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33. UM module for simulation of flexible tire dynamics

33.1. General information about UM FETire

About... X

Universal Mechanism
Lq‘ Simulation program
Version 10.0.0.30 64bit

All rights reserved (c), 1993-2024
Computational Mechanics Ltd.

Configuration
UM Driveline .....cceceensccccscncssnncannnnnns (+)
UM Pneumatic SYSLEMS ...ceveccvcsccncsssncnnss (+)
UM ANCF Bodi€8 ....ccccecscecscscscscssscssaas (+)
UM ANCF Bodies/Air Spring Bellows .......... (+)
CE Bodiea/Beam (£
Im{ FETATE eeveneesenenensenenenneneneenenenas ]
2 = o T = L (+) ‘
[ e e e (+)
TR s e O (X)
PR 30 w12 coooooaoooanooanaonaaconncc (+)
UM Matlab CoSimulation ...cccccccscscsscsess (+)

www.universalmechanism.com

e-mail: um@universalmechanism.com

[ Close |

Figure 33.1. List of UM modules in ‘About’ window

The UM FETire module contains tools for development and using finite element models of
flexible tires. The flexible tire can be used in simulation of dynamics of road vehicles, monorail
trains, and airplane landing gear.

To check whether the current version of UM includes this module, run the UM Input program,
select the menu command Help | About... and check that in the window that appears there is a (+)
sign after the name of the UM FETire module.

The development of a flexible tire model requires the user to have a detailed description of the
parameters of the tire's multilayer material.

The current version of UM offers the use of a flexible tire in the following main areas:

* Calculation of the curves of the massless tire model used in standard simulation of the dy-
namics of a wheeled vehicle (tabular model and TMEasy);

» Use for modeling vehicle dynamics in non-standard situations: hitting a curb, hitting a stone,
driving through a damaged part of the road, etc.;

* The movement of an SUV on the ground with sinkage.

* Modeling of tire wear.
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33.2. Fundamentals of mathematical modeling of a flexible
tire in the UM FETire module

33.2.1. Single plate finite element model

In the UM, a flexible tire is modeled by a shell using a trapezoidal finite element. The mathe-
matical model of the element was developed by the authors of the module and is described in detail
in the papers [1] [2]. The papers are in the public domain and can be obtained via links paper1,
paper2. The finite element model takes into account the multi-layer nature of the tire material [3].

Figure 33.2. Finite element of a plate in absolute coordinates

The shell is modeled by flat finite elements (FE), in our case, trapezoidal. Let us consider a FE
model, Figure 33.2. Four nodes are placed at the vertices of the trapezoid. Each node is associated
with a coordinate system (SCi in the figure) that has six degrees of freedom relative to the inertial
coordinate system (SCO0): three coordinates of the origin (vector r;) and three orientation angles of
SCi relative to SCO (angle vector ;). A sequence of rotations 3,1,2 is used to set the orientation.
These are the so-called absolute coordinates of the nodes. Thus, a free FE has 6x4=24 degrees of
freedom.

Along with absolute coordinates, Craig-Bampton coordinates are introduced [4]. For this pur-
pose, arbitrary spatial motion of the FE is decomposed into motion as a rigid body together with
the floating coordinate system (SCF, Figure 33.2) and small elastic displacements relative to the
SCF, specified by elastic forms of the FE. SCF has 6 degrees of freedom: three coordinates of the
origin (vector 7¢) and three orientation angles (angle vector m¢). Thus, there are 24 - 6 = 18 elastic
modes, which are the natural modes of free oscillations of the FE and are calculated using mass
and stiffness matrices constructed using the classical finite element method. The coordinates cor-
responding to the elastic modes of the element are designated as Aq. Examples of bending modes
of free vibrations of a trapezoidal finite element are shown in Figure 33.3.


https://www.researchgate.net/publication/352545937_THE_TRAPEZOIDAL_FINITE_ELEMENT_IN_ABSOLUTE_COORDINATES_FOR_DYNAMIC_MODELING_OF_AUTOMOTIVE_TIRE_AND_AIR_SPRING_BELLOWS_PART_I_EQUATIONS_OF_MOTION
https://www.researchgate.net/publication/337824666_PARALLEL_COMPUTATIONS_AND_CO-SIMULATION_IN_UNIVERSAL_MECHANISM_SOFTWARE_PART_II_EXAMPLES
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Figure 33.3. An example of bending modes of FE corresponding to natural modes of free vibra-
tions

