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SUMMARY

When modelling vehicles for the vehicle dynamic simulation, special attention must
be paid to the modelling of tyre-forces and -torques, according to their dominant
influence on the results. This task is not only about sufficiently exact representation
of the effective forces but also about user-friendly and practical relevant applicability,
especially when the experimental tyre-input-data is incomplete or missing.

This text firstly describes the basics of the vehicle dynamic tyre model, conceived
to be a physically based, semi-empirical model for application in connection with multi-
body-systems (MBS). On the basis of tyres for a passenger car and a heavy truck the
simulated steady state tyre characteristics are shown together and compared with the
underlying experimental values.

In the following text the possibility to link the tyre model TMeasy to any MBS-
program is described, as far as it supports the “Standard Tyre Interface” (STI). As an
example, the simulated and experimental data of a heavy truck doing a standardized
driving manoeuvre are compared.

1 INTRODUCTION

For the dynamic simulation of on-road vehicles, the model-element “tyre/road”
is of special importance, according to its influence on the achievable results. It
can be said that the sufficient description of the interactions between tyre and
road is one of the most important tasks of vehicle modelling, because all the
other components of the chassis influence the vehicle dynamic properties via the
tyre contact forces and torques. Therefore, in the interest of balanced modelling,
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the precision of the complete vehicle model should stand in reasonable relation
to the performance of the applied tyre model.

Comparatively lean tyre models are suitable for vehicle dynamics simula-
tions, while, with the exception of some elastic partial structures such as twist-
beam axles in cars or the vehicle frame in trucks, the elements of the vehicle
structure can be seen as rigid. On the tyres’ side, physically based, “semi-
empirical” tyre models are proving their worth, where the description of forces
and torques relies also on measured and observed force-slip characteristics in
contrast to the purely physically founded tyre models. The former class of tyre
models, to which the followingly treated tyre model TMeasy belongs, is char-
acterized by an useful compromise between user-friendliness, model-complexity
and efficiency in computation time on the one hand, and precision in represen-
tation on the other hand.

In vehicle dynamic practice often there exists the problem of data availability
for a special type of tyre for the examined vehicle. Considerable amounts of
experimental data for car tyres has been published or can be obtained from the
tyre manufacturers. If one cannot find data for a special tyre, its characteristics
can be estimated at least by an engineer’s interpolation of similar tyre types.
In the field of truck tyres there is still a considerable backlog in data provision.
These circumstances must be respected in conceiving a user-friendly tyre model.

For a special type of tyre, usually the following sets of experimental data are
provided:

e longitudinal force versus longitudinal slip (mostly just brake-force),
e lateral force versus slip angle,

e aligning torque versus slip angle,

e radial and axial compliance characteristics,

whereas additional measurement data under camber and low road adhesion are
rather favourable special cases.

Any other correlations, especially the combined forces and torques, effective
under operating conditions, often have to be generated by appropriate assump-
tions with the model itself, due to the lack of appropriate measurements. An-
other problem is the evaluation of measurement data from different sources (i.e.
measuring techniques) for a special tyre, [2]. It is a known fact that different
measuring techniques result in widely spread results. Here the experience of the
user is needed to assemble a “probably best” set of data as a basis for the tyre
model from these sets of data, and to verify it eventually with own experimental
results.

Out of experience about the mentioned restrictions the followingly described
tyre model TMeasy was conceived, which has proved successful in meeting prac-
tical requirements and which allows good correspondence between simulation
and experiment. However, it should again be mentioned that a tyre model can
only produce results of a quality according to the quality of the input data.
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2 TMEASY: A TYRE MODEL “EASY TO USE”

2.1 Demands and Goals

An exact calculation of tyre forces is dependent on the knowledge of frictional
behaviour between tyre and road. The coefficient of friction between rubber and
asphalt, however, cannot be described in the simple form of a number. A large
number of parameters influences, in mostly nonlinear form, the force transfer
between a tread particle and the road surface. The most important factors of
influence are the normal force and the sliding speed. Even if one succeeds in
modelling the tyre in every detail, the problem of denominating the parameters
for the law of friction remains.

