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Kurzfassung

Mit aktuellen Entwicklungen im Bereich (teilautonomer) Assistenzsysteme und vollautono-
mer Fahrzeuge kommt der Informationen zum Thema Fahrbahn-Reifen-Kontakt, speziell des
maximalen Reibwerts, zunehmend grofiere Bedeutung zu. Wahrend der Mensch aufgrund
seiner Erfahrungen und bewusster als auch unterbewusster Wahrnehmung die Grenzen fiir
sicheren Betrieb eines Fahrzeugs iiberwiegend gut einschétzen kann, sind kiinstliche Systeme
vollkommen auf gemessene oder anderwértig quantifizierte Informationen iiber den maxima-
len Reibwert angewiesen. Die laufende Forschung zu diesem Themengebiet befasst sich mit
ursachenbasierten und effektbasierten Methoden, welche Informationen iiber den Reibwert
bereitstellen konnen. Erstere benétigen zusétzliche Sensoren wie z.B. Kameras, Néssesensoren.
Effektbasierte Methoden bendtigen dazu im Allgemeinen ausreichend hohe Anregung der Rei-
fenkrafte und Fahrzeugreaktionen, um schnell und zuverlissig Reifenparameter, insbesondere
den maximalen Reibwert, zu detektieren und auf Anderungen zu reagieren. In alltéglichen
Fahrsituationen erreichen die Reifenkréfte in seltenen Féllen die dafiir erforderliche Grofie,
wodurch die Verfiigbarkeit einer giiltigen Schiatzung stark reduziert wird und in vielen Fallen

nicht moglich ist.

Es gibt jedoch Effekte welche im Bereich kleiner Radkréfte/schliipfe einen indirekten Riick-
schluss auf Anderungen des Reibwerts zwischen Reifen und Fahrbahn ermoglichen. Als Teil
dieser Dissertation wird eine Methode zur Schiatzung der Schlupfsteifigkeit (Anfangssteigung
der Schlupfkurve) und Detektion von Anderungen dieser prisentiert, welche keine explizite,
hochgenaue Langsgeschwindigkeit fiir die Schlupfberechnung benétigt und somit auch fiir
Allradfahrzeuge gut geeignet ist. Zuséatzlich wird diese Methode mit einer aktiven Anregung
der Reifenlédngskrifte kombiniert, um eine persistente Anregung der Eingangsgroéfien des
Detektionsalgorithmus zu erméglichen. Dabei werden die Antriebskréfte an beiden Achsen
gegengleich variiert, so dass die gewiinschte Beschleunigung beibehalten und der Eingriff nicht

wahrgenommen wird.

Auf nasser Fahrbahn, welche mit einer durchgehenden Wasserschicht bedeckt ist, kann es, als
Spezialfall des Reibwertabfalls, zu Aquaplaning kommen. Beim Verdrangen des Wassers aus
dem Reifenlatsch bildet sich eine hydrodynamische Druckverteilung welche die einwirkenden
Kréfte auf den Reifen verdndert bzw. verschiebt und zu einem (teilweisen) Abheben des Reifens

von der Fahrbahn fiihrt. Die maximal iibertragbaren Reifenkréfte nehmen mit zunehmender



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

ii

Fahrgeschwindigkeit und Wasserh6he ab und gehen schlussendlich gegen null. Das kann in wei-
terer Folge zu einem Verlust der Steuerbarkeit oder Stabilitdt des Fahrzeugs fithren. Eine Reihe
typischer Effekte, die dabei auftreten, erlauben die Detektion von (partiellem) Aquaplaning
und werden in dieser Arbeit vorgestellt. Diese sind der charakteristische Spin-Down-Effekt
(Verzogerung der Radgeschwindigkeit) an nicht angetrieben Rédern, das Hochdrehen der
Reifen an angetriebenen Rédern, erhohter (Roll-)Widerstand, reduzierte Schlupfsteifigkeit und
Anderungen in den Spurstangenkriften. Ergebnisse systematischer Messungen mit variierten
Parametern wie Wasserhohe, Langsgeschwindigkeit, Reifendruck, etc. werden prasentiert und
zeigen deren Einfluss auf ausgewédhlte Aquaplaningeffekte. Im weiteren Teil dieser Arbeit
werden Methoden vorgestellt, die unter der Ausnutzung jeweils eines dieser Aquaplaningeffekte
(partielles) Aquaplaning detektieren. Als Eingangsgrofien dieser Methoden werden Signale
verwendet welche in bestehenden Serienfahrzeugen bereits vorhanden sind bzw. die von der
zuvor vorgestellten Methode zur Schlupfsteifigkeitsschitzung berechnet werden. Aufbauend
auf den Einzelmethoden werden zwei Detektionsmethoden vorgestellt, welche (partielles)
Aquaplaning mit einer Kombination von Kriterien einzelner Aquaplaningeffekte detektieren

und somit bedeutend héhere Empfindlichkeit und Robustheit aufweisen.
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Abstract

With the recent development of ADAS and fully automated vehicles, information about tire-
road contact and especially the friction potential gets more important. While human drivers
have a certain feeling for the limits of safe vehicle operation based on their experience and
perception, artificial systems completely rely on the quantification of measured or estimated
parameters. Ongoing research deals with the detection of road conditions with cause-based
methods using additional sensors, e.g. cameras, water sensors, etc., and effect-based methods
extrapolating this information from measured vehicle reactions. Effect-based methods usually
require persistent excitation of forces, accelerations, etc., to rapidly and reliably detect friction
parameters and adapt to their changes. Common driving maneuvers in public traffic rarely
exhibit necessary levels and changes of tire force and vehicle reaction, reducing the availability

of these parameters or making their determination even impossible.

However, certain effects influencing low slip tire behavior allow an indirect detection of changes
in tire-road friction even for small longitudinal tire forces. Part of this dissertation is a
method estimating tire slip stiffness (initial slip slope) and its changes, especially for all-wheel
drive cars, where an explicit longitudinal velocity for slip calculation might not be available.
This method is combined with an active excitation of longitudinal tire forces, in a way that
persistent excitation needed for the algorithm is generated. The forces on both axles are
slightly varied, while their sum is kept at the level to maintain the desired vehicle acceleration

and the intervention is not recognized.

During wet road conditions, if the water on the road forms a continuous layer, aquaplaning
can occur as a special case of friction potential reduction. The tire squeezes the water out of
its contact area, resulting in a hydrodynamic pressure distribution altering the tire forces and
(partially) lifting the tire from the ground. This results in a reduction of friction potential
with increasing velocity and water height, which eventually leads to a total loss of tangential
tire forces and therefore loss of controllability or stability. Several typical effects that come
along with (partial) aquaplaning allow its detection and are presented in this paper. These
are the unique spin-down effect on non-driven tires, spin-up on driven tires, increased rolling
resistance, reduced slip slope and tie rod force changes on front tires. Water level height,
longitudinal velocity, tire pressure, and several other parameters relevant for aquaplaning are

varied and their influence on chosen effects is investigated. Based on the findings, detection

iii
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algorithms for these single effects are developed using basic measurement signals available in
series production cars and the previously presented slip slope detection method. Eventually,
two joint algorithms using criteria and output from the single methods are presented detecting

(partial) aquaplaning in various driving situations.
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Chapter 1
Introduction

Tire-road contact behavior is one of the main factors influencing vehicle dynamics.
Knowledge about the current road condition, in particular about the currently achievable
maximum tire forces, contributes a major part to vehicle safety. Various road conditions
such as snow, ice, water layers that may cause aquaplaning, etc. change the tire
contact behavior and require the human driver or autonomous system to adapt for safe
operation of the vehicle, e.g. lower cornering speed or larger distance to vehicles in
front. Changes in these conditions, e.g. during heavy showers of rain or snow and when
changing to another lane or road, require a permanent reevaluation and monitoring of
the new situation. The underlying phenomena determining the tire contact behavior,
its maximum forces, and their reduction differ depending on the specific road surface.
On solid and dry surfaces tire-road contact is dominated by adhesion and material
hysteresis, [1], [2]. On snow and ice or at combinations of these and on other layers
like gravel additional phenomena occur and depend more on additional parameters,
e.g. temperature, [1] [3] [4]. If the road surface is covered with a constant water layer,
additionally to rubber-road contact hydrodynamic processes in the tire contact patch
alter the force distribution. While human drivers (usually) adapt their driving on their
perception and experience, but may also profit from additional information, ADAS and
(semi)autonomous systems rely completely on the quantification of the road conditions,
especially the maximum possible tire forces or safe driving velocity. With further
implementation of such systems in series production cars and the future goal of fully
autonomous driving systems, the focus is increasingly directed to methods for tire-road
friction determination. These are generally distinguished into two categories: cause-
and effect-based methods, [5]. Cause-based methods usually require additional sensors,
e.g. cameras, moisture sensors, etc., and additional signal and data processing for
extrapolation of their measurements to tire-road friction potential. They are especially
beneficial because they allow the determination of road conditions independent of
the vehicle and its current state and may also have capabilities to determine road
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2 1. Introduction

