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Abstract

This paper proposes a new driver support system which
uses both the steering wheel angle and the steering
torque of the vehicle so as to take into account the
characteristics of the driver’s operation. The proposed
method is based on a gain scheduling control to ac-
complish the cooperation between the driver and the
support system. By numerical experiments which sim-
ulate obstacle avoidance, it is shown that the proposed
method has a good tracking capability and cooperates
well with driver’s operation.

1 Introduction

The prevention of traffic accidents is one of the most
important social requests. The accident prevention sys-
tems have been developed by a variety of schemes, for
example, by adding some intelligence to the vehicles[1].
Among the research on the intelligent vehicles, an au-
tomated steering system has been studied[2]∼[4]. How-
ever, it has many problems such as recognition of driv-
ing situation and stabilization of vehicle dynamics.

As a preliminary stage to the automated steering sys-
tem, driver support systems have been investigated. In
order to realize the driver support systems, it is nec-
essary to take into account the characteristics of the
driver’s operation. In the conventional studies on the
support systems[5, 6], the steering torque is managed
so that the support system cooperates with the driver’s

operation. However, the system has a drawback that
the road tracking performance was deteriorated.

In order to improve the road tracking performance, this
paper proposes a new control method of the support
system which uses both the steering wheel angle and
the steering torque. The proposed method is based on
a gain scheduling control so as to accomplish the co-
operation between the driver and the support system.
By numerical experiments which simulate an obstacle
avoidance, it is shown that the proposed method has
a good tracking capability and cooperates well with
driver’s operation.

2 Problem formulation

In this paper, a system configuration[7] shown in Fig.1
is considered. The notation in Fig.1 is briefly explained.

As a steering actuator which drives the front wheels,
an Electric Power Steering (EPS)[8] which consists of
a DC-motor and a ball screw mechanism is employed.
A camera is installed in a vehicle to recognize the road
shape. From the camera image, a feature value, Xsum
is calculated.

The vehicle model which is a 1-input and 2-outputs
model describes the input-output relationship from the
actual wheel angle, θf , to side slip angle, β, and the
yaw-rate, γ. β and γ can be considered as the state
variables of the vehicle.

The control system contains two controllers. One is a
guidance controller, K, to determine a reference wheel
angle, Acmd, using the feature value, Xsum, relating
to lane shape. The other is an angle controller, R,



Figure 1: System configuration

to determine the reference current, Icmd, of the motor
which is built in the EPS based on the error between
the reference angle and the actual wheel angle. The
angle controller is redesigned as a steering controller,
which uses both the steering wheel angle and the steer-
ing torque.

The performance of the system is examined by numer-
ical experiments which simulates a double-lane change
maneuver that recovers straight-line travel after obsta-
cle avoidance. Usually, the maneuver results from the
driver’s operation.

3 System modeling

In this section, two models for controller design are
built. One is an integrated model for the guidance
controller design, which consists of the vehicle dynam-
ics and the camera characteristics. The other is a model
of the EPS for the steering controller, which includes
the steering torque characteristics.

3.1 Integrated model

The integrated model for designing the guidance con-
troller is described by
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y = Cpxp,
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Figure 2: Model for steering controller
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 .
lf is distance between the center of gravity and the
front axle, lr is distance between the center of gravity
and the rear axle, Kf is the cornering power of a front
tire, Kr is the cornering power of a rear tire, Iz is the
yaw inertia moment, m is the vehicle weight, V is the
vehicle speed, and θf is the front wheel angle.

3.2 Steering model

In order to take the driver’s operation applied to the
vehicle into account, dynamics of the steering wheel is
incorporated into the EPS model, as shown in Fig.2.

Then,
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Jmt is the inertia moment of the motor, Bmt is the
damping constant of the motor, Jsw is the inertia mo-
ment of the steering wheel, Bsw is the damping con-
stant of the steering wheel, θm is the motor rotational
angle, θ̇m is the motor rotational rate, θs is the steering
wheel rotational angle, θ̇s is the steering wheel rota-
tional rate, Ng is the gear ratio between the motor and
the steering wheel, Nt is the gear ratio between the ro-
tational angle of the motor and of the front wheel, Kt

is the torque constant of the motor, Ks is the spring
constant of torque sensor, TD is the steering torque
applied by the driver operation.

We suppose that the driver characteristics is time vary-
ing parameter described by

TD = δ(t)qθs, (4)

|δ(t)| < 1. (5)

where, δ(t) is time varying parameter and q is constant
value. From eq.(2) ∼ (5), we obtain
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3.3 Steering model with driver charac-
teristics

In order to predict the conflict between the driver oper-
ation and the system’s assistance operation, we defined
the following parameter.

p(t) = pmax(1− |Ts|
Tmax

) + pmin
|Ts|
Tmax

(7)

where Tmax is maximum value of steering torque Ts.
Please note that its value is small if the steering torque
is big and that its value is big if the steering torque is
small. The following frequency weight is introduced in
order to limit the control input to the low frequency.

Wg(Ts)

½
ẋe = aexe + bev
Icmd = p(t)cexe

(8)

where, xe and ve denote the filter state and the imagi-
nary input, respectively, and ae, be, ce denote the fre-

Figure 3: Block structure of generalized plant

quency weighting constants. Augmenting eq.(6) by us-
ing the frequency weight, we obtain
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4 Controller design

4.1 Guidance controller design

The guidance controller, K, is designed based on the
integrated model eq.(1). Due to the space limitation,
the detail is omitted, see [9].

