle. The purpose of uni?ed chassis 
control is to improve vehicle performance in all driving 
conditions by coordinating control of the chassis sub 
systerns. Uni?ed chassis control systems typically utiliZe a 
supervisory control concept that utiliZes three fundamental 
blocks: a reference model, a state estirnator, and a vehicle 
control. The vehicle control element norrnally incorporates 
a feedback control. This element cornputes control values by 
comparing actual states obtained from the state estirnator 
With desired states from the reference model. 

[0004] It is Well knoWn that When brakes are applied 
during a steering rnaneuver, a yaW rate error is induced. It 
such circumstances, the conventional chassis control sys 
terns are relatively sloW to compensate. 

SUMMARY OF THE INVENTION 

[0005] The present invention is a system and method for 
controlling a motor vehicle subsystern. The control system 
comprises a reference model and a feedforWard controller. 
The reference model cornputes desired states of the sub 
system. The feedforWard controller computes a ?rst control 
value based on input from the reference model, and corn 
putes a second control value based on yaW rate of the vehicle 
and a control variable for the subsystem. 

[0006] Accordingly, it is an object of the present invention 
to provide a control system of the type described above 
Which presents a standard methodology to integrate feed 
forWard control into a uni?ed chassis control supervisor that 
overcomes several knoWn de?ciencies. 

[0007] Another object of the present invention is to pro 
vide a control system of the type described above which 
improves control response. 

[0008] Still another object of the present invention is to 
provide a control system of the type described above Which 
alloWs single-point tuning. 

[0009] Still another object of the present invention is to 
provide a control system of the type described above Which 
incorporates dynarnic feedforWard logic. 

[0010] The foregoing and other features and advantages of 
the invention will become further apparent from the folloW 

Mar. 20, 2003 

ing detailed description of the presently preferred ernbodi 
rnents, read in conjunction With the accompanying draWings. 
The detailed description and draWings are merely illustrative 
of the invention rather than limiting, the scope of the 
invention being de?ned by the appended claims and equiva 
lents thereof. 

BRIEF DESCRIPTION OF THE DRAWING 

[0011] FIG. 1 is a schematic vieW of a chassis control 
system according to the present invention for a motor 
vehicle; 
[0012] FIG. 2 is a block diagram of a dynamic feedfor 
Ward control system using a ?rst-order reference model; and 

[0013] FIG. 3 is a block diagram of a dynamic feedfor 
Ward control system using a second-order reference model. 

DETAILED DESCRIPTION OF THE 
PRESENTLY PREFERRED EMBODIMENTS 

[0014] FIG. 1 shoWs a control system 10 according to the 
present invention for chassis subsysterns 12 of a motor 
vehicle 14. The chassis subsysterns may include front and/or 
rear steering and braking. A supervisory controller 16 per 
forrns rnany estimation and control functions conventionally 
performed by the subsystems themselves. The supervisory 
controller 16 includes a reference model 18, an estimator 20 
of vehicle state and environment, and a vehicle level con 
troller including a feedforWard controller 22 and a feedback 
controller 24. 

[0015] The reference model 18 determines the desired 
vehicle response, in terms of rneasureable variables, to 
driver inputs using rneasured inputs from sensors 26 and 
some estimates. The estirnator 20 uses rneasured inputs such 
as from sensors 26, measured outputs such as from sensors 
28, and some preliminary estimates from individual modules 
to generate estimates of vehicle states Which are not rnea 
sured directly. The estirnator 20 may also estirnate variables 
describing potentially relevant environmental effects such as 
surface coefficient of adhesion, bank angle of the road 
surface, roughness of the road surface, and others. The 
supervisory controller 16 uses the desired, measured and 
estimated values to determine the corrective action on the 
vehicle level, for example moments and forces acting on the 
vehicle, that Will bring the vehicle response into conforrn 
ance With the desired response. The supervisory controller 
16 also performs partition of control among the subsystems 
12. Thus, the supervisory controller 16 decides Whether and 
to What eXtent to activate any subsystern(s) in a given 
situation. 