conditions ahead of the vehicle. Effect-based methods determine the tire-road contact
characteristics based on the reaction of the vehicle or its tires to current road conditions
and vehicle states. However, reliable determination of the friction potential is difficult
in normal driving situations. Estimation of the maximum friction coefficient based on
longitudinal dynamics requires at least 60% utilization of the friction potential on dry
surfaces and even more on low-friction surfaces [6]. Lateral dynamics may allow for
earlier detection if pneumatic aligning torques are used for friction coefficient estimation
[7] [8] [9] [10]. These show earlier nonlinear behavior that allows the determination of the
maximum friction coefficient at lower slip values. Precise determination of pneumatic
aligning torques may however be difficult in practical application and sensitive to
errors in measurements and modeling. Despite slip stiffness is described as a pure tire
parameter [11], independent of the maximum friction potential, several publications
describe a correlation between friction potential drop and changes in the initial slip
slope. [12] proposed slip slope as a feasible measure to detect critical road conditions
and warn the driver. Possible explanations of the reduced slip slope are given in [5]
[13] [14]. One influencing factor is a certain compliance of road surfaces like snow,
ice, or gravel, which acts in series with the tire bristle stiffness and leads to a lower
initial slip slope. Besides that, [14] describes rolling resistance and existing longitudinal
stress distribution in the free-rolling tire as additional effects, which are directly related
to the maximum friction coefficient, but have only a minor impact on the initial slip
slope. To detect friction coefficient changes [14] uses a recursive least square parameter
identification method to detect slip slope from slip and normalized traction force. [15]
proposed a linear Kalman filter with a change detection for direct estimation of slip
slope and a slip-offset parameter on a two-wheel driven vehicle. Additionally, a texture
measure based on the variance of the difference between vehicle velocity and wheel
speeds was used to distinguish between different low friction surfaces with similar slip
slope levels. [16] developed a nonlinear tire model for joint estimation of slip slope and
maximum friction coefficient with an extended Kalman filter. [17] used a linear tire
model and an RLS method for slip slope estimation and a linear relation between slip

slope and maximum friction coefficient.

All slip slope estimation approaches have in common that actual slip has to be calculated
accurately and therefore, require a high-quality longitudinal (wheel) velocity signal.
For two-wheel driven vehicles the wheel speed signal of the free-rolling tires can be
used as reference velocity. An advantage of using wheel speeds for reference velocity
determination is that these are permanently available and signal processing is the
same. There is no additional time delay or other differences from different measurement

systems or signal processing transfer functions which may reduce quality. For all-wheel
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drive vehicles or braking, however, no direct measurement of the vehicle speed is
available without additional sensors, e.g. GPS, or additional estimation methods for
the longitudinal velocity, [18] [19] [20]. Another possible solution [21] describes a slip
slope estimator that can be used for all-wheel drive vehicles using differences in wheel

speeds and traction coefficients between the two axles.

As mentioned above, a special case of tire-road friction potential reduction is aquaplaning,
which occurs on wet roads covered with a continuous water layer. Early aquaplaning
research [22] [23] identified a couple of (unique) phenomena that can occur under these
conditions. The tire tread penetrates the water layer and displaces not all water out
of the contact patch area, which causes hydrodynamic pressures. The water forms a
wedge at the front of the tire contact patch, alters the (vertical) stress distribution
and therefore the resulting forces. This operating state of the tire is called partial
aquaplaning, as long parts of the tire contact patch are still in (dry) contact with the
road surface. The size of the tire contact patch in dry contact with the road surface
decreases with increasing velocity or water layer thickness. If the remaining contact
eventually vanishes completely, the tire lifts off the ground and the vertical tire forces
are then generated by the hydrodynamic forces, which is referred to as total aquaplaning.
In contrast to solid surfaces, e.g. snow, ice, or gravel, a total loss of longitudinal and
lateral friction potential occurs in this case, which might cause a loss of controllability
or stability of the vehicle. The hydrodynamic pressure distribution in the tire contact
patch shifts the resulting vertical force to the front, causing increased rolling resistance.

On non-driven wheels, this leads to a unique phenomenon occurring at (close to) total
aquaplaning, called spin-down. The rolling resistance exceeds all other remaining forces
and torques, causing to rapidly decelerate the wheel speed, which can even lead to
a full stop of the tire. Driven wheels may spin up if the driving torque exceeds the
maximum residual traction potential and the rolling resistance. Several publications
have used optical [24] and acceleration [25] [26] [27] sensors that measure the contact
patch length of the tire, allowing early detection of partial aquaplaning. Acceleration
sensors are mounted on the inner liner of the tire, optical sensors consist of two parts,
one on the inner liner and an additional one on the rim. On the one hand, robustness
against high loads, wide temperature ranges, and aging of the sensors is important
for reliable detection, on the other hand, the strength and durability of the tire as a
critical part for safety must not be weakened. These requirements make tire sensors
still very cost-intensive and therefore they are not implemented in series production yet.
[28] indicated that partial aquaplaning causes the slip slope to drop and [29] explained
it with the decreasing contact length of the tire tread. Therefore, slip slope drop can
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4 1. Introduction

give an early indication of partial aquaplaning and allows a limited quantification of
the expected full aquaplaning velocity, making slip slope estimation an important part
of aquaplaning detection. Several other effect-based approaches for the detection of
aquaplaning have been patented, usually focusing on single aquaplaning phenomena or
driving situations. Many of these approaches rely on additional sensors to detect water
spray, e.g. [30], [31]. Others use readily available measured signals used by ABS or
ESC control. [32] used wheel speed signals to determine critical deceleration levels and
slips for detection of aquaplaning spin-downs with and without braking. An approach
for aquaplaning detection was presented in [33] and [34] based on a comparison of the
actual measured wheel speed signals at the front tires with a stored reference. Bumps
and rough terrain that may also cause spin-down like wheel speed signals are excluded
from detection by comparing the wheel speed signal pattern of the front and rear wheels
passing the same point. [35] used the measured wheel speed signals to analyze changes
in high-frequency rotational oscillation of the tire caused by the reduction of the contact
length to identify aquaplaning. [36] calculates the resistance from displacing the water
at the tires with a longitudinal vehicle model using measured acceleration, road grade,
longitudinal tire forces, and nominal rolling and aerodynamic drag resistance parameters.
These effect-based approaches have in common that they are generally based on a single

aquaplaning phenomenon.

1.1. Scope of the thesis

To this point, known aquaplaning detectors focus on single effects and corresponding
methods. The goal of the papers comprising this thesis is to develop a joint algorithm
for aquaplaning detection based on a set of aquaplaning phenomena, without the use
of additional sensors. The algorithm allows for aquaplaning detection during more
driving situations and a higher sensitivity than single-effect methods. As a basis for
the algorithm developed, Paper (2) presents results of measured effects from the tire
and from the vehicle that are useful for detection within a series production car. These
effects may occur before (increased rolling resistance, slip slope change), close to (minor
wheel spin-downs), or at full aquaplaning (wheel spin-ups/downs, tie rod force changes)
at a tire. Measurements are compared for several parameter variations like water level,
velocity, drive train concept, tire type, wear, and pressure. Especially slip slope changes
give early information about changes in the surface condition on low friction surfaces,
like ice and snow, and during (partial) aquaplaning. For calculation of the longitudinal
tire slip high-quality velocity information is necessary which makes reliable slip slope
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1.1. Scope of the thesis 5

detection difficult, for all-wheel drive cars. Therefore, in Paper (3) a method is presented
that allows slip slope estimation on all-wheel (and two-wheel) drive vehicles without
the need for an explicit longitudinal velocity for slip calculation. It can detect slip
slopes for different nominal tire parameters on both axles and can adapt to changes
in these during operation. Additionally, a new active longitudinal force excitation
for all-wheel drive is suggested to increase the availability of the estimated slip slope
signal. The individual tire forces are varied on both axles while keeping their sum
constant and therefore not changing the current vehicle acceleration. Paper (1) describes
algorithms to detect some of the aquaplaning effects individually that were presented
in Paper (2), with a special focus on rear-wheel drive cars. A novel method for the
detection of minor short-time spin-downs on front wheels is presented, using moving
variance measures of wheel accelerations. Based on single-effect methods two joint
algorithms are presented that detect (partial) aquaplaning and can warn the driver or
(semi)autonomous systems. The first joint algorithm combines the key criteria and the
outputs from the single effect-based methods. Increased rolling resistance is used as a
robust standalone detection, but also as a necessary criterion for the detection of other
phenomena. The second joint algorithm combines the outputs from the single methods,

based on the change detection method, to a joint aquaplaning measure.
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6 1. Introduction

1.2. List of publications and contribution

This thesis consists of a summary of the addressed topics and the following four appended

papers:

1. Fichtinger, A., Edelmann, J., Plochl, M., Holl, M. Aquaplaning Detection Using

Effect-Based Methods: An Approach Based on a Minimal Set of Sensors, Electronic
Stability Control, and Drive Torques. IEEE Vehicular Technology Magazine 16.3
(2021): 20-28.
Andreas Fichtinger is responsible for: writing the original draft; development and
implementation of the proposed single and joint detection methods; preparation and
planning of the measurements; testing of the method with simulated and measured
data

2. Fichtinger, A., Bardos, A., Szalay, Z., Edelmann, J., Plochl, M. Pneumatic tyre
aquaplaning: an experimental investigation on manifestations and influences of
appearance. Acta Polytechnica Hungarica 19.9 (2022): 45-65.

Andreas Fichtinger is responsible for: writing the chapters about resistance, slip
slope, and tie rod force effects of the original draft; evaluation of measurement

data; preparation and planning of the tests with the AWD and one RWD wvehicle

3. Fichtinger, A., Edelmann, J., Plochl, M., Holl, M., Unterreiner, M. Slip Slope

Change Detection Based on Active Drive Force Excitation. Proceedings of the
Institution of Mechanical Engineers. Part D, Journal of Automobile Engineering
(2023), Web.
Andreas Fichtinger is responsible for: writing the original draft; the development of
the active excitation method; implementation of the proposed estimation and active
excitation methods; sensitivity analysis of the estimation method; preparation and
planning of the measurements; testing of the method with simulated and measured
data

4. Fichtinger, A., Edelmann, J., Plochl M. (2022). Tire-road friction potential esti-
mation for all-wheel drive vehicles with active longitudinal tire force excitation. In
Proceedings of AVEC. Vol. 2022.