Even the most complicated tyre model thus has to be, at least in respect
to some model parameters, fitted to the results of measurements. Tyre models
of such complexity however require a large calculation effort. They are usually
used in basic studies.

In vehicle dynamics one usually applies the simpler semi-empirical tyre mod-
els. In these models, the tyre contact area is seen as an even plane and the tyre
forces and torques are approximated by appropriate mathematical functions.
The functions’ parameters are set by adaption to measured tyre maps.

In vehicle dynamics, often the problem occurs that for a special type of tyre
no or not all measurements are available. Questions pertaining the influence of
aimed manipulations in the tyre behaviour, such as a larger increase of the tyre
forces or a more or less distinct maximum, often occur. For that a tyre model is
necessary that gives useful tyre forces from little information and in which the
model parameters have concrete meaning.

The semi-empirical tyre model TMeasy has originally been conceived for ve-
hicle dynamic calculations of agricultural tractors, [6]. Together with the soft-
ware package Vedyna, it has proven successsful even for real time applications
with cars, [I]. Recently it has been used for truck simulations with Simpack,
[2].

2.2 Contact Point

The momentary position of the wheel with respect to the fixed zg-, yo-, zo-
system is defined by the wheel centre M and the unit vector e, in the direction
of the wheel rotation axis, see Fig.

On an uneven road, the contact point P cannot be calculated at once. Let
point P* with its horizontal coordinates z*, y* be a first estimation. Usually,
P* is not located on the road surface. The corresponding road point Py can be
derived from the unevenness profile of the road z = z(z*,y*).

At the point Py the road normal e, is related to the tangential plane, deter-
mined by at least three points around the contact point FPy. The tyre camber
angle v describes the inclination of the wheel rotation axis ey against e,,. From
en and eyr the unit vectors in longitudinal e, and lateral direction e, can be
easily calculated.
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Figure 1: Contact Geometry

The vector from the rim centre M to the road point Py is now divided into

three parts
TMP, = —TSe€:r +ae; + bey, (1)
—
TMP

where g describes the static tyre radius, a, b state dislocations in longitudinal
and lateral direction and the unit vector e.r is perpendicular to e, and eyr.
The contact point P, defined by the vector ry;p lies within the rim centre plane.

The shift from Py to P results according to Eq. from parts a e, and bey,
which are perpendicular to the road normal vector e,. Because e, has been
calculated at the point Py, on an uneven road P is not necessarily situated on
the road surface. With P* = P as a new estimated value, the contact point P
can be improved iteratively.

If the road is replaced by a plane in the tyre contact area, an iterative
improvement is no longer necessary.

2.3 Dynamic Tyre Radius

Assuming that the tread particles stick to the road in the contact area, the
jounced tyre moves at an rotation angle Ay along the distance x, Fig.

If the movement of the tyre is compared with the rolling of a rigid wheel, the
radius 7p has to be chosen in a way that at an rotation angle Ay the distance
x is passed. As a first approximation, one gets

1

rD:§r0+§rs, (2)

where r( is the undeflected and rg is the deflected or static tyre radius. Due to
rg = rg(F,) the fictive radius rp depends on the wheel load F,. Therefore it is
called dynamic tyre radius.
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deflected tyre rigid wheel

Figure 2: Dynamic Tyre Radius

If the tyre rotates at an rotational velocity €2, then
UV = TDQ (3)

denotes the average velocity at which the tread particles are transported through
the contact area.

