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Abstract— This paper addresses the problem of integrated
vehicle-infrastructure-driver control (CIVIC). Both vehicle
handling improvement and lane keeping support are consid-
ered. The control synthesis procedure uses a linear driver-
vehicle-model model which includes the yaw motion and
disturbance input with speed and road adhesion variations.
The synthesis procedure allows the separate processing of
reference signal tracking, robust stabilization and disturbance
rejection. The control action is performed as a combination
of additional steering angle and a yaw moment generated
by differential wheel braking. It uses a combination of the
driver input, feedback of the yaw rate and vehicle positioning.
The synthesized controller is tested for different speeds and
road conditions on a nonlinear model in both disturbance
rejection, driver imposed yaw reference tracking maneuvers
and lane keeping. Preliminary validation using data from an
experimental test track is included.

I. I NTRODUCTION

Single vehicle accidents which represent 30% of fatalities
in France occur generally on rural roads and are due to
inadequacy between vehicle dynamics and road geometry
which is hardly constrained by ground relief. Addressing
vehicle yaw dynamics improvement is of primary impor-
tance regarding driver inadequate actions or over-reaction.
Vehicle dynamics variations due to own vehicle parameter
or road interaction variations have also to be compensated
in order to make the driver to feel with almost invariant
vehicle. However, accidents due to excess yaw dynamics
or loss of control are only part vehicle alone accidents.
Lane departures represent also a major ratio of such type of
accident and generally occur with less than 5deg of relative
yaw angle.

In this paper, we address the problem of yaw dynamics
handling improvement and driver lateral support by combi-
nation of differential braking and active front steering. This
work is done within the framework of the French ARCOS
project and is part of the CIVIC1 concept developments.

The method presented uses both feedback and feedfor-
ward controllers. Using this configuration, we address with
the same framework, both handling improvement and as-
sistance according to the vehicle sensed environment: lane,
other vehicles, which define the admissible trajectories.
The feedback components use available information from
proprio and/or exteroceptive sensors while the feedforward
parts process the drivers input and are used for model
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Fig. 1. Simple Driver model

reference tracking and compensation of the estimated road
curvature. Using H∞ performance index criteria, it is shown
that this configuration allows achievement of robust model
matching against parameters variations and rejection of
lateral forces and torque disturbances which may rise from
wind forces. Lane keeping in enhanced.

The remainder of the paper is organized as follows:
section 2 introduces the model used for control synthesis.
This linear model includes simple dynamics of both the
vehicle and the driver, it is completed by the positioning
equations against the lane centerline. Control synthesis and
simulation results are provided respectively in sections 3
and 4.

II. VIC MODEL

The driver assistance approach which uses individual
wheel braking and active steering is developed on the
basis of a low complexity VIC (Vehicle-Infrastructure-
Conducteur) model version and then tested on the high level
complexity [3]. This low complexity model is presented
here.

A. Simple Human driver model

Modelling of human driver is a difficult task. However,
several components can be identified [9]. The first one
is called structural model. This component represents the
high frequency driver compensation component, modelled
by a dead timeτp = 0.15 sec representing inherent human
processing time and neuromotor dynamics, and a second
order low pass filter with damping factorξn = 0.707 and
natural frequencyωn = 10 rad.s−1. The second component
corresponds to the driver lead and predictive actions. It is
modelled by a first order lead filter, where the time constant
τL is representative of the driver mental load. The third
component is a simple gain representing the proportional
action of the driver face to the perceived vehicle positioning
relative to the driving environment. This positioning is
expressed in terms of lateral displacement at some look-
ahead distance and the relative yaw angle (Figure 1).
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Fig. 2. vehicle dynamics model

B. Vehicle dynamics for handling

The model used for control synthesis is derived from the
high complexity model in which the longitudinal velocity
v is assumed to be constant and not influenced by the yaw
torque control inputTz used in differential braking. All the
angles are also considered sufficiently small in order to
allow linear approximations. The sideslip angleβ is used as
the first state variable, the second is the yaw rater. It is also
assumed equal cornering stiffness for the two front wheels
cf
2 = 25.2 K.N/rad and the rear onescr

2 = 25.2 K.N/rad.
When the track width is neglected, the left and right tires
slip angles are equal at front and rear wheels. The model
takes the form

˙̄x = Āx̄+ B̄ww̄+ B̄uu (1)

where x̄ = [β , r]T , w̄ = fw is the disturbance wind force,
u = [δ f ,Tz]T is the control input whereδ f is the front tire
steering angle.