Andreas Fichtinger is responsible for: writing the original draft; the implementation
of the simulation; sensitivity analysis of the active excitation method; planning of

the test maneuvers; test of the method with measured data
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Chapter 2

Aquaplaning phenomena and detection
algorithms

On wet road surfaces with a continuous water layer, aquaplaning may occur as a special
case of reduction of tire-road friction. Water is squeezed out between the tire treads and
road surface, forming a water wedge that lifts the tire contact patch at its front. This
area at the tire contact patch grows with increasing velocity and water height, Figure
2.1, and is dependent on various tire and road parameters. The hydrodynamic pressure
distribution in the area of the water wedge alters the position of the resulting vertical
tire force and increases rolling resistance. At the same time the tire tread, which is
separated from the road surface by the water wedge, cannot generate tangential forces
reducing the maximum longitudinal and lateral forces of the tire. This situation is
further referred to as partial aquaplaning, [23]. Full aquaplaning occurs if the remaining
tire contact patch in dry contact with the road vanishes and the hydrodynamic pressure
distribution generates the entire vertical tire force. Hence, the tire cannot generate any
longitudinal or lateral forces. On non-driven front wheels total aquaplaning leads to a
loss of controllability while on non-driven rear tires, a loss of stability of the vehicle
occurs. In the case of driven wheels, the loss of stability or controllability can occur
even under partial aquaplaning conditions if the applied longitudinal forces exceed the

maximum residual friction potential.

Figure 2.1.: Tire contact at wet road conditions with reduced contact patch length
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Figure 2.2.: Tire contact length measured with inner liner tire sensors from [37]. Calculated
normalized maximum traction coeflicient and slip slope.

The reduction of the tire contact patch length in dry contact was measured in [37] with
tire sensors for three different inflation pressures, Figure 2.2 top. Based on these contact
patch lengths, the middle plot shows the normalized maximum friction coefficient
calculated using the Brush tire model, equation (2.1), from [11]. Figure 2.2 bottom
shows the expected normalized slip stiffness of the tire, also calculated from the Brush
tire model, Equation (2.2). These calculated curves indicate that slip stiffness can be
useful as an early indicator for partial aquaplaning, given its quadratic dependence on
the remaining tire contact patch length in contact.

(2& — b) (CL + b)2 Fz,u Fm,max
Fx,max — 4a3 —  Mmax = FZ (21)
1 OF, 1

~Cp (a+ D) (2.2)

2
Fz:icpz (CL"—b) Sy — Csm:aistgw:O: 9

Experimental measurements of the residual maximum traction coefficient and the slip
stiffness are shown in the corresponding sections for spin-up and slip slope, Sections
2.1 and 2.3. Other typical aquaplaning phenomena presented in the following sections
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2.1. Spin-Down and Spin-Up 9

and used for detection of (partial) aquaplaning are the characteristic spin-down of

non-driven tires, increased rolling resistance, and changes in the tie rod forces.

2.1. Spin-Down and Spin-Up

At full aquaplaning, a tire does not generate tangential forces and the resulting vertical
force from hydrodynamic pressure is shifted to the front of the tire, increasing the rolling
resistance. On a non-driven wheel, no torque acts against this increased resistance force
and the wheel speed decreases rapidly causing a spin-down that can even cause the tire
to stop turning. Measurements have shown that even before full aquaplaning very short
minor spin-downs occur, giving an early indication of (partial) aquaplaning. Figure 2.3
shows vehicle velocity and wheel speed signals of an RWD vehicle with worn summer
tires during constant velocity passes over a watered asphalt lane with approximately
1.3 mm water level height. All maneuvers are aligned along the time axis so that the
watered lane starts at 1 s. At approximately 89 km/h some minor spin-downs of the
front right and left wheels can be seen shortly after 2 s and at 3 s. With increasing
velocities, 98 km/h and 106 km /h, the number and magnitude of the spin-downs increase
but the vehicle is still controllable and stable. At a velocity of approximately 118 km /h
the front right wheel spins down immediately after entering the watered lane and the
maneuver was aborted due to a simultaneous spin-up of the rear tires. Figure 2.4 shows
the corresponding slip values over velocity for these maneuvers. The pale color data
points show slip values for additional maneuvers (constant velocity and accelerated)
with the same tires and water level heights that are not shown in the time plot. The
distribution of the data points shows clearly that minor spin-downs occur even 20
km/h below the actual full aquaplaning velocity and are a good indication for (partial)
aquaplaning. Detecting these allows for a reaction before reaching full aquaplaning

speed. Measurements with new winter tires did not show these minor spin-down events.

If (partial) aquaplaning builds up at driven wheels, the residual maximum traction
coefficient correlates with the tire contact patch length in dry contact, Equation (2.1).
Additionally, the driving torque has to act against the increased rolling resistance.
Contrary to spin-downs, spin-ups can occur at velocities far below total aquaplaning
speed depending on the actual drive torque at the tire, if its value is larger than the
maximum residual traction forces and the increased rolling resistance. Figure 2.5 and
2.6 show the irregular occurrence of spin-ups referred to velocity at the rear tires of a
RWD car. However, residual maximum traction coefficients at spin-ups decrease with
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Figure 2.3.: Wheel speed signals at differ-
ent velocities with full and partial aquaplan-
ing. Minor spin-downs occur approximately
20 km/h below full aquaplaning speed. Worn
summer tires with low inflation pressure at a
water level height of 1.3 mm.
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Figure 2.5.: Wheel speed signals at different
velocities with full and partial aquaplaning.
Spin-ups at rear tires occur at different ve-
locities depending on the current tire force.
Worn summer tires with high inflation pres-
sure at a water level height of 1.3 mm.
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Figure 2.4.: Wheel slip at front tires over
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Figure 2.6.: Wheel slip at rear tires over veloc-
ity during full and partial aquaplaning spin-
ups. Worn summer tires with high inflation
pressure at a water level height of 1.3 mm.

increasing velocity as described by Equation (2.1) and Figure 2.2, middle. The average

actual traction coefficients during spin-ups within particular velocity ranges are plotted

in Figure 2.7 for the rear left and right tires. Traction coefficient curves from the left

and right wheels differ because of a significantly lower and more irregular water level

height on the left side of the lane.
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0.6

0.5 |

04 |

0.3 |

0.2 |

traction coefficient in -

0.1 |

——fF—— rear left
e rear right
T T T

.
80 85 90 95 100 105 110 115 120 125 130
velocity v, in km/h

0

Figure 2.7.: Actual traction coefficient at driven rear-wheel tires during spin-ups within finite
ranges of vehicle velocity. Worn summer tires with high inflation pressure at a water level
height of 1.3 mm.

Detection algorithms

Large spin-up and spin-down events at (partial) aquaplaning cause wheel speeds and
accelerations to be (much) higher or lower than the current vehicle speed and acceleration.
Hence, the difference between wheel and vehicle accelerations allows to detect such

events:

Ay A = WiTei — Qg (23)

Similar negative acceleration differences may occur during a spin-down or at the end of
a spin-up when the wheel decelerates before it reaches the same level as vehicle speed
again. The same applies to spin-ups and the end of spin-downs. Hence, the sign of
the wheel and vehicle speed difference is used additionally for the distinction of these

situations:

Vw,Aji = Wil'e; — Vg (24)

To increase robustness the acceleration difference is not evaluated directly but used
to calculate a cumulative sum for detection, similar to the CUSUM change detection
algorithm, [15]. Spin-up detection is additionally limited to actual traction coefficients
less than 0.07 to avoid misdetection of spin-ups on other low-friction surfaces. Figure
2.8 shows the wheel and vehicle speeds during a maneuver with spin-ups and spin-downs
on different wheels, the corresponding acceleration differences, and the (down-sampled)

output of the detection algorithm.
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Figure 2.8.: Wheel spin-down and spin-up detection during full aquaplaning on non-driven
front right and driven rear right wheel based on acceleration differences between wheels and
vehicle. Worn summer tires with low tire pressure and an average water level height of 0.8
mm.

Depending on its parameterization as well as the magnitude and duration of the spin-
downs, the previous algorithm may not detect upcoming aquaplaning. Analysis of
measurement data reveals that small spin-downs can occur on non-driven tires at
velocities up to 20 km/h below full aquaplaning speed, Figure 2.3. Again, for calculation
of the aquaplaning indicator acceleration difference between wheel and vehicle is used,
Equation (2.3). Instead of evaluating it directly, the exponentially weighted moving

variance, [38], is calculated and used for detection:

A_ax gk = (1 — Oé) A_ax,l-7k_1 + « Aam-’k (25)
02 nige = (1= 8) (02 aspor + B (Adgif — Bayi1)?) (2.6)
mit i = FI, F'r, Rl, Rr (2.7)

Absolute levels of the variance measures can vary for different tires and especially on
different grounds and other low friction surfaces, e.g. gravel, rough snow. However,
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Figure 2.9.: Detection of minor spin-downs on non-driven front wheel based on differential
variance measure of wheel accelerations during a maneuver with almost constant velocity.
Worn summer tires with low tire pressure and an average water level height of 0.8 mm.

minor spin-downs usually just occur at one (non-driven) axle. Hence, the differences of
the variance between the front and rear tires at each vehicle side are used to evaluate

for aquaplaning:

AL A =00 ap; — Ooar; it j=left, right (2.8)
Figure 2.9, top plot, shows the wheel speeds of the right vehicle side in comparison
with the absolute longitudinal vehicle velocity on an RWD vehicle. At 23 s the vehicle
enters the watered lane and a series of minor spin-downs starts immediately at the front
wheel, while the rear wheel only has a slightly increased slip. The bottom plot shows
the exponentially weighted moving variance measures of the front and rear wheels as
dash-dotted lines and the difference between those as solid red line. The front wheel
variance measure shows a strong increase shortly after the beginning of the watered
lane while the rear variance only slightly changes, resulting in a variance difference that
follows the front wheel variance and clearly indicates aquaplaning.