The equations of motion for each of the finite elements are constructed in accordance with the

Craig-Bampton method [4] in the Craig-Bampton coordinates.

mas —mpc& + MpgHAG = —W0p&sp,

mpeay + J& + MygHAG = —&¢]wy (33.1)
H™MT ar + HTML e + Aj = —Q*Aq — (8Q + BQ)AG — HTV (wy)
H" = (HY, HE)

Here ay, ¢, wf are the acceleration of the origin, angular acceleration and angular velocity of the
SCF; Aq are the elastic modal coordinates of the plate relative to the SCF; m, J, p. are the mass,
the matrix of the inertia tensor and the radius vector of the center of mass of the plate relative to
the SCF; H is the matrix of the coefficients of the elastic modes of the FE; Q, Q2 are the diagonal
matrices of the natural frequencies of the FE and their squares.

Equation (33.1) uses the matrix form of writing equations and relations of kinematics. You can
get acquainted with the features of this style in the book [5]. The book can be downloaded from
the link.

The term Q2Aq in the third equation of system corresponds to the elastic forces arising during
deformation of the element, and the term (6Q + SQ?)Aq introduces internal dissipation into the
element. Two types of internal dissipation are taken into account: the dissipation proportional to
the stiffness matrix is set by the parameter 3, and the parameter o specifies the damping ratio for
each of the elastic modes of the element. The assignment of values to this parameter is discussed
later. Here we only note that 5~1, B <« 1sec. Finally, the vector V(w, ) includes the inertial forces
depending on the angular velocity of the wheel.


https://www.researchgate.net/publication/333921084_VVEDENIE_V_MODELIROVANIE_DINAMIKI_SISTEM_TEL
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After this, the transition from the Craig-Bampton variables to absolute nodal coordinates is
carried out. The number of Craig-Bampton coordinates and absolute nodal coordinates is the same.
They are connected by a system of nonlinear algebraic equations, which should be solved with
respect to the Craig-Bampton variables for given absolute nodal coordinates at each step of inte-
grating the equations of motion:

r; =17 + Aos () (o + wp), w; = HyiAq
Ai () = Aop(tr ) Api(HriAq) (33.2)
i=1..4
Here r;, A,; are the radius vector of the origin and the matrix of direction cosines of SCi relative
to SCO.

The first and second derivatives of these equations with respect to time give equations for the
relationship between the absolute velocities v;, w; and accelerations a;, €; of nodes and the veloc-
ities and accelerations of the Craig-Bampton variables.

v; = v — (P + U wr + AgrHriAg
w; = wr + AOfoiHmAq
a; = ar — (p; +U)ep + Ao HypiAG + @D Agr(p; + u;) + 20, Ao HypiAg
& = & + AorBriHyiAG + & Agswp; + AopBriHpiAG
i=1.n

Eliminating the accelerations ay, e¢, Ag from equations (33.1) using these relations, we obtain

the equations of motion of an individual FE in absolute nodal coordinates

My Gy + ki (qr, Gx) = Qk., (33.3)

where k is the element index, g, is the vector of absolute coordinates of nodes of size 24, ky, Q
are the columns of inertial forces and generalized forces, M, is the mass matrix of the finite ele-
ment of size 24x24 relative to the inertial coordinate system.

33.2.2. Use of relative node coordinates

The equations of motion of a separate finite element (33.3) are written in absolute coordinates
of the nodes, i.e. in coordinates that determine the position of the nodes' SC relative to the inertial
SCO0. When modeling the dynamics of a tire, i.e. in the process of integrating the equations of
motion, it is more effective to use the node's coordinates relative to an absolutely rigid wheel rim.