2.4 Contact Point Velocities

The absolute velocity of the contact point P is given by
Vop = UOM""A"'”ezR""WSWCXTMP; (4)

where vgys represents the velocity of the tyre centre M and A7 the change of
the radial tyre deflection. Due to the rotational freedom between the wheel and
its carrier, the effective angular velocity of the wheel carrier wfy,~ does not
include any component in the direction of the wheel spin axis, i.e.

eg,T/RWE)kWC =0. (5)
Because the point P is fixed to the road, Eq. must not contain parts per-

pendicular to the local road plane. Hence, it holds

T

€, bop = 0. (6)

From this condition the wheel deformation velocity Ar can be calculated.
For the velocity parts in longitudinal and lateral direction one finally gets

vy = el vop and vy = efvop. (7)
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2.5 Wheel Load

The vertical tyre force F, can be calculated as a function of the normal tyre
deflection Az = el Az and the deflection velocity Az = el Ar

F. = F,(0z, A3), (8)

where the restriction F, > 0 holds.

2.6 Longitudinal Force and Longitudinal Slip

The longitudinal slip

vy —1p 2
Sp = —————— . 9

is defined by the non-dimensional relation between the sliding velocity in longi-

tudinal direction v¥ = v, — rp Q and the average transport velocity rp |

A

K
. adhesion/

M adhesion  gjiding
Fx full sliding

G
F RS

si s$ Sx

Figure 3: Typical Longitudinal Force Characteristics

The typical graph of the longitudinal force F, as a function of the longitu-
dinal slip s, can be defined by the parameters initial inclination (longitudinal
stiffness) dF?, location s} and magnitude of the maximum FM | start of full
sliding s& and the sliding force FS, Fig.

Curves without peaks can be treated by setting the parameter maximum
force FM equal to the sliding force F“. The remaining parameter s™ may be
used for fitting the curve shape between the adhesion and the sliding region.

2.7 Lateral Slip, Lateral Force and Self Aligning Torque
Similar to the longitudinal slip s., Eq. @D, the lateral slip can be defined by

e

= Y 1
Sy 7ﬂD|Q| ? ( O)

where the sliding velocity in lateral direction is given by

v =, (11)
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and the lateral component of the contact point velocity v, follows from Eq. @

As long as the tread particles stick to the road (small amounts of slip), an
almost linear distribution of the forces along the contact area length L appears.
At average slip values the particles at the end of the contact area start sliding,
and at high slip values only the parts at the beginning of the contact area stick
to the road, Fig.

small slip values moderate slip values large slip values
Fy=k«Frsy F=FR~f(sy) R =Fc
- -
o
c ‘©
k) 2
3 o Ty g o
< L | © | a | 5 |
e} Ef _— =
T |« 7]
- o —
w = =]
Y 2 =
]

Figure 4: Principle of the Lateral Force Distribution at Different Slip Values

The distribution of the lateral forces over the contact area length also defines
the acting point of the resulting lateral force. At small slip values the working
point lies behind the centre of the contact area (contact point P). With rising slip
values, it moves forward, sometimes even before the centre of the contact area.
At extreme slip values, when practically all particles are sliding, the resulting
force is applied at the centre of the contact area.

The resulting lateral force F, with the dynamic tyre offset or pneumatic trail
n as a lever generates the self aligning torque

Ms = —nFy. (12)

The lateral force Fy, as well as the dynamic tyre offset are functions of the lat-
eral slip s,,. Typical plots of these quantities are shown in Fig. @ Characteristic
parameters for the lateral force graph are initial inclination (cornering stiffness)

sz?? location sf/‘/[ and magnitude of the maximum FyM , begin of full sliding 35,

and the sliding force FyG .

The dynamic tyre offset has been normalized by the length of the contact
area L. The initial value (n/L)o as well as the slip values ) and s characterize
the graph sufficiently.

2.8 Generalized Tyre Characteristics

The longitudinal force as a function of the longitudinal slip F, = F,(s,) and
the lateral force depending on the lateral slip F,, = Fy(s,) can be defined by
their characteristic parameters initial inclination dFY, dFl?, location s, sé‘/f
and magnitude of the maximum F/, FM as well as sliding limit s&, s§ and

Y
sliding force F¢, F¢, Fig. @
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Figure 5: Typical Plot of Lateral Force, Tyre Offset and Self Aligning Torque

When experimental tyre values are missing, the model parameters can be
pragmatically estimated by adjustment of the data of similar tyre types. Fur-
thermore, due to their physical significance, the parameters can subsequently be
improved by means of comparisons between the simulation and vehicle testing
results as far as they are available.