Ā =
[

a11 a12

a21 a22

]
, B̄w =

[
bw1

bw2

]
, B̄u =

[
bu1 0
bu2

1
J

]
(2)

with

a11 =− cr+cf
mv a12 =−1+ lr cr−l f cf

mv2
bw1 = 1

mv bu1 = cf
mv

a21 = lr cr−l f cf
J a22 =− l2r cr+l2f cf

Jv bw2 = lw
J bu2 = cf l f

J
(3)

Vehicle parameter variations, mainly the cornering stiff-
ness and the speed and represented in an linear fractional
transformation (LFT) form by defining extra input and
output on the system connected by a diagonal perturbation
[7]. The massm = 1400 Kg and the moment of inertia
J = 2750Kg.m2 are constant. In the following, it is assumed
that the additional steering angle is achieved by steer-by-
wire and the yaw moment by differential wheel braking. The
necessary control logic for obtaining the desired actions are
outside the scope of this paper and is not addressed in the
remainder.

C. Additional dynamics for lane keeping assistance

The previous model has to be expanded with two sup-
plementary equations for lane tracking. LetψL = ψ −ψd

be the yaw angle error which is the angle between the
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vehicle heading and the tangent to the road (figure 2). The
differential equation forψL is

ψ̇L = ψ̇− ψ̇d = r− ψ̇d (4)

The road reference curvatureρre f is defined byψ̇d = vρre f .
Denotingls the look-ahead distance, the equation giving the
evolution of the measurement of the lateral offsetyL from
the centerline at sensor location is obtained by

ẏL = v(β +ψL)+ lsr (5)

The new state vector isx = [β , r,ψL,ys]T , w =
[

fw,ρre f
]T

is the disturbance input, the control input remain the same.
In addition to the yaw rate, it is assumed thatyL andψL are
measured using a video sensor and are then available for
feedback. The measurement vector is thusy = [r,yL,ψL]

T .

III. C ONTROL SYNTHESIS

The control philosophy processes an internal loop for
handling improvement and an external loop for lane keeping
assistance. A combination of active steering and differential
braking is used. In vehicle active steering, the front tires
steering angle is set in part by the driver steering angleδd

through the vehicle classical steering mechanism while an
additional steering angle is set by the controller. The yaw
torque generated by differential braking is directly set by
the controller (Figure 3).

The internal loop uses dynamic feedback controllerC1 of
the yaw rate and a dynamic feedforward controllerC2of the
steering angleδo = δd +δc to respectively the tire steering
angle and the yaw moment. The inner loop control takes
thus the form[

δ ′f
T ′z

]
=

[
C1 C2

][
r

δo

]
=

[
C11 C12

C21 C22

][
r

δo

]

(6)

where
[
δ ′

f ,T
′
z

]T
is such that

[
δ f ,Tz

]T = W1

[
δ ′

f ,T
′
z

]T
, and

W1 is a shaping filter of control inputs which will be defined
below. The steering angleδo is commanded by the outer
loop.

As lane keeping is a disturbance rejection problem, the
outer loop uses a feedback controllerC3 of the lateral dis-
placement from the lane centerline at a look-ahead distance



ls and the relative yaw angle. This controller produces a
steering angleδc = W3C3 [yL,ψL]

T which is added to that
of the driver. The action of each control component is as
follows

• The feedback controllerC1 ensures robust stability of
the feedback loop with guaranteed damping enhance-
ment on the yaw rate. It has also in charge fast distur-
bance rejection within driver reaction time. Controller
C2 acts as a prefilter of the reference signal by adding
the feedforward action. This controller is synthesized
to make the vehicle yaw rate response robustly follows
as close as possible the response of a reference model.
This constitutes robust model matching [5].

• From the vehicle point of view, a lane keeping maneu-
ver requires the controller to reject lateral acceleration
and yaw rate disturbances caused by changes in the
radius of curvature. In fact, in this configuration, the
reference curvature is an external input for the system.
This is achieved by controllerC3.