2.2. Rolling resistance

The hydrodynamic processes in the tire contact patch cause an increase in rolling resis-
tance, which depends on several factors, mainly water level height and vehicle velocity,
[23]. Since individual tire rolling resistance measurement would require additional
sensors, the change of total (rolling) resistance of the whole vehicle compared to dry,
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14 2. Aquaplaning phenomena and detection algorithms

solid surfaces is suggested as a practical measure. Similar to [36], measured acceleration
from the ESC is compared to a calculated, nominal acceleration based on vehicle mass,
nominal tire rolling resistance, aerodynamic drag coefficient, and current drive torque to
detect changes in resistance. Therefore, the difference between measured and calculated

acceleration serves as an indicator for the rolling resistance change:

Aaz = Qg nom — Az meas,ESC (29)

For calculation of the nominal acceleration a, nom Wheel torques 7; and basic vehicle
parameters are necessary. With these parameters and inputs, the acceleration is

calculated using the following form:

1 (AT
Az nom — — <Z < - Tu;,z'Fz,i> — Cm'U323> (210)

m i=1 T4

with vehicle mass m, nominal rolling resistance coefficient r,;, aerodynamic drag
constant ¢, (= 1/2¢,Ap), and the loaded wheel radius r;;. Especially mass and
nominal rolling resistance are important, can change during normal operation, and
therefore have to be determined under dry conditions using a separate estimator, [39]
[40].

Figure 2.10 shows a time plot of this resistance measure for a constant velocity maneuver
with a change from dry asphalt to a water-covered lane. Averaged values of the resistance
measure are shown over velocity in Figures 2.11 to 2.15 for varying velocity, water
height, and different tire parameters. For all tested tire and parameter combinations
resistance increases with vehicle velocity. There is no significant change in the level and
gradient of the resistance measure for low water level height (0.6 - 1.3 mm), Figure 2.11.
However, at 2 mm water level height the resistance and its velocity gradient increase
significantly. New or deep tire treads, e.g. on winter tires and new summer tires, are
subjected to a (much) lower increase of rolling resistance and its gradient than worn
summer tires, Figures 2.12 and 2.13. Despite the actual aquaplaning speed depends on
tire inflation pressure, it has no significant influence on the rolling resistance change for
low water level heights (1.3 mm), Figure 2.14. In general, an increase of resistance by
at least 0.2 m/s? is a good threshold for the identification of partial aquaplaning with
the tested vehicle and tire combinations, as the resistance measure plots show. The
final figure shows a combined comparison of tire pressure and a load variation between
the front and rear axle. An additional weight of approximately 270 kg was added to
the front or close to the rear axle and tire pressure was varied from low to medium tire
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Figure 2.10.: Time plot of resistance mea-
sure during the change from dry to water-
covered asphalt layer with ~1.3 mm water
level heights with (very) worn summer tires.
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pressure. Figure 2.15 shows that additional load and tire pressure lower the resistance

change during partial aquaplaning.
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Detection algorithm

The calculated acceleration difference Aa, from Equation (2.9) is usually noisy and
contains outliers because of disturbances, e.g. road irregularities, gear shifts, and noise
in the input signals, Figure 2.10. Therefore a direct evaluation of the acceleration
difference is not possible. Instead, a cumulative sum of the acceleration difference is
used for evaluation, similar to the CUSUM change detector from [15].

2.3. Slip slope decrease

As shown theoretically in Equation (2.2) and Figure 2.2 bottom, a reduced tire contact
patch length under partial aquaplaning conditions causes an early and significant
decrease of the slip slope. This allows partial aquaplaning detection at typical driving
maneuvers (constant velocity and moderate acceleration) without high utilization of
maximum tire forces. Figure 2.16 shows slip curves from a (very) worn rear-driven tire,
which were measured during a maneuver with moderate acceleration on dry asphalt
and almost constant speed (=100 km/h) on a watered lane with 0.8 mm water level
height. The total aquaplaning speed for this water depth and tire combination was
approximately 20 km/h higher. Figure 2.17 to 2.20 show the average slip slope values
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Figure 2.16.: Measured tire characteristics of a (very) worn rear tire on dry and water covered
road with a water level height of 0.8 mm.

of the rear wheels of an RWD vehicle over velocity for several parameter variations
(water height, tire pressure, tire type, load). Measured data points were categorized
by longitudinal vehicle speed into bins and the slip slopes were determined with linear

regression.

The slip slope curves for worn summer tires in Figure 2.17 give no clear indication of an
influence of water level height on rear wheel slip slope decrease at one tire. A possible
explanation is that the rear tires encounter a disturbed water surface since they are
running in the tracks of the front wheels. The remaining amount of water in this track
may be not directly dependent on the actual undisturbed water level height, as long
the front tires do not experience total aquaplaning. Nevertheless, all curves decrease
with increasing velocity like analytically predicted in Equation (2.2). Left wheel slip
slopes are slightly higher and more nonuniform than those for the right tire. The reason
for this difference may be explained by irregularities in the water level height, that
were present on the left side of the lane due to the proximity to the sprinklers. Figure
2.18 shows the variation of tire pressures in three steps for the same tires as before
and a constant water level height of 1.3 mm. The low and medium pressure curves are
similar for both pressures, except for low velocities where only a few data points were
available. The high-pressure curves show a significantly smaller slip slope for velocities
far below aquaplaning speed. However, the decrease of slip slope is also much lower
and the curves approach those for low and middle pressure at higher velocities, which

might make early aquaplaning detection more difficult.

A comparison of slip slopes between worn summer tires and new winter tires on the rear
axle in Figure 2.19 reveals that within the tested velocity ranges and water level height,
winter tires do not experience any decrease in slip slope. Different axle loads and tire
pressures are compared in Figure 2.20 for the rear tires. These result curves show only
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Figure 2.17.: Average slip slope values over
velocity on driven rear tires with low tire
inflation pressure and a variation of water
level height.
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velocity on driven rear tires with variation of
tire inflation pressure and a water level height
of 1.2 mm.
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Figure 2.20.: Average slip slope values over
velocity on driven rear tires with a water
level height of 1.2 mm, low and medium tire
inflation pressure and an additional load of
270 kg placed either at the front or rear axle.

a slight change of slip slope decrease with the different tire pressures and loads, but

indicate that with additional load and tire pressure slip slope curves slightly increase.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

2.4. Tie-Rod force change 19

Detection algorithm

For detection of the slip slope drop during partial aquaplaning estimator based ap-
proaches are used. If longitudinal velocity is available in sufficient quality, e.g. from
non-driven wheels, a direct approach for slip slope estimation is suggested, [15]. For
vehicles with all-wheel drive direct determination of longitudinal velocity from wheel
speeds is not possible. In this case, an alternative strategy for slip slope estimation
is presented in Chapter 3 based on differential slip and traction coefficient measures
without longitudinal velocity. Independent of the specific slip slope estimation algorithm,
the resulting slip slope estimate has to be continuously evaluated for the detection
of partial aquaplaning. Since absolute slip slopes vary with tire type, load, pressure,
etc. aquaplaning detection needs to compare the current slip slope drop relative to the
nominal values on dry asphalt with the current tire and vehicle parameters. Therefore
the maximum slip slope estimates within finite time periods are saved in a history for
the current vehicle configuration (tire pressure, load, etc.). The continuous estimates
are compared against the maximum of this history and allow for a determination of the
relative decrease. Since slip slope drops can also occur on other low friction surfaces
like ice, snow, and gravel, this information alone cannot identify partial aquaplaning
unambiguous. In contrast to these surfaces, aquaplaning-induced slip slope drop is
velocity dependent, a sufficient variation is not achieved during normal driving and
may take too long for early detection. Additional information from other algorithms or
sensors about the road condition is necessary to definitely identify aquaplaning.

2.4. Tie-Rod force change

The altered tire forces during (partial) aquaplaning in the contact patch influence
the reaction forces of the tire, which is felt by the driver or can be measured in the
steering or the tie rods. Therefore, analogue to the resistance calculation, aquaplaning
can be detected by comparing nominal and measured steering/tie rod forces. The
exact calculation of the tie rod forces is however difficult. It depends on steering and
axle design and is very sensitive to parameter changes and disturbances. Especially
slight changes in tire forces and aligning torques during partial aquaplaning may be
too small for reliable evaluation. Measurement and calculation can substantially differ
from each other if velocity is close or above the aquaplaning speed and already minor
spin-ups/downs occur. In this case, even a very coarse tie rod force model allows reliable
detection. The lateral tire forces are calculated using a two-wheel model and divided
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20 2. Aquaplaning phenomena and detection algorithms

onto the left and right wheels proportional to the quasi-static vertical loads. Tie rod
forces are calculated from the tire forces with polynomial force transfer function based

on MBD-simulations of the front axle.