During general driving situations, e.g. acceleration or deceleration in curves,
longitudinal s, and lateral slip s, appear simultaneously. The combination of
the more or less differing longitudinal and lateral tyre forces requires a normal-
ization process, cf. [4], [3]. One way to perform the normalization is described
in the following.

Generalized Slip
The longitudinal slip s, and the lateral slip s, can vectorally be added to a

generalized slip
52\ s\
s=(E) + () (13)
Sz Sy

where the slips s, and s, were normalized in order to perform their similar
weighting in s. For normalizing, the normation factors 3, and 5, are calculated
from the location of the maxima s, sg/[ the maximum values FM, FyM and
the initial inclinations dF?, dFY.

Generalized Force

Similar to the graphs of the longitudinal and lateral forces the graph of the
generalized tyre force is defined by the characteristic parameters dF°, s, FM,
s¢ and F@. The parameters are calculated from the corresponding values of
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Figure 6: Generalized Tyre Characteristics
the longitudinal and lateral force
dFY = \/(ng $, cosp)? + (dFY s, sin ap)z ,
M 2 sM 2
sM = \/( Sf" cos<p> + ( kd Singo) ,
S Sy
FM = \/(Fa{” cos )’ + (FM sin 30)2 , (14)
e 2 sG 2
¢ = \/(Sf cos<p> + < Y singo) ,
Sy Sy
F¢ = \/(FxG cos ) + (FS sin 30)2 )

where the slip normalization have also to be considered at the initial inclination.
The angular functions

sy/SAy (15)

s .
cosp = ——— and sing =
S

grant a smooth transition from the characteristic curve of longitudinal to the
curve of lateral forces in the range of ¢ = 0 to ¢ = 90°.
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The function F' = F(s) is now described in intervals by a broken rational
function, a cubic polynomial and a constant F¢

sM qF° ? 7 , U—iM, 0<s<sM,
0 S s
1+0<0+F FM?)
F(s) = M M Gy 2 s —sM M G
F¥ —(F" —=F%)0*(3-20), o= G S <s<sY;
FG& s> s9.

(16)
When defining the curve parameters, one just has to make sure that the condi-
tion dF° > 2 ZTA,J is fulfilled, because otherwise the function has a turning point
in the interval 0 < s < sM.

Longitudinal and lateral force now follow from the according projections in
longitudinal and lateral direction

F, = Fcosp and F, = Fsingp. (17)

Essential Parameters
The resistance of a real tyre against deformations has the effect that with in-
creasing wheel load the distribution of pressure over the contact area becomes
more and more uneven. The tread particles are deflected just as they are trans-
ported through the contact area. The pressure peak in the front of the contact
area cannot be used, for these tread particles are far away from the adhesion
limit because of their small deflection. In the rear of the contact area the pres-
sure drop leads to a reduction of the maximally transmittable friction force.
With rising imperfection of the pressure distribution over the contact area, the
ability to transmit forces of friction between tyre and road lessens.

In practice, this leads to a degressive influence of the wheel load on the
characteristic curves of longitudinal and lateral forces.

Longitudinal Force F, Lateral Force Fy
F,=32kN , =6.4kN F,=32kN F,=64kN

dFY = 90kN |dFY = 160 kN ng = 70kN ng = 100 kN
sM = 0.090 sM = 0.110 sM = 0.180 sM = 0.200

x x Y Yy
FM = 330kN|FM = 650kN || FM = 3.10kN | F)' = 540kN
s¢ = 0400 | s& = 0.500 s§ = 0600 | s§ = 0.800
FE¢ = 320kN| F§ = 6.00kN| FS¢ = 3.10kN | FY = 5.30kN

Table 1: Characteristic Tyre Data with Degressive Friction Influence
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In order to respect this fact in a tyre model, the characteristic data for two
nominal wheel loads F¥ and 2 FN are given in Tab.