• Finally, a constant gainKρ is added in order to
compensate the road curvature effect by feedforward
action from the estimated curvatureρ̂re f .

In the following a two stages approach is adopted for the
synthesis of feedback and feedforward components. At the
first stage the feedback partC1 of the controller is computed
using the H∞ coprime factors based loop shaping method of
[8]. Afterwards, the new vehicle model which incorporates
the feedback controller is computed, thus the feedforward
partC2 is synthesized from a second H∞ optimization. The
procedure used for the synthesis ofC1 is also used forC3.
The inner loop is processed first and then the outer one.
This ensures that handling improvement is still optimal even
when the lane keeping assistance is not connected because
of insufficient accurate video detection for example or driver
choice. All the controllers are synthesized on a nominal
linear system at speed of 20 m/s and full road adhesion.

A. Synthesis of[C11,C21]
T

We consider first the sub-systemG
r[δ f ,Tz]T =

[
Grδ f

,GrTz

]

which maps the front wheels steering angle and the yaw
moment Tz to the yaw rater. In order to reject a con-
stant step input perturbation on the yaw rate, a diagonal
weighting compensator is added on the inputs of the system
(W1(s) = diag{W11,W22}). The compensators are of the
form of a PI filter for δ f and a combination of two lead
filter for Tz. This choice makes the yaw moment negligible
after driver reaction time.

W1(s) = diag

{
0.3

s+5
s

,375
0.2s+1
0.1s+1

100s+1
10s+1

}
(7)

Let now Gs be the shaped plant(Gs = G
r[δ f ,Tz]T

W1). It

has been verified that according to the gap-metric, the
stability of the vehicle is guaranteed for admissible pa-
rameters variations. The stabilizingH∞ feedback controller

C1 = [C11,C21]
T is computed using the non-iterative

procedure in [8] with a relaxed value of the maximal
stability margin (γ1 = 1.5) such that

∥∥∥∥
1

(1−GsC1)

[
1 Gs

C1 C1Gs

]∥∥∥∥
∞

= γ1

This controller C1 provides the needed phase lead for
close loop stabilization and ensures robust stability for all
systems variation. The controller is implemented as shown
in figure 3.

B. Synthesis of[C12,C22]T

The weighting compensators are left at the system input,
the shaped system described byr = Grδ f

W11δ ′f +GrTzW22T ′z
is closed with the feedback controllerC1 such that the
control input are respectivelyδ ′f = C11r + δ ′′

f and T ′z =

C21r +T
′′
z . The mapping from the two inputs

[
δ ′′

f ,T
′′
z

]T
to

r is r = Gf f1δ ′′
f + Gf f2T

′′
z . We seek now a single input,

two outputs feedforward controller[C12,C22]
T such that[

δ ′′
f ,Tz

]T
= [C12,C22]

T δo. The controllerC12 is set as a
static speed depend controller such that the DC-gain from
steering angleδ0 to yaw rate is equal to that of the con-
ventional vehicle without feedback control and when yaw
moment input is zero. As the compensatorW11 contains an
integral action, one has to chooseC12(v) = Grδ f

(0,v)C11(0).
The dynamic feedforward controllerC22 will be designed
with robust model matching purposes. LetT0 be the desired
transfer function betweenδo and r. In order to ensure at
nominal speed, the same steady state value for the controlled
and the conventional car, the reference model is chosen as
a first order transfer function with the same steady state

gain as the conventional car. It is of the formT0 =
Grδ f

(0,v)

0.15s+1 .
The settling time is about0.5 sec. A first order model also
avoids overshot on vehicle responses. The error signalz is
computed from(z= r−T0δo). The feedforward controller
C22 has to keep the error signalz small in H∞ sense for the
class of perturbed systems according to vehicle parameter
variations [2], [7]. When including the controllerC22, the
error signal is thusz=

(
Gf f1C12+Gf f2C22−T0

)
δo. It can

be rewritten in an LFT form which is suitable forH∞
optimization

z= l f t

([
Gf f1C12−T0 Gf f2

I 0

]
,C22

)
(8)