Figure 2.21 shows a straight driving maneuver with slight deceleration and aquaplaning
on the front right wheel of an AWD car. At the top, the velocity and wheel speeds of
the front axle are plotted. In the second and third plots, the calculated and measured
tie rod forces of the left and the right wheels are shown. There was (almost) no torque
distributed to the front wheels so the wheel showed a series of spin-downs. Even very
short spin-downs cause the measured tie rod forces to increase and differ from the
calculated values on the right wheel, while calculated and measured forces on the left

wheel without aquaplaning match well.

During a straight driving maneuver with two accelerations, Figure 2.22, torque is
distributed to the front axle and spin-ups as well as spin-downs occur at both tires. At
18 s the front left tire has a slight spin-down that changes into a very short and small
spin-up at 19 s, between 21 s and 22 s another small spin-down occurs and from 23 s
to 24.5 s a strong spin-up. Both, spin-ups and spin-downs, cause an increase in the
measured tie rod forces and differ significantly from the measured values.

A maneuver with almost constant velocity and sinusoidal steering is presented in Figure
2.23. The additional plot at the top of this figure shows the steering angle and lateral
acceleration. The maximum later acceleration is up to 2 m/s? and the period of one
cycle of steering is approximately 4 s. The wheel speed signals show a series of light
spin-downs during this maneuver on both tires. The calculated and measured tie rod
forces match well during steering, except when aquaplaning occurs. At 23 s both wheels
have very short spin-downs and the comparison shows that measured tie rod forces differ
from calculation, especially on the right side. From 26 s on a series of small spin-downs
on the left wheel occur which also causes slight deviations in the tie rod force. Shortly
after 27 s the right wheel also spins down concurrently with the left wheel, causing a
loss of controllability of the vehicle and a decrease in lateral acceleration. Both tie rod

force measurements increase significantly again.

2.5. Joint detection algorithm

The presented detection methods in the previous sections are based on individual
aquaplaning phenomena. Their occurrence and detectability are dependent on different
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Figure 2.21.: Comparison of calculated and  Figure 2.22.: Comparison of calculated and
measured tie rod forces with full aquaplaning  measured tie rod forces with partial and full
on non-driven front wheels during a straight  aquaplaning on driven front wheels during
driving maneuver with almost constant veloc- a moderate acceleration straight driving ma-
ity. neuver.

parameters, e.g. vehicle velocity, drivetrain concept, tire type, age, and wear, etc. Many
of these phenomena are also not unique to aquaplaning and additional information is
necessary to reliably distinguish aquaplaning from other low-friction road surfaces. A
combination of the single criteria allows the creation of a joint aquaplaning detection
algorithm, with high sensitivity but also robustness against misdetections without the
use of additional sensors. Two different implementations of a joint detection algorithm
are presented here, the first based on key criteria and their combination detecting the
individual phenomena and the second using the output of the individual methods from

the previous sections.

Rolling resistance is a necessary criterion for (partial) aquaplaning detection, but since
it depends on many tire and environmental parameters and is sensitive to disturbances,
its use as a standalone detector for aquaplaning is limited. The first presented joint
detection algorithm is used in two ways, first as an indicator for a critical water level
height based on a cumulative sum, like in the previous single detection method above,
and second as a necessary activation criterion for detection of other effects. All other
criteria are evaluated in parallel and if at least one of them is fulfilled together with
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Figure 2.23.: Comparison of calculated and measured tie rod forces with full aquaplaning on
non-driven front wheels during a slalom maneuver with almost constant velocity. Aquaplaning
occurs on single wheels and on both wheels at the same time.

the rolling resistance criterion, an aquaplaning warning is generated, Figure 2.24. The

following enumeration briefly describes these criteria:

o Excessive Wheel Spin-Down @: If acceleration and velocity difference between

wheel and vehicle exceeds certain (negative) thresholds, without negative tire
forces, the wheels are considered to be in a spin-down and aquaplaning is detected.

Minor Wheel Spin-Down @: The absolute values and the difference of the variance
of wheel acceleration difference are calculated on each vehicle side. If the absolute
variance values on the non-driven wheels and the difference to the driven wheels
exceed a certain value, the non-driven wheel speeds are lower than the vehicle
speed and no negative forces are applied the minor wheel spin-down effect is
detected.

Wheel Spin-Up @: Positive acceleration and speed differences between wheel and
vehicle are detected as spin-ups. Additionally, these are distinguished between full
and partial aquaplaning by the actual traction coefficient.

Slip-Slope Drop @: Slip slope is continuously estimated by an estimator, e.g. the
method presented in Chapter 3, and its historic values are saved for comparison.
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Figure 2.24.: Diagram of joint detection algorithm based on a combination of criteria for
detection of typical aquaplaning phenomena.

Aquaplaning is detected if the actual slip slope decreases below half of the maximum
historic value, tires are driven and the wheel acceleration variance is below a defined
threshold.

e Resistance detection @: The CUSUM-based single effect method is used as an
additional indicator for a critical water level height.

All criteria for wheel spin-up and spin-down use mainly acceleration differences between
wheel and vehicle for detection, which are readily calculated from onboard measurements
of the ESC in high quality. Compared to methods based on absolute slip values, which
need high-quality velocity signals, the speed and acceleration differences used for these
criteria allow detection even with coarse velocity signals, e.g. from average overall wheel
speeds, estimators, etc., since they are only used for the distinction between spin-up
and spin-down. Slip slope detection however is more complex and has to be chosen
depending on the drive-train concept and available measurement signals and quality.
The longitudinal velocity-free method presented in Chapter 3 is a practical solution for

slip slope estimation and detection of changes, especially for all-wheel drive vehicles.

For reliable detection of rolling resistance changes, the model parameters (vehicle mass,
drag coefficient, nominal rolling resistance on dry surfaces) have to be known. To
determine these, a separate module is proposed, as presented in [39] and [40], that
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Figure 2.25.: Wheel speed signals at minor aquaplaning with detection bits of joint detection
method based on expert criteria, middle plot, and CUSUM-based detection algorithm, bottom
plot.

estimates the parameters during periods when aquaplaning is unlikely, e.g. low velocities,

external information of dry road surface, etc.

The alternate joint detection algorithm uses a combination of signals from the standalone
methods presented in the previous section for detection. For spin-ups, large spin-downs
and rolling resistance the CUSUM values of the individual methods are scaled and for
minor spin-downs, the variation measure is scaled and added to a total sum measure,
Equation (2.11). In this equation, the slip slope drop is not considered yet. It can be
added using a measure of the slip slope reduction relative to the dry slip slope values.
This new CUSUM-sum is evaluated for aquaplaning detection with a threshold that is
chosen to achieve the desired sensitivity. Additional scaling factors can be introduced
at every term to adapt the behavior and sensitivity relatively between the individual

effects.

min(Ac? , ., Ac? — Ac?
_gSU,ax,k+ 9SD,az,k I 9SD,02 k 4 (AdGa, omax) SR (2.11)

Jgesamt,k =
; 2 2
9SU,max 9SD,az,max 9SD, 02 max AUu.z,max - AO-w,min
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2.5. Joint detection algorithm 25

Figure 2.25 shows a constant velocity maneuver below full aquaplaning speed on a
watered lane with 0.8 mm water level height. After entering the water layer rear tire
slip increases significantly, while at the same time, a series of minor spin-downs occur
at the front right tire. The middle part of the figure shows the detection bits of the
joint algorithms based on the expert criteria relevant for this maneuver. The minor
spin-down criterion @ detects the aquaplaning in less than 0.5 s after entering the
watered lane at 24 s and keeps the detection bit active until 27.5 s when the magnitude
of the minor spin-downs decreased to a very low level. The slip increase at the rear
right tire is detected by the slip slope based criterion @ after approximately 1.5 s.
The slip slope drop detection lasts until the end of the plotted time interval, as the
rear tire is continuously driven and the slip remains high. At 26 s even a detection of
large spin-downs by criterion @ is visible. The resistance-based detection criterion
@ of a critical water layer, based on the single effect method from Section 2.2, is
parameterized for robust detection and detects aquaplaning conditions at 2.5 s after
entering the water layer. The bottom plot shows the CUSUM-sum signal calculated from
the individual methods and the threshold for aquaplaning detection. The CUSUM-sum
signal increases after 0.5 seconds after entering the watered lane but does not reach the
detection threshold. At 25 s it slightly crosses the threshold indicating aquaplaning but

decreases again. From 25.8 s until 28.8 s it stays active again.



Yayiolqig usipn NL 1e wud ul a|ge|reAe si SISayl [e10100p SIYl JO uoisIaA [eulbuo parosdde ay < any a3pajmou} JNoA
“reqBniIan Yaylolgig Usip\ N1 Jap ue 1sI uoneuassiq 1asalp uoisiaAfeulblio aponipab ausiqoidde aiq v_@-_u.O__n__m



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

Chapter 3

Slip slope estimation and change detection

3.1. Tire characteristics in the micro-slip region

As a viable measure for changes in friction potential several papers [12] [13] [14] [15]
suggested changes in the initial slip slope of the tire characteristics. A derivation of the
slip slope based on the brush tire model is given in [11] starting with the definition for

longitudinal tire forces at small slips:

OF, 0
Cs, = a—sx|szzo = 5. (QCpxCLQSI) = 2¢),0° (3.12)

with the tire contact patch length a, bristle stiffness ¢,,, and the longitudinal slip s, ;
defined as:

(3.13)

This formulation based on a simple physical model of the tire behavior does not explain
any explicit relation with the friction coefficient, the slip stiffness is a pure tire parameter
dependent on e.g. material, design, wear, etc. Similar derivations of the slip stiffness,
based on the brush tire model and the LuGre model, are also given in [13]. However,
in the presence of an additional layer, e.g. gravel, snow, etc., the slip slope decreases
significantly. A possible explanation for this phenomenon can be compliance of the
intermediate layer [5] [13] [14], which acts like an additional ground stiffness in series
with the bristle stiffness. Figure 3.1 shows measured tire curves from a production
car for the same tire on different surfaces, which clearly allow a distinction between
the surfaces. The maximum traction coefficients for snow on asphalt and snow on ice

27



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

28 3. Slip slope estimation and change detection

o
9

#  asphalt (dry)
snow on asphalt |

e
(=2}
T

A snow on ice
ice (wet)

e
5

<
=

<
o

0.1

Traction force coefficient y; in -
o
w

-0.01 0 0.01 0.02 0.03 0.04 0.05
Slip s, in -

Figure 3.1.: Measured tire characteristics of a rear tire of an AWD vehicle on different surfaces
(dry asphalt, snow on asphalt and on ice, wet ice)

are almost the same within the plotted slip range, but the initial slip slope and the
transition zone between the linear region and saturation are different.

