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Abstract

An advanced steering wheel system for the
BMW driving simulator has been developed and
integrated in the vehicle dynamics model. The
steering wheel system reacts to the driver with a
realistic steering wheel torque, which depends on
speed, steering angle, steering angular velocity
and lateral acceleration. The steering model’s
parameters are adjustable in order to reflect real
steering properties and to map the special stee-
ring hardware. The complete technical arran-
gement was implemented and tested intensivly.
The results are compared with driving test data
and found to be in good coincidence.

By means of experiment’s it could be demon-
strated that test persons had got a very impro-
ved steering behaviour compared with a prior
solution generating torque with a left and right
sided spring-damper element. A much more sta-
ble behaviour in standardized driving manoeu-
vres with appropriate speed could be achieved.
The driver’s workload to keep the vehicle in lane
is reduced. Additionally, the dynamic steering
torque is comparable with the torque measured
in similar test rides on the BMW test track.

Notation
Symbol Dimens. Property
Ay m/s* lateral acceleration
[ m wheelbase (I =1, + 1)
m kg vehicle mass
v m/s vehicle velocity
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Symbol Dimens. Property

( steering gear ratio

M,, Nm steering aligning torque a,

Mg Nm vertical distortion torque

Mp Nm damping torque

My, Nm steering aligning torque

Jé) rad sideslip angle

3 rad/s sideslip velocity

or, rad steering angle

o1, rad/s steering angular velocity

P rad yaw angle

¥ rad/s yaw rate

D rad/s?*  yaw acceleration

T rad vertical distort. damping

o kgm? vehicle yaw inertia
Introduction

In a driving simulator like the BMW dri-
ving simulator it is important to simulate dri-
vers inputs as known from real driving. For
a straight line stability and to react properly
it is necessary to have a realistic steering ali-
gning torque. In the past, detailed experimental
and theoretical investigations in modelling stee-
ring behaviour have been performed by (Braess,
1970; Roenitz, 1977; Koziara, 1994; Roos, 1995;
Gipser, 1995). Until now, a closed description of
steering dynamic contributions to the steering
aligning torque in a simulator, like the steering
torque due to lateral acceleration, vertical distor-
tion torque as well as the damping torque does
not exit. A first step to this goal to consider a
better understanding of the closed-loop simula-
tions of steering wheel torques in a simulator has
been taken by (Schumann, 1995).



In this paper some important features of an
advanced steering system from the low to the
high velocity range and the entire steering range
will be presented. The steering torque due to
lateral acceleration, the vertical tyre distortion
torque that results from the pneumatic trail as
well as the steering damping torque are consi-
stently incorporated in closed-loop simulations.
It will be shown that the obtained realistic stee-
ring aligning torque in the BMW driving simu-
lator can be described in a very good agreement
with experimental results by using of the deve-
loped steering model.

Description of BMW Driving Simulator

A 2-pipe Silicon Graphics Onyx is used
to generate a 4-channel imaging system each
1280x1024 pixel with 190 degrees front view
(left, middle, right) and 60 degree mirrored back
projection. A high quality database with 40
km highway and country road allowing standard
driving maneouvres (braking, lane change etc.)
as well as overtaking, U-turns and right-of-way
traffic by using the rear view mirror. Up to now
a motion animation platform is not used, there-
fore no feedback of acceleration is given. Espe-
cially in this case vehicles in a driving simulator
should have a realistic steering wheel torque for
an optimal straight ahead stability.

Fig. 1 shows a BMW 3251 convertible in the
BMW driving simulator equipped with sensors
for steering wheel motion, accelerator pedal,
brake pedal, hand brake, gear shift position (au-
tomatic), light and cruise control stick. Also,
other cars from the production line equipped
with appropriate sensors are integrated in the si-
mulator easily, as e.g. a type 7-series limousine.
Additionally, different mock-ups are already in
use in the simulator. These prototype cars have
got electrical and electronical equipment such as
the above-mentioned sensors as well as with the
new developed advanced steering system.

Different experimental investigations have al-
ready been demonstrated successfully by (Hal-
ler, 1994; Naab, 1994; Schumann, 1995; Ber-

nasch, 1995): 1) navigation planning with dif-
ferent complexity of dialogs using the board mo-
nitor; 2) parking lot reservation using the board
monitor and different input devices; 3) develop-
ment of an adaptive cruise control system with
driver identification via fuzzy control; 4) and a
study on the influence of indicated brake inten-
sity by means of different shape of lights and
different intensity of lights.

Fig. 1: BMW driving simulator.

Steering Wheel System

Steering Properties

In the first version of the simulator the stee-
ring torque was generated with a left and right
sided spring-damper element. As the steering
torque could not deliver a realistic tactile feed-
back, most of the unexperienced drivers over-
compensated with wrong steering corrections.
This lead to an unstable driving state, in par-
ticular under high lateral accelerations. In those
cases the driver lost control.