[0016] The feedforWard controller 22 computes a control 
value based on input from the reference model 18. The 
present invention optionally provides a driver to chassis 
subsystern transfer function 30. In the case of steering, this 
could represent the transfer function betWeen steering Wheel 
position and road Wheel position. In the case of braking, this 
could represent the transfer function betWeen pedal force 
and caliper forces at each of the braked Wheels of the motor 
vehicle. This transfer function can be included in the feed 
forWard and feedback control design. For suspension sys 
terns, hoWever, this block does not eXist. It should be noted 
that the lines on the block diagram in FIG. 1 shoW prirnary 
control paths. In reality, due to the non-linear nature of 
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vehicle dynamics, the present invention contemplates other 
links such as bank angle from the state estimator 20 to the 
feedforWard controller 22. Acontrol term based on the driver 
inputs (inputs to the reference model) are also appropriate 
and ?t the de?nition of feedforWard control. 

[0017] A dynamic feedforWard control is represented by 
line 32. The dynamic feedforWard control is determined by 
the vehicle yaW-plane dynamics, Which can be described by 
equations using variables for rearWheel steer Aor (if present), 
front active steer Aofc, and differential brake AFb systems. 
The tWo degrees-of-freedom bicycle model is described by: 

P — P — 

6121 6122 O 

[0019] Where (I) and Vy are the vehicle yaW rate and side 
slip velocity, respectively, and the system coef?cients, 
ay’s(i=1,2;j=1,2), b?’s, bri’s , bfcl’s, bp1 are functions of 
vehicle mass M, vehicle speed VX, vehicle inertia IZ, front 
and rear cornering stiffness Cf, CI, vehicle track Width, tW, 
and the location of vehicle center of gravity described by 
parameters a and b 

[0020] The actual yaW rate (I) of the vehicle 14 measured 
by the sensors 28 is mathematically stated from FIG. 1 as 
CD=P10+P2GS[G5(I>I+Gfb((I>—(I>I)]. The transfer function to 
relate the yaW rate, (I), to the road Wheel angle, 0, is 
expressed as 
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[0021] The variable P2 represents the transfer function to 
relate the yaW rate to the control variables for the rear steer 
(if present), front active steer, and braking systems. The 
variables Gref, GEE, Gfb, G, respectively represent the transfer 
functions for the desired reference model, the feedforWard 
control, the feedback control, and the actuator dynamics 
shoWn in FIG. 1. 

[0022] Assuming that the yaW rate is equal to the desired 
yaW rate (DI, the last equation above can be reWritten as 
(1—PZGSGEE) (DIP10. Assuming further that (I>I=Gmf0, the 
general dynamic feedforWard transfer function is given by 
G&=P2_1GS_1[1—G _1P1]. ref 

Rear Steer System 

[0023] The transfer function to relate the yaW rate to the 
rear road Wheel angle control, if present, is given by 

P 50 bus + al2br2 — a22br] 
2 = _ = — 

Afsr 52 — (all + “12)5 + 61116122 — “126121 

[0024] If the desired yaW rate (or reference model) is 
represented as a ?rst-order transfer function as 

G Kd 
ref _ TdS + 1 

Where 

V. 

[0025] Where the variables K”, L respectively represent the 
understeer coefficient and vehicle length, then the dynamic 
feedforWard part of the rear steer control is given by 

A6, = G ff Gref 0 

Where 

i 
+ Gds 

s — $13 

And 

hp bf, 
G; = ——a12 + —a22 + 61116122 — “126121 + brlGpa33 br] 

kd kd 

3: 