Slip curves on dry ice or wet surfaces without a continuous water layer do not show any
significant changes in their linear region, [13], or may have even slightly higher slopes
[15] [24]. Therefore, a drop in the initial slip slope is a good indicator of decreased
friction potential even though it does not necessarily happen and it is not possible to
give a direct analytic relation between these two tire parameters.

On wet surfaces with a continuous water layer, the slip slope also decreases depending
on tire parameters, water height, and longitudinal vehicle velocity. The phenomenon
behind this slip slope change is different than on solid surfaces and is a result of reduced
tire contact patch length in contact with the solid surface. Measurement results, a
detailed explanation of the phenomenon, and analytic relations between contact length

and slip stiffness as well as maximum traction coefficient are given in Chapter 2.

3.2. Slip slope detection method

For the determination and estimation of longitudinal tire characteristics, slip and
traction/braking force coefficient have to be determined. The slip definition, Equation
(3.13), requires the current longitudinal velocity v, of the tire, its wheel speed w, and
the effective rolling radius r.. Wheel speed w is measured directly by the wheel speed
sensor and available in sufficient quality. Effective tire radii have to be determined
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3.2. Slip slope detection method 29

corresponding to the longitudinal reference velocity v, during maneuvers without
longitudinal forces from traction or braking at the tire. Depending on the requirements
and available sensors, the reference velocity source has to be chosen and any time delays
have to be taken into account, e.g. from GPS. If the reference velocity v, is directly
determined from other wheel speed signals, no additional time delay or errors from
different signal processing transfer functions occur, but the slip calculation is limited
to maneuvers during free rolling of the reference tires. Especially for all-wheel drive
cars such situations may occur rarely, making absolute slip calculation difficult without
additional velocity signal sources. The traction force coefficient relies on an accurate
estimate/measurement of the longitudinal and vertical tire forces. To allow slip slope
estimation without explicit longitudinal velocity information an approach based solely
on wheel speed and torque measures from both axles is suggested. The basis of the

algorithm is the linear tire model for slip slope estimation from [15]:

that relies on two parameters: the slip slope parameter Cs_ and a slip-offset d5,. The
slip definition from Equation (3.13) for the front and rear axle is used to eliminate the
longitudinal velocity by substituting both slip definitions into each other resulting in

e.g. the following equation for the front slip s, p:

Te,F WP — Te, RWR Te,RWR
S, F = -+ Sz.R (315)
Te,F WF Te,F WF
Sz, AF

The first fraction term s, o p is the relative velocity difference between the front and
rear axle wheel speeds and therefore called differential slip (formulated at the front
axle). Rearranging of the equation above shows that it can be formulated as a scaled

difference between the axle slips:

_ Te,pWF — Te RWR Te,RWR
Sz.AF = =SeF— ——— SaR (3.16)
TeF WF Te,F WF

Generally, the slip slope on the front and rear axle will differ because of tire type,
wear, pressure, load, etc and it will be necessary to account for both in a longitudinal
velocity-free slip slope estimation. These can change quickly on different road surfaces,
but it can be assumed that this change is proportional on both axles. Instead of an
individual estimation, a slip slope ratio A of the (normalized) slip slope on the front and
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rear axle is introduced in Equation (3.17) and estimated together with the slip slope
of one axle. This additional parameter allows for the continuous adaption of slowly
varying differences between front and rear axle stiffness while sudden drops of the slip

slope on both axles can be detected quickly.

A\ = Csx,R/Fz,R . 6sgc,R

_ — = — O, z=\C, 3.17
CS$,F/Fz,F Csx,F ol = F ( )

With Equation (3.14) for both, the front and rear axle, the definition of the differential
slip from Equation (3.16) and the slip slope ratio A the following relation for slip slope
estimation with differential measures, formulated at the front axle, is derived:

1l r.pw 1 Te R W

SeAF = | UF — T M RMR = + | 0p — f R5R (3.18)
A Te,F WF Csx,F Te,F WF
Ba,F ir

The term within the first brackets is the scaled difference between the traction coefficients
of the wheels of opposite axles scaled with the slip slope ratio A, and is referred to as
the differential traction coefficient pa . Equation (3.18) is formulated for the front
axle differential slip, the analogue rear axle formulation reads:

Te W 1 Te.F W

Sear = R — A" pp | =——+ [0 — —=—dp (3.19)
Te,RWR Cs..Rr Te,RWR
HALR Sr

The full derivation of both equations is explained in Appendix A. Additionally the
equations can be used with single wheel speeds and traction coefficients of opposite
tires at one vehicle side enabling individual estimation of slip slope at both sides of the
vehicle. In the case of just one driven axle the slip-free wheel speed of the opposite axle
is equal to the absolute vehicle speed. Hence, Equations (3.18) and (3.19) allow the
direct estimation of the true slip slope of the driven axle similar to algorithms based on
equation (3.14) like in [15].

Parameter estimation

Because of the slip slope ratio A in the differential traction force coefficient and the slip
slope parameter C, r, Equation (3.18) and (3.19) are nonlinear in their parameters.
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3.2. Slip slope detection method 31

The individual tire slip offset parameters are estimated together as a generalized offset
parameter of the differential slip 0. For estimation of the slip slope parameter Equation
(3.18) or (3.19) is implemented as an output equation of e.g. extended Kalman filters:

Tej Wik 1 -
Y = hy(zy, v) = <,ui,k - ﬁi”ﬂj,k) = + ik + Ug

e,i Wik Cs,”k (320)
i=FR, j=RF,
1
Pr=~ and Br=A (3.21)

Since the A parameter is either in the denominator, Equation (3.18), or the numerator,
Equation (3.19), depending on the formulation of the output equation w.r.t. the front or
rear axle it was substituted with a new parameter /3; in Equation (3.20). The resulting

parameter vector reads:

_1

Csxik
Ly = | Bik i=FR, j=RTF, (3.22)

Oik

The choice of the parameters as slowly changing (slip stiffness ratio and (differential) slip
offset) and fast-changing (slip slope) allows for a robust and sensitive parameterization
of the estimator. An additional change detection algorithm based on the CUSUM
[15], improves estimation behavior further. The positive and negative prediction error
€ = yp — hi(x;,0) is accumulated in the standard CUSUM algorithm and compared
against a threshold to detect a change in the parameters:

Vi cusum = €k (323)
Vi cusum

9, =91 T ] -G (3.24)
— Vg, cusum

Since the prediction error can take positive as well as negative values for the same
parameter change, depending on the sign of the differential slip, an adapted measure
for the CUSUM is proposed. The prediction error € is multiplied by the sign of the
differential slip s, A x:
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32 3. Slip slope estimation and change detection

Vk,cusum = Sgn<3x,A,k) €k (325)

A graphical interpretation of these two versions of CUSUM input is presented in Figure
3.2a and the resulting effect on the CUSUM values in Figure 3.2b.
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Figure 3.2.: (a) Calculation of vy cysum from prediction error ¢, and differential slip s, A 1,
and (b) time history of g; applying (3.23) and (3.25)

For use of the method with measurement signals additional activation criteria, e.g. min-
imum/maximum differential slip/traction coefficient criteria values, minimum velocity,

maximum acceleration, etc, were implemented for the estimator.

Sensitivity

A graphical interpretation of scaling and calculation of differential slip and traction
coefficient for the slip slope equation formulated at the front axle is depicted in Figure
3.3. The original slip curve of the rear axle, left plot, is scaled along the traction
coefficient and slip axis using the slip slope ratio and the ratio of the actual wheel
speeds at the front and rear axle. The resulting curve is shown together with the front
slip curve in the right plot of Figure 3.3. The slip slope (of the front tire) can now
be determined directly from the differential slip and traction coefficient, as long the

(transformed) slips on both axles are not equal.