Let Ar/", Ar] be the vectors of the node displacement and the rotation angles of the node SC
during tire deformation relative to the wheel rim SC, i.e. these values are equal to zero in the
undeformed state of the tire. Then the position SCi of the node relative to the inertial SCO is de-
termined by the equations

r; =1y, + Aoy (1y + AT),
Ag; = Agw Ay (),
where 1, Ay, are the radius vector and the matrix of direction cosines of the coordinate system
associated with the rigid wheel rim; r; is the radius vector of the node relative to the SC of the
wheel rim in the undeformed state of the tire. We also present expressions for the velocities:
v; =1y, + @y Agw (1iy + Ar) + Ay, AT/,
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w; = Wy, + Aoy wh,-
Here v,,, w,, are the velocity of the wheel center and its angular velocity, wj,, is the angular ve-
locity of SCi relative to the wheel rim.

33.2.3. Multilayer finite element

33.2.4. Model of wheel with flexible tire (FE tire)

L]

Figure 33.4. Example of a curve of a flat section of a shell modeling a tire

The wheel is modeled by an absolutely rigid wheel rim with six degrees of freedom, with which
a finite element model of an elastic shell is connected (FE tire). Since the shell in the undeformed
state is a surface of revolution, the FE meshing is performed by rotating a plane section around a
horizontal axis of symmetry. n, segments (generally speaking, of variable length) are introduced
on the section curve (the tire profile) and, accordingly, n,+1 nodes, Figure 33.4. The section ro-
tates n, times around the axis of symmetry by a constant angle Aa = 2t /n, forming a uniform
mesh into ng X n, equilateral trapezoids or finite elements, Figure 33.5. The number of nodes is
(ng + 1)n,. The boundary nodes of the shell are rigidly connected to the wheel rim on both sides.
The remaining (ng; — 1)n, nodes have six degrees of freedom each, as described in the previous
section. In each of the n, sections, the nodes are numbered sequentially along the tire profile

1+(ng+D(E—-1)... 1+ (ns+1)i,
where i is the section number i = 1...n,.
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Figure 33.5. A car wheel with an elastic tire in the input program. Trapezoidal finite elements are
highlighted

The equations of motion of the elastic shell are formed using the equations for each of the
elements (33.3) in a standard manner for FEM.
Complete equations of motion for a wheel with an elastic tire include equations for a the rigid
rim and shell:
Mg +k(q,q) = Q, (33.4)

where g is a coordinate column of size 6(ng — 1)n, + 6, M is the mass matrix of the wheel model,
and k, Q are columns of generalized inertial and active forces.

To improve the profile of the model matrices, the indices of the six coordinates corresponding
to the rigid rim are located at the end of the list of coordinates.

33.2.5. Contact interaction of tire with road

Figure 33.6. Examples of a brush model of wheel contact with the road
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A brush model is implemented for contact interaction of the tire with the road surface. The
contact surface of the tire is represented by a set of elastic massless bristles. One end of a bristle
is connected to the FE and the other one can come into the contact with the supporting surface
realizing elastic-dissipative interaction in the radial direction and friction in the tangent one.
Examples of a brush model for a wheel of a heavy-duty and passenger car are shown in Fig-
ure 33.6. The yellow dots correspond to the ends of the bristles making contact. As it is seen from
the picture, the bristles allow taking into account the tire tread pattern.

/ Shell \

Undeformed bristle

_— \ i \

Road !

:M W::_An

Figure 33.7. Brush contact model

Let us consider a mathematical model of the forces of interaction between a bristle and the
road, Figure 33.7. The normal force N depends on the magnitude of bristle compression in the
normal direction A,, and on its time derivative A,

N = k,A, + d,A,, (33.5)
where k,,, d,, are the longitudinal stiffness of the bristles and the damping constant.

The friction force F has two modes: sliding and sticking,

P { fN, sliding (33.6)
kA, +d A, < fyN, sticking

Here f, f,, are the sliding and static friction coefficients; A; is the deviation of the end of the bristle
from the undeformed state in the tangential direction; k., d, are the shear stiffness of the bristle
and the damping constant.

Figure 33.8. Dependence of the friction coefficient on the sliding velocity
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The sliding friction coefficient depends on the sliding velocity vg in accordance with the
Stribeck formula (Figure 33.8):

f@) = fao + (fo = fio)e™@s/Ps (33.7)
where
fo, foo are the coefficient of friction values at zero and infinite sliding velocities;
v IS the Stribeck velocity, which determines the value of the velocity interval at which the
Stribeck effect of an exponential drop in the friction coefficient takes place;
& € [0.5,1] is the empirical exponent depending on material.