From this data the initial inclinations dF, dFy, the maximal forces F./,
FM and the sliding forces F&, F)! for arbitrary wheel loads F. are calculated
by quadratic functions. For the maximum longitudinal force it reads as

F. F,
F(F) = g | 2P (FN) =y PN — (P2 (FF) -4 PM 2P ) £ |
(18)
The location of the maxima sM, Sé\/l , and the slip values, s, 557 at which
full sliding appears, are defined as linear functions of the wheel load F,. For

the location of the maximum longitudinal force this results in

(E) = () ¢ (210 - ) (1) - (o)

With the numeric values from Tab. [I] a slight shift of the maxima towards

higher slip values is also modelled.
The bilateral influence of longitudinal s, and lateral slip s, on the longitu-
dinal F, and lateral force F), is depicted in Fig. [7]

Fc = Fx(sx): Parameter sy Fy=Fy(sy): Parameter sy
4000 4000
3000 3000 %
2000 Sy 2000
7 s
X
1000 1000 W
0
-1000 //f -1000
-2000 // -2000 /
-3000 % -3000 %

-4000 -4000
05 0 05 0.5

0 0.5
sy = 0.0, 0.0375, 0.075, 0.1125, 0.15 sz = 0.0, 0.0375, 0.075, 0.1125, 0.15
Figure 7: Tyre Forces vs. Longitudinal and Lateral Slip: F, = 3.2 kN

With the 20 parameters, which are, according to Tab. [} necessary for the
definition of the characteristic curves of longitudinal and lateral force, the tyre
model can be easily fitted to measured characteristics. Because for description
of the characteristic curves of longitudinal and lateral force only characteristic
curve parameters are used, a desired tyre behaviour can also be constructed in
a convenient manner.

2.9 Camber Influence

If the wheel rotation axis is inclined against the road a lateral force appears,
dependent on the inclination angle. At a non-vanishing camber angle, v # 0 the
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tread particles possess a lateral velocity when entering the contact area, which
is dependent on wheel rotation speed 2 and the camber angle ~, Fig.[8| At the

rim

centre
plan

w F, = Fy(sy): Parameter g
4000
/
3000 P
2000

1000

-1000 l
-2000
-3000 J

= deflection profile _40090 5 0 0.5

Figure 8: Cambered Tyre F,(y) at F, = 3.2 kN and v =0°, 2°,4°,6°,8°

centre of the contact area (contact point) this component vanishes and at the
end of the contact area it is of the same value but opposing the component at
the beginning of the contact area. At normal friction and even distribution of
pressure in the longitudinal direction of the contact area one gets a parabolic
deflection profile, which is equal to the average deflection

L Qsiny 1

- _ 2
——

Sy

sy defines a camber-dependent lateral slip. A solely lateral tyre movement
without camber results in a linear deflexion profile with the average deflexion

_ vy, 1
I — L. 21
Yoy R|Q| 2 ( )
~——
Sy

a comparison of Eq. to Eq. shows, that with s = %Sw the lateral
camber slip s, can be converted to the equivalent lateral slip s7.

In normal driving operation, the camber angle and thus the lateral camber
slip are limited to small values. So the lateral camber force can be calculated
over the initial inclination of the characteristic curve of lateral forces

F) =~ dF)s] . (22)

If the “global” inclination dF, ~ F,/s, is used instead of the initial inclination
dFZ?, one gets the camber influence on the lateral force as shown in Fig.
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The camber angle influences the distribution of pressure in the lateral di-
rection of the contact area, and changes the shape of the contact area from
rectangular to trapezoidal. It is thus extremely difficult if not impossible to
quantify the camber influence with the aid of simple models. Therefore a plain
approximation has been used, which still describes the camber influence rather
exactly.