In Figure 3.4a the whole range of possible differential traction coefficients close to zero
slip and differential slip formulated at the front axle is plotted as surfaces for two
different maximum traction coefficients (u = 1.0 and 0.4) in the "slip"-"differential slip'-
"differential traction coefficient" space (S, p-Sz.a r-fia r). These surfaces were generated
using a Brush tire model with different nominal axle loads (F, p/F, r = 40/60). Slip
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Figure 3.3.: Scaling of the slip-curves and calculation of differential slip and differential traction
coefficient

0.6 1
[ e = 1 0.5
. i = 04
¢ 1 (70:30) 0.4
— 0.4 (70:30) 5
2 03
0.6 =1
P £ 02
= 04
. =]
& g ol
? 0.2 g
g, E 0
= .
: 02 < -0.1
by

I tmae = 0.4
1, = 1 (70:30)

-0.3 W [, = 0.4 (70:30)
slip (front) s, p in - -0.02 -0.01 - 0 ' 0.01 0.02
diff. slip (front) s,a.r diff. slip (front) s, a r

(a) Differential traction coefficient trajectories for  (b) Projection of surface and differential traction
a fixed torque distribution (v = 0.3) in the s, p-  coefficient trajectories onto the s, A p-pa, r plane.
Sx7A7F—,LLA7F—SpaC6

Figure 3.4.: Surface of differential traction coefficient over front axle slip s, r and front axle
differential slip s, o p for high (dry surface) and low (snowy surface) nominal maximum
traction force coefficients and slip slopes

stiffness values on the front and rear axle tires were reduced equally by two-thirds for
the low friction coefficient surface. Assuming fixed torque distributions the possible
differential traction coefficients are lines along these surfaces (high pimax: red solid and
low fimax: blue dotted). In case there is no absolute longitudinal velocity and from the
method Equation (3.18) the absolute slip is not known and these surfaces and lines can
only be determined as their projections onto the s, o p-pa r plane, Figure 3.4b. For
the given initial slip slopes, maximum traction coefficients, and torque distribution the
red and blue lines can be distinguished clearly. An estimator based on Equation (3.18)
(or the equivalent rear axle formulation), detects the initial (differential slip) slope of
the projected lines and allows reliable distinction between the surfaces for the given

torque distribution.

Different fixed torque distributions alter the orientation and form of the lines on the
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Figure 3.5.: Surface of differential traction coefficient over front axle slip s, r and front axle
differential slip s, A 7 with variation of fixed torque distributions v and variation of torque
distribution for a fixed sum of longitudinal forces F sum.

differential traction coefficient surface. In Figure 3.5a differential traction coefficient
trajectories for a variation of fixed torque distributions are plotted on the high-friction
surface from pure front-wheel drive (v = 0) to pure rear-wheel drive (v = 1). The torque
distribution mainly influences the orientation of these trajectories on the surfaces. For
fixed torque distribution ratios, all lines cross the origin at zero (differential) slip and
differential traction coefficient but are clearly distinguishable on the three-dimensional
surface. In pure front-wheel drive configuration the differential slip s, A r is equal to the
absolute slip on the front axle s, r, resulting in a diagonal trajectory, Figure 3.5a solid
dark green line. Pure rear-wheel drive (v = 1.0) results in a straight trajectory above
the s, p = 0 axis. The dark blue line with circle markers shows a variation of the torque
distribution for a fixed longitudinal acceleration (Fgum =const.) from pure front to
pure rear wheel drive. In the projection on the differential slip/traction coefficient plane,
Figure 3.5b, differential traction coefficient paths with a distribution close to v = 0.6
are oriented towards the s, o p-pta p plane and an initial (differential) slip slope cannot
be reliably detected. In such situations, the slip on both axles is similar regardless of its
absolute values. This results in differential slip and traction coefficients always being
close to zero. Hence, these situations need to be avoided to achieve high availability

and quality of the differential slip slope estimation.
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3.3. Active excitation

Long periods of constant velocity or slow acceleration lead to almost constant traction
coefficients and slip values on the tires. This causes an aggregation of measurement
data points in a narrow area of the p-s, and sa z-p1a plane and makes an estimation of
a slope impossible. Also in the previously described case of equal slip on both axes (e.g.
v = 0.6 in the presented Figures 3.5) (differential) slip slope estimation is not possible.
Data points are then grouped around the origin of the sa ,-pa plane independent of
absolute actual slip and traction coefficient values. Since the former situations occur
frequently in everyday operations and the latter ones may be requested by stability
control for safe operation in critical conditions, the availability of estimated signals can

be low.

The proposed solution for increasing availability and sensitivity is an active excitation
of the individual longitudinal tire forces on the front and rear axle F,r and Fj g,
while keeping their sum constant as required to maintain the currently requested
velocity /acceleration from the driver or robot. The total axle forces are the sum of the
nominal forces I} o r, Fy 0 r requested by the drive torque distribution algorithm and
the additional excitation forces Fj cx. (t) with opposite signs for front and rear axle:

Fx Fr = Fz,O,F + Fm,exc (t) - (1 - V) Fx,sum,O + Fx,exc (t) (326)
Fx R — Fx,O,R - Fx,exc (t) =V F:):,sum,(] - Fz,exc (t> (327)

Simulation model

For the evaluation of the presented slip slope estimator with active force excitation a
half car model, equation (3.28) to (3.32), with a Brush tire model was used to generate
input data. Since only constant velocities or low levels of acceleration and therefore
traction coefficient utilization as well as slow changes of these are assumed, transient
tire and vehicle body behavior was considered negligible. These types of maneuvers
were simulated for different high- and low-friction surfaces with corresponding tire

parameters.
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1

h=— (For + Fon— Cpal) (3.28)

. 1
Ty = - (Mp(t) —ripFyr —rprF.r) (3.29)

F

. 1
T3 = E (MR<t) - Tl,RFac,R - TD,RFZ,R) (330)
Fz,F = FZ,FO - AFz(ml) (331)
F.r=F.po+ AF.(%1) (3.32)

with the vehicle mass m, wheel inertia for the whole axles Ir g, drag coefficient
Cp = 0.5 Acqp, the loaded wheel radii r; p/g, the rolling resistance coefficient rp r/r

and the quasi-static load transfer:

mh

AF, =
lp+ g

i (3.33)

with the distance from the center of mass to the front and rear axle lr/r and its height
over ground h. The nominal, normalized slip slope on both axles on the high friction
surface is 30, which is reduced to 10 on the low friction surface.

Type and parameters of excitation force

The excitation force F, ...(t) can be a periodic, transient, or random function within
the limits of possible drive-train and tire dynamics. However, for drive comfort and
safety the change rates and amplitudes should be small enough that passengers do
not feel the variation and that critical utilization of the friction potential is avoided,
e.g. (u; <0.2). The following functions (3.34)-(3.37) are examples of active excitation
signals that are suitable for persistent tire force excitation. In (3.34) and in Figure 3.8a,
top left, a triangular function is presented. The amplitude Aq.. can be chosen as an
absolute force, traction coefficient, or relative to the nominal longitudinal tire forces.

Fa:,exc (t) == Aexc ftri(t) (334)

with
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fui(t) = (2- (1 - (72_15 - ;) mod 2) - sign (1 - (72_t - ;) mod 2) - 1) (3.35)

A sinusoidal function is another suitable excitation waveform, Figure 3.8b top left, with

the same amplitude A.. and period 7:

Fpexe(t) = Aexe sin (QW t) (3.36)

T

A third example of an excitation function is a combination of periodic ramps and
constant levels, Equation (3.37) and Figure 3.8c is presented. The parameters of the
exemplary periodic ramp function where chosen so that the ramp and constant value

sections have a length of 7/6:

Fyexc(t) = Aexe min (max (1.5 - fi(t), —1), 1) (3.37)

As a reference for maximum periodic excitation levels an alternating step excitation

waveform is chosen, Figure 3.8d:

2
Fyexc(t) = Aexe - sign ((t) mod 2 — 1) (3.38)
T

To assess the influence of the excitation on the estimator performance different excitation
function types, time constants and amplitudes are used to compare the resulting slip
slope estimates. The noise-free input signals for these estimation results were generated
with the vehicle model from Section 3.3. In general, estimator and change detection
parameterization and activation criteria have a major influence on the behavior of the
slip slope estimation and are briefly addressed at the end of this section. In Figure 3.6
and 3.7 estimated slip slopes for triangular, sinusoidal, periodic/transient ramps and
steps are compared for a constant velocity and an acceleration of a, ~ 1 m/s?. Periodic
step excitation leads to the fastest detection of a slip slope drop after approximately 1
s. The other excitation functions cause the estimator to detect the slip slope drop at
above 2 s with the periodic ramp excitation being slightly faster. The influence of the
minimum differential traction force coefficient criteria, which is necessary for practical
use with measurement data, can be seen in Figure 3.7 which shows periods without

active excitation (light-colored thin lines).
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Figure 3.6.: Comparison of estimated slip
slope time histories for different excitation
functions from simulated signals: Agxe = 250
N, a, = 1 m/s?, 7 = 8 s. The minimum
differential traction force coefficient criteria
were deactivated for this plot.
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Figure 3.7.: Comparison of estimated slip
slope time histories for different excitation
functions from simulated signals: Agxe = 250
N, a; = 1 m/s?, 7 = 10 s, with activated
minimum differential traction force coefficient
criteria.

The plots in Figures 3.8a to 3.8d show the noise-free data points and their projections
in the three-dimensional s, g-5; A p-pia F space with point size indicating the density of
data points. The triangular, sinusoidal, and periodic ramp excitation functions have
a continuous distribution of data points with the latter two having a slightly higher
concentration at their minimum and maximum values, causing a slightly faster detection
of a slip slope drop. The step function shows a concentration of data points around
certain areas, especially at higher differential slips that allow fast detection and adaption
to the slip slope values. The maximum excitation is reached immediately, but the
discontinuous change of axle torques can be felt by the driver, increase loads on the
drive train, and lead to tire forces exceeding the maximum friction potential.

Figure 3.9a (sine excitation, activated minimum pua; criteria) and 3.9b (triangular
excitation, deactivated minimum g ; criteria) show comparisons of estimated slip slopes
for different periods of the excitation function. Starting from the longest excitation
period of 64 s the detection times decrease with shorter periods down to the minimum at
8 s. However, a further decrease in excitation periods causes an increase in the detection
time again. For fast excitation frequencies, the differential slip increases rapidly at the
beginning, but the total number of data points at high values is low since it is followed
by a rapid decrease again. This causes the CUSUM to reach its threshold value later
and therefore to a later detection of the slip slope change. When adjusting the CUSUM
parameters the optimal excitation periods may change. For the simulated slip slope
drop, the adaption time to the new slip slope value is similar for all excitation periods

within the shown time.