[0027] The dynamic feedforWard control With a propor 
tional term, a derivative term, and a diminishing integrator 
term of the steering Wheel position is employed to achieve 
the desired dynamic feedforWard control function. FIG. 2 
shoWs a dynamic feedforWard control method for a rear steer 
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application assuming a ?rst-order transfer function. The 
bicycle model parameters are ?rst obtained at block 100, and 
then at block 102 the desired time constant Id is determined 
according to the equations discussed previously. Acornering 
stiffness adaptation based on an estimate of road friction is 
then performed at 104, folloWed by ?ltering the steering 
Wheel position, the steering Wheel rate, and the vehicle 
speed as shoWn by block 106. The diminishing integral gains 
Gi and a33 are then determined at block 108, and the 
proportional and derivative control gains Gp and Gd, respec 
tively, determined at block 110. At block 112, the dynamic 
feedforWard control gain is determined according to the 
equation discussed above. The dynamic feedforWard control 
command for the rear steer system is then determined at 
block 114. Finally, the static feedforWard and feedback 
controls are added at block 116 to the dynamic feedforWard 
control to obtain the total steering control command. The 
dynamic feedforWard control gains can be represented as 
four separate table lookups. For eXample, When the ?rst 
order time constant is assumed to be 0.05 seconds, the 
proportional, the diminishing integral, and the derivative 
control gains are plotted as a function of vehicle speed and 
stored in a computer memory. 

[0028] If the reference model is modeled as a second-order 
transfer function as 

[0029] then the dynamic feedforWard term of the rear steer 
control becomes 

51153 + 61252 + $135 + 614 

[0030] and the rear steer control associated With the 
dynamic feedforWard term is given by 

A6I=GE2ndG1ef2nde 
[0031] The parameters of the second-order transfer func 
tion are: 

as = 61116122 — “126121 

a6 = a22bf] — Hub/2 

a7 = 6111 + 6122 
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[0032] 

[0033] The variables 00d and Ed are the desired natural 
frequency and damping ratio, Which can be de?ned in the 
reference model using a single-point tuning approach, to 
enhance the transient handling performance of the rear steer 
system. 

[0034] The dynamic feedforWard transfer function GELZnd 
can be rearranged as the summation of a proportional term, 
a differential term, and a second-order term as: 

Gjfjnd = Gpignd + Gdiznds + Kp 

[0035] The vehicle’s natural frequency and damping ratio 
are preferably generally decreased as the vehicle speed is 
increased. An advantage of the second-order transfer func 
tion is that it alloWs a driver to choose a desired handling 
characteristic of a vehicle. FIG. 3 shoWs the dynamic 
feedforWard control for the rear steer system assuming a 
second-order reference model. The dynamic feedforWard 
control command can be represented as the summation of a 
proportional term, a differential term, and an integral term 
With a second-order transfer function as given above. The 
dynamic feedforWard control gains can be represented as 
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four separate table lookups. For example, When a vehicle 
handling characteristic With a desired natural frequency of 
1.5 HZ and a desired damping ratio of 1.5 are speci?ed, the 
control gains are represented as a function of vehicle speed 
and stored in the computer memory. The total rear steer 
control command is the summation of the static feedfor 
Ward, the dynamic feedforWard, and the feedback control. 

Front Active Steer System 

[0036] The transfer function to relate the yaW rate to the 
front active steering control is given by: 

P _ S0 _ bfCIS + al2bfc2 — a22bfc] 

2 Afsfc 52 —(an +a12)5+a11a22 —a12a21 

[0037] If the reference model is represented as a ?rst-order 
transfer function, then the dynamic feedforWard part of the 
front active steering control is given by: 

i 
+ Gds 

s — r133 

Where 

Active Braking System 

[0038] The transfer function to relate the yaW rate to the 
active brake control is given by 

P _ i _ bp](S — 6122) 

2 AFb 52 — (6111 + 6112)? + a116l22 — 61126121 

[0039] If the reference model is represented as a ?rst-order 
transfer function, then the dynamic feedforWard part of the 
active brake control is given by: 
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-continued 
Where 