C. Synthesis ofC3

After designing the controllerC22, the transfer function
from δo to r is Gh = Gf f1C12+Gf f2C22. The control input
δo is set in part by the driver and by the controller which
performs lane keeping. The model is first completed with
the two state equations for vehicle positioning relative to
the lane The new measurement variables are the lateral dis-
placementyL at the look-ahead distancels and the relative
yaw angleψL. As shown on figure 3, the nominal system
Glk used for controller synthesis is obtained by feeding back



the model with the driver model. This model has the steering
angleδc as the control input and two output[yL,ψL]T . As
lane keeping is a disturbance rejection problem, this system
is shaped at the input by the pre-compensatorW3 = 0.1

0.1s+1.
A stabilizing controller is finally synthesized for the shaped
plant with (γ3 = 2.2), from

∥∥∥∥
[

C3

I

]
(I−GlkW3C3)

−1[
GlkW3 K3

]∥∥∥∥
∞

= γ3

The controller C3 is finally implemented as shown in
figure 3.

D. Estimation and Feedforward of road curvature

The available measurements are the lateral displacement,
the relative yaw angle and the yaw rate. In the following, we
seek a full order observer on the basis of the linear system
driven from equations (1), (4) and (5), assuming thatfw and
Tz are zero. The model is thus of the form

{
ẋ = Ax+Bδ f +Eρre f

y = Cx

with the objectives of state and unknown input estimation
represented byρre f

Assuming that the road curvature is almost constant, we
choose a Proportional Integral (PI) observer which is able to
estimate the curvature if we can approximate the unknown
input ρre f as a constant disturbance [6]. The approximation
error can be reduced by increasing the observer bandwidth.
The PI observer has the following form

{ .

x̂ = Ax̂+Bδ f +Lp(y− ŷ)+Eρ̂re f
.

ρ̂ re f = Li (y− ŷ)

The second equation describes the integral loop gain added
to the proportional one in the first equation. The matrix
gains Lp and Li are determined in such a way to enable
asymptotic convergence to zero of the state and unknown
input estimation errors, respectively defined bye = x− x̂
andeρ = ρre f − ρ̂re f . Error dynamics are given by

[
ė
ėρ

]
=

[
A−LpC E
−LiC 0

][
e
eρ

]

The matrix dynamics has to be Hurwitz, it can be rewritten

as

[
A−LpC E
−LiC 0

]
=

[
A E
0 0

]
−

[
Lp

Li

][
C 0

]
, thus

an eigenvalue assignment method is applied to obtain the

gain

[
Lp

Li

]
.

The estimated road curvature is finally used as an addi-
tional feedforward action through a adjusted gainKρ . This
gain is chosen in order to satisfy nominal steady state gain
conditions for disturbance rejection (Figure 3).

IV. SIMULATION RESULTS

In all figures, solid lines correspond to the controlled
car responses and dotted ones to the conventional car
responses. A first set of simulations addresses yaw dynamics
improvement, while the second set concerns lane keeping.
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Fig. 4. Wind forces step input rejection for nominal system. Solid : con-
trolled, dotted : conventional.

A. Handling improvement

1) Disturbance rejection: The vehicle is assumed at
nominal speed and full road adhesion and is subject to a
step disturbance wind force. The wind force appears at time
t1 = 1 secand disappears att2 = 2 sec. It is assumed that
the driver doesn’t react to this disturbance. In this case,
only controllerC1 is in action. One can note from Figure 4
that the yaw rate is greatly reduced and thus the controlled
vehicle will remain closer to road centerline. In addition,
the maximum value of yaw rate during the transient phase
is smaller than the one of the conventional car and the
disturbance is practically rejected within driver reaction
time. One can notice that yaw moment quickly vanishes due
to limiting effect of the shaping filterW22. It was verified
that the controller exhibits good stability and performance
robustness.

Responses forv = 40 m/s and half adhesion are given
in Figure 5. The controller exhibits good stability and
performance robustness, in fact wind force disturbance is
still well rejected.

