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Summary. A method based on piecewise linear luz(...) and tar(...) projections was used for mathematical modelling and digital
simulation of stick-slip phenomenon in a car-steering system. Results of simulations refer to typical open-loop tests.

INTRODUCTION
Mathematical modelling of dynamic systems with dry friction and digital simulation of the stick-slip phenomenon have
been the subjects of non-linear dynamics presented in numerous research works (see state-of-the-art papers [1], [2], [3]).
Surprisingly problems of stick-slip in a car steering system have been rarely taken into account. Dry friction (especially
at the king-pin) could be large and it had a significant influence on the car active-safety. The piecewise linear luz(…)
and tar(…) projections ([11], [12]) might be useful in studying these rather difficult theoretical problems (see [6]) and
developing the complex simulation of car-dynamics with the stick-slip effects taken into consideration ([9], [13]).
CONCEPT OF MATHEMATICAL MODELING
Because of the dynamic properties of a car, its complex dynamic model could be seen as a cascade of two coupled
autonomic partial models – a model of steering system dynamics and a model of vehicle motion dynamics.
Model of steering system dynamics
The piecewise-linear non-linear multi-body model of steering system dynamics has been used in the research. It has
taken dry (kinetic and static) friction at king-pins as well as a steering box gear freeplay into consideration. This model
could be useful for description of the dynamics of car steering system (both manual and power steering system types for
2WS as well as 4WS could be investigated). An idea of application of the luz(...) and tar(...) projections in the steering
system mechanism model with dry friction is shown below. The simplest example of a single mass version is presented.
(Note: No implicit description of stiction has been made!).
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Model of vehicle dynamics
A non-linear multi-body 3D model of 4-wheel passenger car with independent suspension was assumed as the model of
vehicle dynamics ([8]). Wheel-road interaction description was based on the extended Dugoff’s model (where the
transient states of tire according to the von Schlippe-Dietrich relaxation model were accepted). The model of vehicle
dynamics had taken also the drive system quasi-dynamics, rolling resistance and aerodynamic drag into account. A
simple predictive PD controller was used for programming the steady-state traction conditions.
SIMULATION STUDY
These models were used for simulation research (as well as sensitivity and bifurcation analyses) in stick-slip
phenomenon in a steering system and vehicle motion. They related to open-loop tests performed according to the
respective ISO regulations. Special modular simulation software (together with 3D graphics and animation) has been
worked-out.
The paper presents results of simulation research for a car driven at a constant speed of 80 km/h where the following
sequence of manoeuvres have been carried out: a step input to the steering wheel, steady state cornering and sudden
release of steering wheel. It has been assumed for the basic version that the vehicle was equipped with a manual
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steering system having a damper in its steering box. For the “richer” versions, power elements of steering system as
well as the steering of all four wheels have been also investigated. Exemplary results of simulation presented below
refer to varying values of the steering king-pin dry friction magnitude and gear freeplay. They refer to a 2WS manual
steering system.

Friction torque at the left king-pin
for increasing gear freeplay

Left wheel angle for
increasing left king-pin dry friction magnitude

The results show a significant influence of both dry friction and freeplay on the stick-slip phenomenon and car’s
trajectory. The influence of the friction is more visible in steady-states (in the first phase – where the steering wheel has
been fixed, and in the second phase – where the turn has been blocked by the stiction). The influence of the freeplay
mostly appears in transient states. On the base of investigation, it can be assumed that the friction and freeplay influence
on the stick-slip processes and the vehicle motion has been regular. But also some “chaos” referred to levels of steady
states was observed for other datasets. On the ground of bifurcation research, it has been ascertained that the freeplay
and friction affect the states of blocking in “oscillating fashion” (rises and drops of steady-state values). It could be seen
that strong disturbances appear on bifurcation graphs (due to a very large local sensitivity) in certain cases, while in
others, horizontal lines occur (due to a local fall in the sensitivity). These have testified to a complicated nature of the
modelled processes.
By comparing the results for different structures of the steering system, one could become aware of the fact that the
introduction of power steering systems removed the transient processes to a great extent and decreased the sensitivity to
the changes of the freeplay and frictions (probably due to increased damping) a little. Similarly, by adding the steering
function to the rear wheels the sensitivity has become decreased a little.
CONCLUSIONS
The problems of stick-slip in the steering system lead to more and more complicated (thus, potentially, more and more
susceptible to freeplay and friction) mechanisms and control systems in the car.
The method of modelling and simulation of dynamic systems with freeplay and friction taken into account basing on the
piecewise linear luz(...) and tar(...) projections appeared very effective.
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