33.2.6. Tire pressure

The air pressure in the tire is taken into account for each FE in the form of a distributed load
perpendicular to the element. A compensating force and moment are applied to the wheel rim so
that the total force and moment from the pressure for the wheel as a whole are equal to zero.

33.2.7. Reduced tire models

Since the model described above has a large number of degrees of freedom (usually several
thousand), the important task is to reduce this number in order to speed up the simulation.

AT z
W S sy,
P o A S L

It L Lo e e e R 2
R e
e SO
ﬁ":-,{.- s

AT

s

J’.""‘j&'j

B e
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Figure 33.9. Interface nodes for reducing the upper part of tire
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Figure 33.10. Interface nodes for reducing the side parts of tire

UM implements two reduced tire models that have a significantly smaller number of degrees
of freedom than the full model described above: a model with a reduced upper part (Figure 33.9)
and side parts (Figure 33.10). Both approaches use the same idea: to express the linear and angular
displacements, velocities and accelerations of nodes included in the reduced regions through the
displacements, velocities and accelerations of interface nodes. Thus, the degrees of freedom of
the reduced nodes can be excluded from the equations of motion (33.7). In the figures above,
interface nodes are marked with bold yellow dots. In the first case, the reduced area is defined by
two angles of the left and right sections relative to the vertical (g, @eng) CONtaining interface
nodes; the values of the angles @, aeng Can be different, for example ag,x = 60°, Aeng = 45°.
In the case of reduction of the side parts, the interface nodes are located along the border of the
side walls.

The Craig-Bampton method applied to the reduced areas of the tire is used for the practical
implementation of reducing the number of degrees of freedom. The equations of motion of the
reduced areas are expressed through the coordinates of the interface nodes and the wheel rim. This
is possible because the interface nodes and the wheel rim form a continuous boundary of the re-
duced areas. We use only static forms of interface nodes in the Craig-Bampton method.

A
S

L
5
a0

)
=T

Figure 33.11. Reduced upper part of tire
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Let us consider the implementation of the idea in a highly simplified form.

Consider an example in Figure 33.11 that shows the reduced upper area of the tire. Let us fix
the wheel rim and linearize the equations of motion of the tire relative to the equilibrium position.
Using the stiffness matrix, calculate the static displacements of the reduced nodes with a unit in-
crement of each coordinate of the interface nodes separately. In matrix form, these dependencies
can be written as follows:

Aq" = GAg™, (33.8)

I.e. the displacements of the reduced nodes Aq" linearly depend on those of the interface nodes
Ag™.
Please note that this relationship was obtained for displacements relative to the wheel rim as a
rigid body. Next, we accept similar relationships for relative velocities and accelerations
AG" = GAG™, AGT = GAG™ (33.9)

After that the absolute coordinates, velocities and accelerations of the reduced nodes can be ex-
pressed via the coordinates, velocities and accelerations of the interface nodes and the wheel rim.
This leads to the construction of the equations of motion of the reduced region in terms of coordi-
nates of the interface nodes and to the exclusion of the reduced d.o.f. from the equations of motion
(33.4).

Note 1. The described approach is approximate, as in any case of using the Craig-Bampton
procedure. The user, having the opportunity to use the full tire model along with
the reduced ones, can evaluate the difference in the modeling results due to the
introduced simplifications.

Note 2. Reducing the upper part of the tire makes it possible to reduce the number of
degrees of freedom several times but it has significant disadvantages: when the tire
rotates, the equations are rebuilt after turning by an angle Aa = 2 /n, (the angle
between adjacent sections), which leads to an additional loss of accuracy and de-
crease of the integration step size. When hitting a high step, the contact may go
beyond the area of the active nodes, which will lead to incorrect modeling results.
For this reason, this type of reduction is recommended for use in static problems
when the wheel does not rotate, in cases of low-speed driving or in cases where the
accuracy of the simulation does not play a special role (for example, when calcu-
lating tire wear).