The new steering wheel system provides the
driver with a realistic steering wheel torque,
which depends on speed, steering angle, steering
angular velocity and lateral acceleration. The
steering model’s parameters are adjustable in or-
der to reflect real steering properties and to map
the special steering hardware. '



Mechanical Hardware

The mechanical solution of the driving simu-
lator steering system is based on an electrical
torque motor integrated in the steering line as
shown in Fig. 2. This steering system applies
a torque on the steering wheel to support the
driver in the simulator with a realistic steering
wheel feedback.

Fig. 2: Torque motor of the simulator vehicles.

Steering Wheel Dynamics

In addition to the description of the vehicle
driving dynamics that is used to determine the
dynamic state of the simulated vehicle, the cal-
culation of the steering wheel equations are ba-
sed on the well known linear single track model
according to Fig. 3 (Mitschke, 1992; Roppen-
ecker, 1994).

The differential equations fgr side slip velocity

£ and yaw rate acceleration 1 are given by

B= auf+and+ biér /e
. _ (1)
Y= anf+ axp + b/

The coefficients ay; and by (k,7 = 1,2) depend
on the vehicle mass, vehicle inertia 8, position
ly,1 of the center of gravity and the cornering
stiffness parameters ¢,, ¢y of the front and rear
tires. 3 represents the sideslip angle and é;, the
steering angle, 1 is the the yaw rate.
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Fig. 3: Single track model.

The steady state solution of Eq.1 is given by:

6p =const. B=0 f=0 o =0, (2)

where the yaw rate is written as

K; dr,

¢:If21)2+K3 v i (3)

Here v denotes the vehicle velocity and 7 the
steering ratio. The coefficients K;, Ky and K5
are given by

K, = Cy Ch (lv + lh)
iy = m (cp lp — ¢y ly) (4)
Ky= ¢, Ch(2 1+ (13 + l%))

With the steady state solution of the yaw rate
(Eq. 3) the lateral acceleration can be approxi-
mated by:

(3)

This approximation will be used to determine
the steering aligning torque in the steering sy-
stem model. The yaw rate 1 is given by (Eq. 3)
and the velocity v is available directly from the
vehicle dynamic’s model of the driving simula-
tor. This approximation describes the coupling

4y ~ .



between the steering model and the driving si-
mulator dynamics.

Steering System Model

The steering aligning torque may be described
by three torque functions given by M, associa-
ted with the lateral acceleration a,, the vertical
distortion torque Mpg and the damping torque
Mp. The first part that is caused by the lateral
acceleration a, reads:

M,, = ky arctan (K ay) (6)

The lateral acceleration a, is described by Eq.
5. The steering shape fitting parameters for the
steering torque are given by k; and k2. For prac-
tical purposes the arctan function has been used
because it describes the behavior between the
road, tire, wheel and steering system very well
and it reflects the behaviour of the steering ali-
gning torque (Paceijka, 1995).

The second part of the steering aligning torque
(the vertical distortion torque due to the pneu-
matic trail) is modelled by the line shape func-
tion

-7

Mg = kg (—-—5—-—
w(6r" +12)

= ys) exp (—|vlky)
(7)

This function describes the steering torque
which results from the velocities including the
case v = 0. kp and k, are fitting parameters, T
is the vertical distortion damping and 61 is the
steering angular velocity. By the line shape ana-
lysis for the vertical distortion the shift factor yg
has been introduced. The distortion torque de-
creases exponentially with increasing velocities
in order to describe a realistic steering torque at
low velocities. The damping Mp, which is the
third component of the steering aligning torque,
is modelled for the closed-loop simulation of the
steering system. From the damping shape ana-
lysis the following equation is used:

d . .
Mp = —3 érlkpo 8
D=Tra 3, exp (|0L|kpor) 8)

Here d,., is the damping parameter for dri-
ving in a straight line, d,ps¢ is 2 weighting factor,
01, is the steering angle and k. is a weighting
factor for the velocity. The weighting function
exp(|67|kpor) scales approximately the damping
model to the steering hardware of the simulator
vehicle. Finally, the total steering aligning tor-
que M7 can be combined in the following way:

Mp =M, + Mg+ Mp (9)

Fig. 4 shows the calculated steering aligning
torque as a function of vehicle velocity and stee-
ring angle at constant steering rate 61, = 4 deg /s.
For the closed-loop simulation of the steering sy-
stem the steering aligning torque My, is online
applied to in the driving simulator’s dynamics
(rate 100Hz).