2) Lane change maneuver:The handling improvement
is now investigated in case of driver steering angle which
corresponds to lane change maneuver (Figure 6-c, dotted
line). In this case, both controllersC1 andC2 are in action.
The dashed line corresponds to the response of the reference
model. Figure 6 shows results obtained at nominal speed
with road adhesion equal to 1. Figure 7 shows results
obtained for v = 40 m/s and nominal adhesion. Robust
model matching occurs, and due to the speed scheduling
of the gain parameterα(v), we ensure that the controlled
vehicle and the conventional one present the same steady
state behavior. When the road adhesion is at its nominal
value even when the speed varies, the control effort vanishes
within driver reaction time which is assumed to be between
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Fig. 5. Wind forces step input rejection for perturbed system (solid : con-
trolled, dotted : conventional )
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Fig. 6. Lane change maneuver, nominal system. Solid : controlled,
dotted : conventional, dashed : ref. model.

0.5 and 1 second. When the road adhesion is decreased, the
control actions do not vanish. Lane keeping capabilities are
now investigated.

B. Lane keeping improvement

1) Simple lane keeping maneuver:At the beginning of
the simulation, the vehicle is on straight road section, at
a lateral distance of 0.5 m from the lane centerline. The
relative yaw angle is zero. As shown in Figure 8 with dotted
line, without any control support, the driver gives a steering
angle in order to make the vehicle close to the centerline.
The overshot is about -0.2 m and the lateral displacement is
near zero 3 sec later. At 5 sec, the vehicle enters a curved
road section with 1/500 m−1 of road curvature. The lateral

(a) : yaw rater (b) : yaw rate / sideslip angle
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Fig. 7. Lane change maneuver, for nominal road adhesion and speed at
40 m/s (solid : controlled, dotted : conventional, dashed : reference model).

(a) : Lateral displacementyL (b) : Relative yaw angleψL
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(d) : Steering angleδ f
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Fig. 8. Simple lane keeping maneuver, nominal system solid : controlled
with LK controller, dotted : conventional, dashed : controlled with handling
controller.

(a) : TLC nominal (b) : TLC perturbed
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Fig. 9. Time-to-line-crossing in nominal and perturbed cases. Solid :
controlled with LK controller, dotted : conventional, dashed : controlled
with handling controller.



displacement overshoots again to -0.3m but is less than 0.1
m, 2 sec later. On the same figure, dashed lines show the
responses when handling improvement support is activated.
Responses are rather the same but small reductions of peak
values can be observed. Similarly, solid lines correspond
to the vehicle with both handling improvement and lane
keeping support. In this case, response time is less than
1 sec and overshoots form centerline are under 0.1 m.
However faster and larger amount of steering angle is
required. Finally, Figure 9-a and 9-b show the achieved time
to line crossing (TLC) by each vehicle when they are first
at nominal conditions and then at high speed respectively.
The vehicle with both handling and lane keeping support
presents the best TLC particularly when entering the curve.

2) Validation on test track:In 1999, INRETS established
a test track in Satory, 20Km western Paris. The site is 9Km
long with various road profiles including straight lanes, tight
bends and squabble (figure 10-a). Lanes markers absolute
positions are digitalized each 5cm using differential GPS.
Figure 10-b shows the curvature of the test track. It is
easy to see that the vehicle will experience high lateral
acceleration at the bends and the squabble even at low
speeds. The yaw rate measurement is taken from a gyro,
while the lateral displacement and relative yaw angle are
computed by using RTK DGPS [4]. Sensors and actuator
systems are managed using a National Instrument Labview
application.

(a) : Test track (b) : Curvature
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Fig. 10. Digitalized map of the LIVIC test track and corresponding
curvature.

First of all, the estimate of the track curvature is shown
on figure 11. It is easy to see that the proposed PI observer
performs curvature estimation well even on clothoı̈d sec-
tions. Figure 12-a shows the trajectory of the conventional
vehicle in dotted line and the trajectory of the vehicle with
lane keeping assistance in solid line. The track centerline
is in dashed line. The trajectory of the controlled vehicle
is always closer than that of the conventional vehicle. The
lane keeping is especially enhanced in the squabble.

V. CONCLUSION

In this paper, some aspects of the combination of active
steering and individual wheel braking have been explored.
Both handling improvement and lane keeping support are
addressed. On the basis of several simulated maneuvers, It
has been shown that the controlled vehicle exhibits better
yaw damping and enhanced lane keeping.
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Fig. 11. Real and estimated road curvature.

(a) : Trajectories at the squabble (b) : Zoom on the squabble
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Fig. 12. Lane following ont test track. Solid : controlled, dotted :
conventional, dashed : track centerline.
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