Note 3. The tire model with a reduced sidewalls has increased rigidity in load deflection
tests at rated and increased loads. A modified model has been implemented that
eliminates this problem, Sect. 33.3.13.4.4 Evaluation of the parameters of a modi-
fied tire model with a reduced sidewall

Note 4. To identify the model type, abbreviations are often used in directory and file
names: f (full - full model), ru (reduction upper), rs (reduction side).
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33.2.8. Estimation of the influence of damping proportional to the stiff-
ness matrix on eigenvalues

Let us consider the linearized equations of a wheel with a flexible. We fix the wheel rim to
eliminate zero frequencies.

At the first stage of the study, we set the pressure equal to zero. In this case, the stiffness matrix
K, of the model is symmetrical and the linearized equations with external forces turned off have
the form

MG+ Dg + Koq = 0,

where D is the damping matrix.

Consider the damping proportional to the stiffness matrix

D = BK,.

The damping coefficient B is included in the equations of a separate FE of the shell (33.1) and has
the time unit.

Consider the eigenvalue problem

(MA% + BKyA + Ky)v = 0. (33.10)

Here, A, e are the eigenvalue and eigenvector to be determined. Along with this problem, consider
the problem of calculating the natural frequencies of the model, which is written as follows:

(Ko — Mw?)e = 0,
where o, e are the natural frequency and the corresponding natural mode of vibration.

Let the problem of calculating frequencies be solved, w j,e;,j = 1,2, ... is the set of frequen-
cies, ordered in ascending order, that is, w, is the lowest natural frequency of the tire. Since the
wheel rim is fixed, there are no zero frequencies corresponding to movement as a rigid body.

(Ko — Mw?)e; = 0.

Let us present an important property of natural modes, which consists in their orthogonality in

the norms of the mass and stiffness matrices:

Tve — (M >0 k=] T ,_{koj>0.k=j
e"Mef_{ 0k=j @ HKEG=U ok
z_kOJ'

T 7 m.

)
We will look for eigenvectors of problem (33.10) in the form of an mode expansion

V= ijej

Z ¢ (MA2 + BKo + Ko)e; = 0.

with complex coefficients c;,

Multiplying this equation on the left by ejT and taking into account the properties of orthogonality
of modes, we obtain scalar quadratic equations
mA? + Bkojd; + ko; = 0,
or
X+ Boid; + wf = 0.
The solution to this equation has the form



Universal Mechanism 10 33-15 Chapter 33. UM FETire

N (33.11)

Let us introduce the critical frequency w* at which the radical expression becomes zero:

e (33.12)

For all eigenfrequencies greater than the critical one, the eigenvalues are negative real numbers
(33.11), that is, frequencies that are higher than the critical frequency are completely damped and
do not appear in the dynamic simulation.

For frequencies below the critical one we have two complex conjugate roots

Bw} B2w}
— +iw: —
7 T lw; 1 2

/11'1,2 = -

Here i is the imaginary unit.
Let us introduce an indicator of the degree of frequency damping: the damping ratio

_Rel; Bw; _w; (33.13)
wj 2 w*

J

Then the complex eigenvalues are given by the formula

Ajl,Z = —5(1)] i la)]\/ 1-— 62.

In this expression, the imaginary part determines the frequency of damped oscillations

W' =wn1-6%<w;. (33.14)

Now let us discuss the effect of pressure. Instead of the stiffness matrix, it is now more correct
to talk about the matrix of positional forces K, since the pressure forces are non-conservative (non-
potential) and the matrix K of linearized forces independent of velocities is not symmetric,

K = K, + AK(p).
Here AK (p) is a non-symmetric addition to the matrix from pressure p. In addition, damping in
the tire model is constructed using the K, matrix without taking into account the influence of pres-
sure. For these reasons, the previous analysis can only be considered an approximation. However,
the studies below show the importance of these estimates for understanding the damping rate of
the tire model when using damping proportional to the stiffness matrix.