It can be seen, that at velocity v = 0 the ver-
tical distortion torque is described properly. At
increasing velocities the vertical distortion tor-
que decreases immediately and the steering tor-
que depends strongly on the lateral acceleration.
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Fig. 4: Simulated steering aligning torque.

It could be observed that almost all the people
were able to drive the simulator for the first time
in a stable manner without loosing control. They
drove comfortably under proper straight line sta-
bility. The model is choosen in order to reflect
real steering properties and to map the different
vehicle models on the steering hardware.



Experiments, Results and Discussion

To achieve a good realistic feeling of driving
in the simulator, verifications on the BMW test
track have been conducted. The vehicle dyna-
mics signals and steering wheel forces resulting
from different test maneouvres on the real test
track and from the approximately identical test
track modelled in the animated environment in
the driving simulator have been compared.

About a dozen test persons have been involved
in comparing maneouvres using the whole stee-
ring system within the complete velocity range.

Test environment

In order to exclude the influence of other traf-
fic, measurements were carried out on the BMW
test track near Munich, Bavaria. Fig. 5 shows
an example of recorded data. The measurements
are valid for driving through a curve with a ra-
dius of 110 m.
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Fig. 5: Test curve on the BMW test track.

Testing data acquisition. In order to get a rea-
listic driving feeling and a straight line sta-
bility in the simulator experimental and si-
mulation data have been compared. For
the whole steering and the complete velo-
city range, the measurements on the test
track have been recorded with a 7-series ve-
hicle. The following signals have been recorded:

Symbol Dimens. Property

ay m/s* lateral acceleration
My, Nm steering wheel torque
v m/s vehicle speed

8 rad side slip angle

o1, rad steering wheel angle
o rad/s yaw rate

A representative drive in a 180° curve with ra-
dius 110m (see Fig. 5) with a speed ranging from
85 to 125km/h has been selected and the signals
of interest are shown in Fig. 6.
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Fig. 6: Velocity measurement test
track (a) and simulator (b).

Further curves of all vehicle dynamic related
signals and steering wheel forces have got a very
similiar shape. For example, in Fig. 7 the measu-
red and the simulated steering wheel angle based
on the advanced steering model are compared.
The result illustrates the quality of modelling
of the test track in the simulated environment.
Especially the vehicle dynamics and the steering
wheel angle generated in the simulator are in
good agreement with the data from the real dri-
ving experiment.

Subjective results with test persons. Beside
the comparision of the objective data several test
rides in the simulator with experienced and un-
experienced drivers have been carried out. With
the new hardware for the steering wheel torque
with a realistic tactile feedback the number of
people getting into an unstable driving state has
decreased dramatically. )
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Fig. 7: Steering angle measurement test
track (a) and simulator (b).

Torque properties and workload. Tests indi-
cate also that the behaviour of the driver as the
driver can significantly be influenced by different
steering aligning torques. Fig. 8 shows a group of
curves for the measured (a), optimized (b), low
(¢) and high (d) steering aligning torque. With
a low (c) and high (d) steering aligning torque
drivers lost control of the vehicle’s straight line
driving due to the nonrealistic steering response.
Additionally, while doing additional complicated
tasks, drivers in the driving simulator often loose
control of the vehicle and as a consequence they
could not fulfill the experimental tasks.

Steering Aligning Torque (Nm)

Fig. 8: Steering aligning torque measurement
test track (a) and driving simulator
optimized (b), low (c), high (d).

The measured (a) and optimized (b) curves
coincide very well. The drivers can follow very

easily the prescribed driving simulator course
and the vehicle has a good straight ahead dri-
ving stability. The steering system supports the
driver in keeping the vehicle lateral position in
the lane while he keeps full control about the ve-
hicle. Furthermore, the curves show once more
very clearly the importance of proper steering
wheel forces as a feedback source for safe driving.
To fulfill the task of stable driving in the simu-
lator the workload of the driver is reduced (see

curve (b)) compared to the curves (c) and (d), _
As a _consequeﬁce a wide range of de J ODL

' ts for ergonomical studies are possible
and recommendable.

Conclusion

A quantitative analysis of an advanced stee-
ring wheel system for the BMW driving simula-
tor could be demonstrated. The discussed simple
steering model describes the experimental fin-
dings of the steering aligning torque. It is suffi-
cient for the entire practical velocity and steering
range, and is, in this respect, an extension of re-
sults presented in (Bernasch, 1995).

The steering system for the BMW driving si-
mulator as discussed in this paper represents the
major step towards a comprehensive concept for
an online steering systems including the whole
multibody structure and the servo mechanism.
The increase of functionality of the BMW dri-
ving simulator and the integration of the online
steering system combined with the planned mo-
tion platform into an overall driving simulator
concept are important topics for future extenti-
ons.
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