Due to the inclined rotation axis the cambered wheel also produces a bore
velocity €2, = Q siny which leads to the bore slip

Q sin~y
By a simple approach, c.f. [5], the resulting bore torque can be calculated from
the characteristic tyre data.

2.10 Self Aligning Torque

According to Eq. the self aligning torque can be calculated via the dynamic
tyre offset.

The approximation as a function of the lateral slip is done by a line and a
cubic polynome

(n/L)o (1 —syl/53) |sy] < s¢
2
n_ |Sy|*50 5E*|5y‘
7=y (/L) 0 < s% — 50 < lsy] < 35 (24)
Q Q Q
|sy| > 55

The cubic polynome reaches the sliding limit sg with a horizontal tangent and
is continued with the value zero.

The characteristic curve parameters, which are used for the description of
the dynamic tyre offset, are at first approximation not wheel load dependent.
Similar to the description of the characteristic curves of longitudinal and lateral
force, here also the parameters for single and double wheel load are given.

The calculation of the parameters of arbitrary wheel loads is done similar to
Eq. by linear inter- or extrapolation.

The value of (n/L) can be estimated very well. At small values of lateral
slip s, ~ 0 one gets at first approximation a triangular distribution of lateral
forces over the contact area length cf. Fig.[4l The working point of the resulting
force (dynamic tyre offset) is then given by

1
n(F,—0, s,=0) = EL. (25)

The value n = % L can only serve as reference point, for the uneven distribution
of pressure in longitudinal direction of the contact area results in a change of
the deflexion profile and the dynamic tyre offset.
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M, = M,(Sy): Parameter F,

150

Tyre Offset Parameters JaN

100
F
F, =32kN F,=64kN 50 m z

(n/L)o = 0.150(n/L)y = 0.130|  © —ﬁ\ N

0 _ 0 _ '50
s, = 0.200 sy = 0.230
-100
sE = 0.500 sE = 0.450
Y Y -150
0.5 0 0.5

Figure 9: Self Aligning Torque: F, =0, 2, 4, 6, 8 kN

The self aligning torque in Fig. [9] has been calculated with the tyre param-
eters from Tab. [ the tyre stiffness cg = 180 kN/m and the undeflected tyre
radius g = 0.293 m. The degressive influence of the wheel load on the lateral
force can be seen here as well.

With the parameters for the description of the tyre offset it has been assumed
that at double payload F, = 2 FV the related tyre offset reaches the value of
(n/L)o = 0.13 at s, = 0. Because for F, = 0 the value 1/6 ~ 0.17 can be
assumed, a linear interpolation provides the value (n/L)q = 0.15 for F, = FN.
The slip value 82, at which the tyre offset passes the z-axis, has been estimated.
Usually the value is somewhat higher than the position of the lateral force
maximum. With rising wheel load it moves to higher values. The values for sf
are estimated too.

3 COMPARISON TO TEST RIG MEASUREMENTS

3.1 One-Dimensional Characteristics

The following comparison between simulation and experiment has been done
with measurement data from the firms Continental and MAN, [2].

As one can see, Fig. the characteristic curves F, = Fy(s;), Fy = Fy(a)
and M, = M,(«) are approximated quite well even for different wheel loads F.
Obviously TMeasy is able to handle the different tyre types in a suitable manner.
The “soft” truck tyre of type Radial 315/80 R22.5 at p=8.5 bar (right column)
and the large differences between longitudinal and lateral force characteristics at
the passenger car tyre of type Radial 205/50 R15, 6J at p=2.0 bar (left column)
are represented without any considerable fitting problems.