Based on the research results, the following conclusion can be drawn. Damping proportional
to the stiffness matrix has an important positive effect: it eliminates the influence of high frequen-
cies. For example, at =0.001s frequencies above the critical w* = 2000rad/s =~ 318Hz are sup-
pressed. The damping ratio is easily assessed by the frequency using formula (33.13). These prop-
erties make it possible to use this type of damping as the main one when modeling the dynamics
of a wheel with an elastic tire.
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33.3. Development and study of flexible tire model

Figure 33.12. Template of a wheel with flexible tire in UM Input program

To create a flexible tire and to study its properties, a standard template is used contained in the
TireTestRig template model. In fact, the template is a virtual model of the tire test rig.
The model is located in the directory {Data UMH\Samples\FETire\TireTestRig template
To create a new tire model, you must create a copy of the template (i.e. copy this directory),
rename it according to the tire name and make the necessary adjustments to the model, first in the
input program and then in the simulation program.
A tire template is a model of a virtual tire test rig and is used
e tocreate atire by specifying geometric data, parameters of the multilayer material, description
of the tread,

e to study some properties of the model (natural frequencies, damping level, deflection in the
vertical, longitudinal and transverse directions depending on the corresponding load, etc.),

e to calculate the curves of the massless tire model used in standard modeling of the dynamics
of a wheeled vehicle (tabular model and TMEasy),

e to create the reduced tire models;

e to create a finite element tire model which can be included in the model of a wheeled vehicle
(car, monorail, motorcycle, etc.).

The main problem when creating models is that the parameters of the tire material, as a rule,
are not publicly available and can be obtained from the tire manufacturer.

The template contains a standard wheel subsystem with a flexible tire, a hub and an auxiliary
body Ground, which specifies the movement of the supporting surface under the wheel. The con-
nection of the wheel rim with the hub is modeled by a bushing element. The joint, which sets the
position of the hub relative to CKO, allows performing basic tests with the tire model including
setting the values of the toe and camber angles, setting rotations according to the desired law, and
SO on.
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Consider the elements included in the tire template in the UM Input program.

33.3.1.1. Wheel with flexible tire as a standard subsystem

v -[@ Object
v -3} Object
. engd Curves
F6) Variables
3P Attributes

;2}’ Bipolar forces
-G+ Scalar torques
- Z Linear forces

- g® Contact forces
> - @) TForces

> - Spedal forces
c—: Connections

123 Indices
L.FF Qiwmmary

Name: Tire

Type: @5 ANCF flexible body
Comments,Text attribute C

)

+ @6

General  Positi
I; ype

ntifiers

Wheel with fiexible tire

Profile | Number of points: 29

E]

Tire rim GO

Rim

Parameter
Thickness
Np

Value

0.02
10

NAlpha
m

Ix

Iy

nalpha
mirim
irimx;

irimy

Figure 33.13. Wheel with flexible tire as a standard subsystem

To create a wheel with a finite element tire, you should add the ANCF flexible body subsystem
and set its type to Wheel with flexible tire, Figure 33.13. An external subsystem is added to the
model, which includes one absolutely rigid body - a wheel rim. The flexible tire is added to the
wheel in the UM Simulation program, but in the input program it is represented only by its image.

The tire image as a surface of rotation is specified by the section (profile) using the button =,

Figure 33.14.

Ug, Curve editor - Shell of revolution profile

= O X
+ 4+ @ | e =88l % -~
No. X Type Smoothing
= Curve 1
1 -0.0895... -0.2761.. Line
2 -0.0978... -0.2972... Cubicsp... (]
3 -0.1102... -0.3109... Cubicsp... (]
4 -0.1277... -0.3312.. Cubicsp... ]
5 -0.1391.. -0.3526... Cubicsp... [ ]
6 -0.1431... -0.3704... Cubicsp... ]
7 -0.1431.. -0.3915... Cubicsp... 2
8 -0.1377... -0.4083... Cubicsp... ]
9 -0.1267... -0.4304... Cubicsp... ]
10 -0.1109... -0.4463... Cubicsp... ]
11 -0.1035... -0.4488... Cubicsp... [ ]
12 -0.0771... -0.4540... Cubicsp... 2
. —
oK Cancel

Figure 33.14

. Tire cross-section curve (profile)
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—
//