[0040] The vehicle’s transient handling performance, such 
as during step steer or slalom maneuvering, can be enhanced 
by choosing the natural frequency and damping ratio of the 
vehicle’s reference model With a single point tuning 
approach. The dynamic feedforWard control of the active 
steering and braking integration can be tuned to provide 
either a ?rst-order or a second-order desired reference model 
behavior, Which is a great bene?t in systematically tuning 
the vehicle to a desired level of handling performance. The 
addition of dynamic feedforWard control reduces the lag in 
vehicle yaW rate and lateral acceleration responses to steer 
ing inputs and enhances the vehicle’s directional stability 
performance as compared to the static feedforWard control 
alone. Furthermore, the feedforWard control can provide 
many of the system dynamics bene?ts and tunability func 
tion if the closed-loop control system is disabled due to 
failure of, e.g., yaW rate or lateral acceleration sensors. 

[0041] While the embodiments of the invention disclosed 
herein are presently considered to be preferred, various 
changes and modi?cations 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 equiva 
lents are intended to be embraced therein. 

What is claimed is: 
1. A control system for a motor vehicle subsystem, the 

control system comprising: 

a reference model Which computes desired states of the 
subsystem; 

a feedforWard controller Which computes a ?rst control 
value based on input from the reference model, and 
computes a second control value based on yaW rate of 
the vehicle and a control variable for the subsystem; 
and 

means for affecting the subsystem based on the ?rst and 
second control values. 

2. The control system of claim 1 further comprising a state 
estimator Which estimates actual states of the vehicle. 

3. The control system of claim 2 further comprising a 
feedback controller Which computes a third control value by 
comparing the estimates of actual states With desired states. 

4. The control system of claim 1 Wherein the ?rst control 
value is a function of vehicle speed. 

5. The control system of claim 1 Wherein the ?rst control 
value is a function of an estimate of surface friction. 

6. The control system of claim 1 Wherein the second 
control value is a function of a ?rst-order transfer function. 

7. The control system of claim 1 Wherein the second 
control value is a function of a second-order transfer func 
tion. 



US 2003/0055547 A1 

8. The control system of claim 1 wherein the second 
control value is a function of proportional, derivative, and 
diminishing integrator terms. 

9. The control system of claim 1 Wherein the second 
control value is a function of steering Wheel position. 

10. The control system of claim 1 Wherein the subsystem 
is a rear Wheel steering system. 

11. The control system of claim 1 Wherein the subsystem 
is a front Wheel steering system. 

12. The control system of claim 1 Wherein the subsystem 
is a braking system. 

13. A method of controlling a motor vehicle subsystem, 
the method comprising: 

computing desired states of the subsystem; 

computing a ?rst control value based on the desired states 
of the subsystem; 

computing a second control value based on yaW rate of the 
vehicle and a control variable for the subsystem; and 

affecting the subsystem based on the ?rst and second 
control values. 

14. The method of claim 13 further comprising estimating 
actual states of the vehicle. 

15. The method of claim 14 further comprising a com 
puting a third control value by comparing the estimates of 
actual states With desired states. 

16. The method of claim 13 Wherein the ?rst control value 
is a function of vehicle speed and an estimate of surface 
friction. 
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17. The method of claim 13 Wherein the second control 
value is a function of a second-order transfer function. 

18. The method of claim 13 Wherein the second control 
value is a function of proportional, derivative, and dimin 
ishing integrator terms. 

19. The method of claim 13 Wherein the second control 
value is a function of steering Wheel position. 

20. A method of controlling motor vehicle steering and 
braking subsystems, the method comprising: 

computing desired states of the steering and braking 
subsystems; 

computing a ?rst control value based on the desired state 
of the steering subsystem; 

computing a second control value based on the desired 
state of the braking subsystem; 

computing a third control value based on yaW rate of the 
vehicle and a control variable for the steering sub 
system; 

computing a fourth control value based on yaW rate of the 
vehicle and a control variable for the braking sub 
system; 

affecting the steering and braking subsystems based on 
the ?rst, second, third, and fourth control values. 