The one-dimensional characteristics are automatically converted to a two-
dimensional combination characteristics which are shown in Fig.
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Figure 10: Tyre Characteristics at Different Wheel Loads: o Meas., — TMeasy

30
N\ 20 EIRERN

AR

F_[kN]

SR=ts

=
=
a==ss
%@@?\
ﬁ@@%

7

) Sl
— -30
-4 -2 0 2 4 -20 0 20
F, [kN] F, [kN]

[se| =1,2,4,6,10,15%; |a| =1, 2, 4, 6, 10, 14°
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3.2 Tyre Deflection and Dynamic Tyre Radius at zero camber

The static wheel load in TMeasy is described as a nonlinear function of the tyre
deformation §

FZS :a15+a252. (26)
The constants a; and as are calculated from the radial stiffness at nominal

payload

dF?
N z
= 27
CZ d(s FZS:FZ]\] ( )
and the radial stiffness at double payload
s
AN = dF : (28)
do FS=2FN

In extension to Eq. , the dynamic tyre radius is approximated in TMeasy
by

rp = Arg + (1—X) (ro—};{j) (29)

4

XTs
where the static tyre radius rg has been approximated with the linearized tyre
deformation F¥ /cY. The parameter \ is set as a function of the wheel load F,

F,
>\>\N+(>\2N)\N)(F1N1)7 (30)

where Ay and Ao denote the values for the normal pay load F, = F. ZN and the
doubled pay load F, = 2FN.

10

ok

-10 ——

[mm]
=

o  Measurements
-20 S

\ —  TMeasy
-30
T
-40

4
F, [kN]

Figure 12: Tyre Deflection and Dynamic Tyre Radius Difference

With the TMeasy parameters for the passenger car tyre

vertical tyre stiffness at fz=fz0 [N/m],  190000.
vertical tyre stiffness at fz=2*fz0 [N/m], 206000.
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coefficient for dynamic tyre radius fz=fz0 [-]
coefficient for dynamic tyre radius fz=2%fz0 [-], 0.750

the approximation of measured tyre data can be done very well, Fig.

3.3 Tyre under Camber

TMeasy also takes the influence of a non vanishing tyre camber angle v # 0 on
the lateral force Fy and the self aligning torque M, into account, Fig.

> 150

4 100
= 2 50
2 e B
: I
6 . . 150

-20 -10 0 10 20

Figure 13: Lateral Force and Self Aligning Torque at v = 2° (car tyre)

Unfortunately, only experimental data for the car tyre were given. The
asymmetric behaviour of the self aligning torque M, (—«) # —M, («) is mainly
caused by the acting lateral velocity profile along the contact area while cam-
bered, Fig. As this part of tyre torque is modelled in TMeasy too, the
measured self aligning torques are approximated very well.

4 IMPLEMENTATION AND APPLICATION

4.1 Interface

The implementation of TMeasy into a multi-body simulation system can easily
be done over the Standard Tyre Interface (STI, [7]). This interface (current
version 1.4) is supported today by many commercial simulation systems and
allows the link of any STI-compatible tyre model, as far as they represent per
definition vehicle dynamic models with an idealised contact point, cf. Fig.
The simulation program passes the important wheel motion values in the
sequence of wheels W;,i = 1,2 ... ny for every time interval to STI, which
are here transformed into the internal motion values of the tyre models and are
passed to it. As output, STI delivers the actual vectors of the tyre forces F; and
torques M; in the specified form back to the simulation program. On necessity,
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Deflect.
— 3
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Xy z ’
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Figure 14: Implementation of TMeasy into a Simulation Program

from there they can be passed on to the according post processor for control
purpose.

The coefficients of the chosen tyre types and the road parameters, e.g. ge-
ometry z = z(z,y) and friction distribution p = p(z,y) are provided over
independent model data. A complete set of parameters for a vehicle model thus
consists of at least one road file and one tyre file for each group of identical
tyres, therefore, at least of one tyre file. The correct assignment of the tyre to
its model body “wheel W;” is defined in the model file and is directed by STI.