Two different kinds of excitation amplitudes are compared in Figures 3.10a and 3.10b. For
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Figure 3.9.: Comparison of estimated slip slope from simulated signals with a variation of
excitation frequency: Aee = 250 N, a, = 1 m/s?

relative amplitudes, Figure 3.10a, always positive axle forces are guaranteed. Detection
of slip slope drops and adaption times to its new values are highly dependent on the
amplitude (indicated by line color) but also on the current acceleration level (indicated
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Figure 3.11.: Time history of the estimated normalized slip slopes with a variation of Kalman
filter and CUSUM parameters for triangular excitation function, a;: 7, = 8 s

by different line styles). If the excitation amplitudes are chosen as a fixed traction
coefficient, Figure 3.10b, the estimator response is independent of current acceleration
levels but may lead to negative forces on the wheels. Even very small traction coefficient
amplitudes of pamp = 0.03 allow detection times of less than 2 s. With an amplitude of
famp = 0.07 the detection time is already just 1 s and the estimated slip slope decreases

to almost real values within 2 s.

As indicated before, the Kalman filter and CUSUM parameters have a significant
influence on detection times. In Figure 3.11 a comparison of the estimated slip slopes
with different process covariance matrix entries Q1) and CUSUM thresholds th,,,
is shown. These simulations were conducted to show the basic influence of these two
parameters on the estimator behavior without noise and disturbances that occur in
real-world measurements. The reset values of the state covariance matrix P were kept

constant for this simulation.
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Chapter 4
Scientific impact

This cumulative thesis describes a new approach for pneumatic tire aquaplaning
detection using a combination of known and novel criteria for the detection
of single aquaplaning effects using readily available signals in series production cars.
These criteria allow both, a detection of full aquaplaning when tire-road contact is
lost and large spin-ups or spin-downs occur, as well as partial aquaplaning forces are
generated, the vehicle is still stable as well as controllable and a driver might not

recognize upcoming aquaplaning.

A systematic study of aquaplaning effects and the influence of relevant
parameters is conducted to identify limits for detection. Besides the main factors,
longitudinal velocity and water depth, other parameters like tire inflation pressure, tire
type, and wear are studied as they are relevant for the intensity or occurrence of the

observed physical phenomena.

In addition to large spin-downs during full aquaplaning, short minor spin-downs were
identified at velocities below, but close to full aquaplaning velocity. These allow early and
unique identification of critical aquaplaning conditions on non-driven wheels, although
they might not occur at all types of tires or water level heights.

Measurements of the slip slope decrease due to a reduction of contact patch length
shows the theoretically described behavior for a wide range of parameters. The early
drop of the initial slip slope allows the identification of partial aquaplaning at
velocities far below full aquaplaning speed. However, summer tires with high
inflation pressure show a relatively smaller reduction of the slip slope compared to low
inflation pressures and new winter tires do not show any change of slip slope in the

tested velocity ranges.

For practical slip slope estimation in all-wheel drive vehicles, a novel slip slope
estimation method is introduced without the need for the longitudinal velocity

41
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42 4. Scientific impact

for the calculation of the longitudinal slip. It is based on differential measures
of slip and traction coefficient between front and rear axle, instead of absolute slip
based on longitudinal velocity. It allows the estimation for vehicles with different
tire parameters on the front and rear axle and continuous adaption to its changes by
estimation of a slip slope ratio parameter and tire radii ratio instead of absolute values.
Therefore, the estimator can be parameterized for robustness against slow changes in

vehicle parameters and high sensitivity to sudden road condition changes.

To further increase the availability of valid slip slope estimation and sensitivity to
changes a novel additional active tire force excitation is proposed. The nominal
traction forces are superimposed with an additional continuously changing force so
that the resulting axle forces change from the nominal values. Their total sum is
kept constant, ensuring vehicle velocity and acceleration are not changed from the
values demanded by the driver or (semi-)autonomous system. This variation causes a
persistent excitation of slip and traction coefficient parameters necessary for slip
slope estimation. For situations with low traction demand, e.g. constant driving with
low speed, it can be allowed that resulting axle forces become temporarily negative, e.g.
through recuperation on electric vehicles, enabling sufficient levels of (differential) slip

and traction force.

Based on the systematic study of aquaplaning phenomena and the novel slip slope
estimator, single and combined phenomena methods for aquaplaning detection are
developed. The joint detectors combine either the key criteria or the output of the
single effect methods. The new methods allow the detection of partial and full
aquaplaning in different driving situations and for different drivetrain concepts while
still relying on measurement signals, which are already available in series production

cars.
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Paper |

Aquaplaning Detection Using Effect-Based

Methods:

An Approach Based on a Minimal

Set of Sensors, Electronic Stability Control,

and Drive Torques

Authors:
Published in:

Abstract:

Fichtinger, A., Edelmann, J., Plochl, M., Holl, M.
IEEE Vehicular Technology Magazine, 16.3 (2021): 20-28.

Knowledge of actual tire-road friction potential is most relevant for
safe operation of automated vehicles and for adjusting advanced driver-
assist systems. Aquaplaning may result in considerably reduced friction
potential and unstable vehicle behavior for rear-wheel-drive vehicles;
thus, awareness of risk of aquaplaning is crucial. Analysis of numerous
measurements from driving on wet road surfaces, including, for example,
different water levels, types of tires, tire inflation pressures, and tire
wear, has revealed characteristic dynamic behavior of vehicles and their
subsystems that could be related to an immediately approaching onset or
the presence of aquaplaning. Thus, methods to detect such characteristic
behavior are developed, and a combined detection algorithm based on
effect-based criteria to detect the risk or presence of aquaplaning for
rear-wheel-drive vehicles is proposed. The effectiveness and limitations
of the individual methods, as well as the reliability of the presented

algorithm, are shown based on measurements from test maneuvers.
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Authors:
Published in:

Abstract:

Fichtinger, A., Bardos, A., Szalay, Z., Edelmann, J., Plochl, M.
Acta Polytechnica Hungarica 19.9 (2022): 45-65.

Aquaplaning at wet road conditions and high speeds can be a source of
dangerous driving situations and accidents. The proper understanding
of characteristic effects can be crucial in early aquaplaning detection and
accident avoidance, essential for driver and driver assistance systems and
trajectory planning for self-driving cars. Four test vehicles were equipped
with a basic measurement system, and measurements were performed
to evaluate characteristics of aquaplaning, such as wheel spin-up and
wheel spin-down, change of rolling resistance, tyre slip slope, and tie rod
force. Driveline configuration, type, wear and inflation pressure of the
tyre(s), water level height next to chosen speed and performed manoeuvre
significantly affect vehicle behaviour and thus the possibility to detect
aquaplaning conditions. The results and main findings may allow and
help establish corresponding methods to early detect aquaplaning and

dangerous driving conditions.
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Slip slope change detection based on active

drive force excitation

Authors:
Published in:

Abstract:

Fichtinger, A., Edelmann, J., Plochl, M., Holl, M., Unterreiner, M.
Proceedings of the Institution of Mechanical Engineers. Part D,
Journal of Automobile Engineering (2023), Web

Identification of the available friction potential is crucial for road safety
but difficult, in particular at normal driving. This paper aims to con-
tribute by presenting an effect-based method for slip slope change de-
tection related to friction potential changes at all wheel-drive vehicles
applying active drive force excitation. The proposed estimation approach
relies above all on the wheel speeds and the axle/wheel drive forces of
the front and rear axle. Different types of periodic active drive force
excitation that are superimposed to the drive force requested by the
driver while maintaining the desired level of speed or acceleration are
investigated w.r.t. the availability of the estimates and overall effective-
ness of the estimator. Vehicle tests are performed to evaluate theoretical
results and the (co-)driver’s perception of the active drive force exci-
tation. Results from both the simulation study and vehicle tests show
that the proposed method allows to reliably estimate slip slope changes
at all-wheel drive vehicles in driving conditions with low levels of drive

force excitation.

79



Yayiolqig usipn NL 1e wud ul a|ge|reAe si SISayl [e10100p SIYl JO uoisIaA [eulbuo parosdde ay < any a3pajmou} JNoA
“reqBniIan Yaylolgig Usip\ N1 Jap ue 1sI uoneuassiq 1asalp uoisiaAfeulblio aponipab ausiqoidde aiq v_@-_u.O__n__m



Yayiolqig usipn NL 1e wud ul a|ge|reAe si SISayl [e10100p SIYl JO uoisIaA [eulbuo parosdde ay < any a3pajmou} JNoA
“reqBniIan Yaylolgig Usip\ N1 Jap ue 1sI uoneuassiq 1asalp uoisiaAfeulblio aponipab ausiqoidde aiq v_@-_u.O__n__m



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

Paper IV

Tire-Road Friction Potential Estimation for
All-wheel Drive Vehicles with Active
Longitudinal Tire Force Excitation

Authors:
Published in:

Abstract:

Fichtinger, A., Edelmann, J., Plochl M.
In Proceedings of AVEC. Vol. 2022.

The estimated slip-slope of the tires may be related to changed tire-road
friction conditions. To improve the availability of the estimation and the
sensitivity to changes of the road surface conditions of a 4WD vehicle, in
this paper, an active force excitation method is proposed. Different exci-
tation schemas will be discussed and compared. The effective drive force
of the vehicle is not modified to maintain the acceleration/deceleration

demands of the driver/driving robot.
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