4.2 Steering controller design

The angle controller, R, shown in Fig.1 is redesigned
as the steering controller based on the model depicted
in Fig.2.

The control specifications are

S1: To reduce the influence of the road reaction torque
d1 on the steering torque motor θm, which corre-
sponds to the disturbance rejection performance.

S2: To reduce the influence of reference angle d2 on
motor rotational angle e3, which corresponds to
the reference tracking performance.

Then, we obtain the generalized plant shown in Filg.3,
where d3 are disturbance signals,L1, L2, L3 are con-
stant values for the disturbance signals, e1, e2, e3, e4, e5
are evaluated signals, and V1, V2, V3, V4, V5 are constant
values for the evaluated signals. The generalized plant
is described by the following equation. xaae
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The steering controller is obtained by applying gain
scheduling H∞ control method to the generalized plant
eq.(10). Gain scheduling output feedback controllers
satisfying

• Internal stability for closed loop system
• kTedkl2 < γ

for all the p(t), ṗ(t) in the generalized plant can be
obtained if there exist the symmetric matrices X(p),
Y (p) and the four matricesAk(p),Bk(p),Ck(p),Dk(p)
satisfying the following two LMIs∙

X I
I Y

¸
> 0 (11)
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p(t) ∈ [pmax pmin] for∀t ∈ [0 ∞), ṗ(t) ∈ [pdmax pdmin] for∀t ∈ [0 ∞)

Figure 4: Vertices in paramer space

where ’*’ denotes∙
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Ted is the closed loop transfer function from distur-
bance signal, d, to controlled signal, e. Notation of t
and p is omitted.

Then, we obtain a gain scheduling H∞ output feedback
controller [10] described by

Ac(p, ṗ) = {I −X(p)Y (p)}−1[X(p)Ẏ (p)}
+ Ak(p)−X(p){A(p)−B2(p)Dk(p)C2(p)}Y (p)
− Bk(p)C2(p)Y (p)−X(p)B2(p)Ck(p)] (14)

Bc(p) = {I −X(p)Y (p)}−1
{Bk(p)−X(p)B2(p)Dk(p)} (15)

Cc(p) = Ck(p)−Dk(p)C2(p)Y (p) (16)

Dc(p) = Dk(p) (17)

In order to solve the LMIs, we suppose the controller
is described by

X(p) = X0 + pX1, Y = Y0

Ak(p) = Ak0 + pAk1,

Bk(p) = Bk0 + pBk1,

Ck(p) = Ck0 + pCk1,

Dk(p) = Dk0 + pDk1.

and we design a controller of the structure by solving
the LMIs corresponding to the parameters p and δ at
the vertices in Fig.4.



Figure 5: System structure for numerical experiments

5 Numerical Experiments

Numerical experiments were carried out in order to
evaluate the performance of the proposed controllers.
The parameter values for a compact-class vehicle were
used in the experiments. The driver characteristics is
modeled as proportional and integral elements whose
input is error between the desired wheel angle, θR, and
the actual one. The desired wheel angle is calculated
by controller K based on the feature value, shown in
Fig.5. In the numerical experiments, a maneuver which
recovers straight-line travel after obstacle avoidance,
which is called a double-lane change maneuver shown
in Fig.6, was used.

The results of the numerical experiments are shown in
Figs, 7 and 8. In order to compare with performance
of gain scheduling controller, H∞ constant gain con-
troller designed at the situation in vertices of V TX1
and V TX2 is prepared. It is clear from the dashed line
in Fig.7, the vehicle dynamics is unstable when the H∞
constant gain controller assists for driver’s operation.
On the other hand, from solid lines in Fig.7, the vehi-
cle dynamics become stable when the proposed driver’s
assist methods are applied. Especially, it is clear from
the solid line in Fig.7, the scheduling steering controller
makes the trajectory of the vehicle smooth.

Fig.8 shows the steering wheel torque signals for each
controllers. It is clear that the scheduling steering con-
troller generates a more smooth steering wheel signal.

Fig.9 shows the open loop transfer functions in each
vertices (V TX1 ∼ V TX4). In a case which employ
the gain scheduling controller, In low frequency range
less than 1 Hz, the gain scheduling controller has the
open loop characteristics in V TX2. Therefore, the road
tracking performance is carried out by high gain char-
acteristic of the loop transfer function. In middle fre-
quency range from 1 Hz to 20 Hz, the scheduling con-

Figure 6: Manuver for numerical experiments

Figure 7: Trajectory of center of gravity on vehicle

troller has the characteristic in V TX4. The robustness
for disturbance applied the steering torque signal is per-
formed by low gain characteristic of transfer function
in V TX4.

From these results and discussions, it is shown that
the scheduling steering controller is effective not only
from the vehicle stability point of view but also the
cooperation with the drive’s operation point of view.

6 Conclusions

The new driver support system which uses both the
steering wheel angle and the steering torque of the vehi-
cle has been proposed. The steering controller was de-
signed by considering the driver’s characteristics as un-
certainty and was extended to the gain scheduling con-
troller where the scheduling parameter was the steering
torque. The effectiveness of the proposed controller was
shown by the numerical experiments. The examination
of the proposed method by an actual vehicle remains
to be done.



Figure 8: Steering torque signals of steering controller

Figure 9: Open loop transfer functions of steering con-
trol system
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