4.2 Application

The following example shows the results, chosen from [2], of a vehicle dynamic
simulation of the standard driving maneuvre “double lane change” with a heavy
truck-semitrailer combination on dry road, Tab. [2]

For this driving manoeuvre, experimental data exists; it is an important
basis for the verification of the vehicle and tyre model during simulation. The
multi-body model of the combination tractor-trailer is described in [2].

For the purpose of model verification, the steering angle gradient, which
is recorded during the test run, is applied onto the vehicle model, while the
measured driving velocity is regulated by a longitudinal controller. As vehicle
dynamic comparative values the yaw velocities of tractor and trailer, the chassis-
fixed lateral acceleration and the roll angle of the tractor are used.

The comparisons of simulation and experiments lead to the following com-
ments, Fig

Yaw rate and lateral acceleration: The simulation gives good compara-
tive results. The deviations at maximum values rather refer to the experiment,
as one can derive from the gradient of the other state variables. The achieved
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Vehicle: MAN tractor-semitrailer combination,
) fully loaden: mg =40t
Standard front axle: 2 stccrl-ng tyres,
Tyres: Radial Tyvres: rear axle: 4 traction tyres,
yres: trailer axles: 6 trailer type tyres
Manoeuvre: ISO Truck Lane Change on Dry Road.
Simulation
Package: SIMPACK 8.0
Tyre Model: TMeasy 2.0
Table 2: Technical Details
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Figure 15: Double Lane Change at v = 60 kin/h with a Fully Loaden Semitrailer
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(vehicle fixed) lateral acceleration of a,, = 2m/s? grants a safe and roll-over sta-
ble driving state for the truck. The calculated yaw rate follows the measurement
with short time delay.

Roll angle: Qualitatively experiment and simulation fit together very well,
but the simulation gives little lower values for the rolling motion.

Figure 16: Animation of a Double Lane Change in the Limit Range

Finally, Fig. [I6]shows the animation of the simulation result of a double lane
change at high velocity, where the fully loaden vehicle combination comes close
to the roll-over limit. Especially for examinations at vehicle dynamic stability
limits, simulations with a verified vehicle and tyre model prove to be the risk-
free alternative to investigate the active safety and to check the efficiency of the
active control of steering, drive line and brakes. Even for that, the application
of a certain and efficient tyre model is an important condition.

5 CONCLUSIONS

Forces and torques acting between the the tyres and the road surface are pri-
marily responsible for a vehicle’s dynamic behaviour, and particularly for its
driving stability. There is an ever increasing interest in an accurate and effi-
cient modelling of the tyre force reactions.

Due to their efficiency in computation and handling, the physically based,
semi-empirical tyre models cover a wide range of practical demands in vehicle
dynamics simulation. In particular, they allow at least sufficient approximations
of the resulting force and torque characteristics, even in the case of incomplete
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or missing measurement data. In contrast to that, pure formula based, empirical
tyre models actually enable a high degree of modelling accuracy while requiring
extensive sets of testing data in any case of application.

The present paper describes a physically based method called TMeasy, which
is sufficiently simplified in order to get an analytical description of the acting
tyre contact forces and torques. The tyre model’s concept focuses on the prac-
tical requirements in vehicle dynamics analysis as one major aim. Typically,
only a relative small number of model parameters has to be prepared. The di-
rect physical meaning of these parameters should relieve the user in the fitting
process. Thus, it is possible to offer a proper technical compromise between
the modelling accuracy on the one hand and the user-friendliness on the other
hand.

Furthermore, the idea of the described tyre model takes the dispersion of the
related measurement data into account. It is a well known fact that for the same
tyre type the results from different testing facilities disperse in a more or less
considerable manner. In practice, often a pragmatical averaging is necessary.

As a further condition for practical applicability, the described tyre model
is prepared to be linked to any multibody simulation system (MBS) which sup-
ports the Standard Tyre Interface (STI).

However, the model is restricted to steady state conditions at this moment.
Concerning the prospects for further demands, it is intended to extend the
tyre model TMeasy for the inclusion of the internal tyre dynamics under the
particular aspect of practical requirements.
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