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Abstract: The knowledge of tire-ground interaction forces is interesting for intelligent vehicles.
However, tire forces transducers are expensive and not suitable for ordinary passengers cars.
An alternative is to estimate these forces using common sensors. This paper presents an
estimator structure capable of reconstructing tire-ground interaction forces in all directions. A
delayed interconnected cascade-observer structure is proposed to eliminate mutual dependence
between estimators. Observers are developed based on nonlinear vehicle dynamic models with
the Extended Kalman Filter algorithm. The estimator is validated with experimental results.
The results are also compared with an existent estimator of the literature.
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NOMENCLATURE
Index ;: < 1 (front) | 2 (rear) >
Index ;: < 1 (left) | 2 (right) >
Fy.,,Fy,,,F.,,: Long., lat. and vert. tire force
m: Vehicle mass

g: Gravitational acceleration

U,V ,W: Long., lat. and vert. linear speed
D,q,T: Roll, pitch and yaw rate
¢, 0: Roll and pitch angle
m: Vehicle mass
JrasJyy,Jzzt Principal inertia in each axis
L;: Distance from CG to front/rear.
E: Distance from CG to lateral
ks,cs: Suspension stiffness and damper coeff.
0y Tire steering angle
Q;j,045: Slip angle and slip rate

i Coijt Cornering and longitudinal stiffness
Paij Py Long. and Lat. relaxation lengths

Q50 Wheel spin speed

Twij : Tire radius
2 Suspension length
Ts: Sample time
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1. INTRODUCTION

There have always been a strong seek for new technologies
in the automobile industry. In a recent past, the automo-
bile technology aimed to improve the so called “hardware”
of vehicles. New engines, chassis, dampers, electronics, etc.
are developed to increase stability, security and comfort.

Nowadays, the new technologies have been sought at the
“software” level. More and more intelligent systems have
been applied in vehicles worldwide. At this context, there
are two main research: The Advanced Driver Assistance
Systems (ADAS) and the Autonomous Vehicle (AV) sys-
tems.

In ADAS, the main goal is to aid human drivers under un-
safe conditions. The ADAS can work indirectly, providing
warnings and advises for drivers, or directly, taking control
of accelerator, brakes or even steering to increase safety.
The most known ADAS are ABS (Anti-lock Braking Sys-
tems) and ESC (Electronic Stability Control).

Differently, AV systems aim to overlap the human driver,
controlling the entire vehicle. Excluding the driver, the
control system could make decisions to increase safety,
reduce traffic and even reduce gas emissions. The most
well-known project is the Google Autonomous Car, that
has been exhaustively tested at USA streets.
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To be able to make precise decisions, both ADAS and AV
systems need to be fed with information related to driving
activity. Therefore, they should be able to sense the vehicle
dynamic and/or environment conditions.

There is a huge number of sensors that could be used
to provide essential information for ADAS and AVs: ac-
celerometer, gyrometer, video camera, laser, gps, etc. are
some of the sensors commonly used. However, there are
some variables that are difficult to be measured. Further-
more, some sensors are expensive which denies their use
in ordinary passengers car.

One of the most difficult information to be measured are
the tire-ground interaction forces. In ADAS, for example,
these forces can be used to predict rollover situations
(Bouton et al., 2008), allowing the system to warn, or
even to act in the vehicle to avoid the hazard. For AVs,
tire-ground forces are more important in off-road vehicles,
where terrain irregularities and slippery conditions results
in forces variation, leading to instability.

To obtain tire forces information, but avoiding expensive
sensors, estimators have been developed. Works like (Ray,
1997), (M’sirdi et al., 2005), and (Doumiati et al., 2011)
presents estimators for measure these forces, however most
of them do not treat longitudinal force estimation, or use
sensors that are not suitable for ordinary vehicles.

This paper presents a tire-ground forces estimator able
to reconstruct forces in all directions using inexpensive
sensors applied in common vehicles. Firstly, the estimator
structure is presented in Section 2. Following up, dynamic
vehicle models are developed to be used in the synthesis
of observers. Section 4 introduces the algorithm of the
observers used in the cascade structure. The validation
of the estimator is presented in Section 5, where real
experimental data are used. Finally, the authors present
their final conclusions.

2. OBSERVER STRUCTURE

Vertical, lateral and longitudinal tire forces are strongly
coupled. Lateral and longitudinal tire forces are friction
forces over the tire, therefore, they are directly related
to vertical forces. In addiction, they are also indirectly
coupled since they depend on vehicle dynamics (speeds
and accelerations).

These dependencies interfere on the observability of the
estimators. Doumiati et al. (2011) proposed a cascade-
observer to overcome this problem, where the vertical
forces are estimated firstly and, then, the estimated verti-
cal forces are used as inputs to the lateral forces observer.

To decouple the forces estimators, random walk models
were proposed, which are used for linear dynamics of the
vehicle in the vertical forces estimator, and for longitudinal
driven axle force (Fy, = Fy,, + Fy,,) in the lateral forces
estimator. Also, The longitudinal force at each driven tire
is proportional to the vertical forces distribution at the

axle and null at non-driven wheels.

The present work intends to enhance the observer response
by eliminating random walk models. For such, a cascade-
observer with one-sample delayed interconnections is pro-
posed, as shown in Fig. 1.
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Fig. 1. Cascade-observer structure with delayed intercon-
nections.

The vertical forces observer receives as input the steering
angle command and, also, the estimated lateral and lon-
gitudinal forces provided by the others observers in the
cascade structure. However, the lateral and longitudinal
estimators depends on the vertical tire forces. To solve the
mutual dependency problem at the vertical estimator, the
lateral and longitudinal forces input are delayed by one
sample, i.e. the forces in time k are approximated by the
same forces at time k£ — 1. This time delay is an acceptable
approximation since tire force dynamics are normally slow.
Moreover, the need of initial conditions can be overcome
since at £ = 0 the vehicle is normally in a rest mode, where
lateral and longitudinal forces are expected to be null.

3. OBSERVERS STATE-SPACE MODEL

The estimators showed in Fig. 1 are state-space observers.
The nonlinear state-space model used by each observer is
presented in the following subsections.

3.1 Vertical state-space model

To estimate vertical forces, a 3D vehicle model is consid-
ered. This model is inspired on the one presented by the
authors in (Cordeiro et al., 2013). The vehicle is consid-
ered as a planar body with four independent suspension
(spring-damper systems), which are considered always ver-
tical to the vehicle.

Fig. 2. Proposed 3D model for the vertical estimator.

The proposed model representation is shown in Fig 2.
Dynamic analysis are made using Euler-Newton equation,
resulting in:
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