Figure 33.15. Graphic object for wheel rim

A graphic object (GO) of a wheel rim is assigned to the subsystem in the Tire rim GO section
(Figure 33.15) by selecting a preliminary created GO, Figure 33.13. When creating a specific tire,
the user can use his own GO, created in one of the CAD systems. In the template, we propose a
simplified parameterized GO that can be used with any tire size, Figure 33.16. Identifiers are used

to parameterize the GO

r_rim_out — outer radius of rim,
r_rim_in — inner radius of rim,
w_rim_out — maximal width of rim,
w_rim_in — minimal width of rim.

u& Curve 2D — O X
+ +: fiJ | une v = B E ‘ 2 ~ ~
v ' Mo. X Y Type Smoothing
1 1 =l Curve 1
; ; 1 w_rim_in/2 0 Line a
2 w_rim_outf2  r_rim_out+_rim_in-0.03 Line (]
0.0 3 w_rim_out/2 r_rim_out+_rim_in Line (-]
' 4 -w_rim_out/2 r_rim_out-+_rim_in  Line a
! : 5 a_rim_outf2  r_rim_outs_rim_in-0.03 Line (-]
: : 6  -w_rim_in/2 0 Line 2
. . 7 w_rim_in/2 0 Line []
s 004 |
1 Il Il 1
0 0 oDa ol
— 0d oK Cancel

Figure 33.16. Parameterization of simplified image of wheel rim

Flexible tire parameters specified in the input program are listed below (Figure 33.13).
Np is the number of finite elements in the tire section. Used only in the input program for the

tire GO. Ignored in the simulation program.
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NAlpha is the main parameter that specifies the number of finite elements around the circum-
ference of the tire. Must be parameterized with an identifier for possible modification.

m, Ix, ly — inertial parameters of the wheel rim — mass, moments of inertia relative to the lon-
gitudinal (Ix) and transverse axis of symmetry (ly). In the standard template, these parameters are
specified by the identifiers mrim, irimx, irimy.

33.3.1.2. Bodies and joints

The model additionally includes two bodies: a hub (Hub) and an auxiliary body Ground, sim-
ulating a rotating roller of a test rig that simulates the movement of the wheel on the road.

33.3.1.2.1. Hub
)
Name: hub + 4a i |
Comments/Text attribute C
Oriented points Vectors 3D Contact
Parameters Position Points

Coordinates (PP):  Quaternion

Go to element [ g
Image: Visible

Hub

) Compute automatically
Inertia parameters

Mass: mhub

Inertia tensor:
ihubx e = 2

ihuby c c
ihubz c

Added mass matrix: (none)

Coordinates of center of mass
C C C

Figure 33.17. Body Hub and its inertia parameters

The inertial parameters of the hub are specified by identifiers, Figure 33.17. The position and
movement of the hub is determined by joint jHub of the generalized type. In particular, the joint
introduces three degrees of freedom: movement in the longitudinal direction and vertically, as well
as rotation around the axis of the wheel.

Consider seven elementary transformations (ET) including in the joint description, Fig-
ure 33.18.

1) TCz - constant shift along Z axis

The shift specifies the position of the center of the hub and rim above the road surface using
the wheel radius identifier rweel and the additional shift identifier h0. Additional displacement
allows the user to obtain the initial position of the wheel above the road.
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F
Name: jHub =+ i +
Body1: Body2:
Base0 v hub -

Type: %% Generalized
TCz  Tvx Ty Tvz RTz RTx|*]*
@ Enabled + +: i |

ET type: & tc (translation constant)
Comments,Text attribute C

Translation vector

ex: c
ey: c
ez: rwheel+ho c

Figure 33.18. List of elementary transformations. The first ET: TCz — constant shift along the
vertical direction

TCz TVx Ty TVz RTz RTx  RVy

@ Enabled + +: i |

ET type: 2 tv (translational d.o.f)
Comments/Text attribute C

Transformation vector
axis X : (1,0,0)

ex: 1 L
ey:0 !
ez: 0 n
Coordinate Force/Torque

a:b Expression

Description of force /fmoment

Pascal/C expression: F=F(x,v,t)

Example:
-cstiff*(x-x0) -cdiss *v +ampl =sin (om=t)

F= K _x®(x-2_t)d_x*v P

Figure 33.19. the second ET: TVx — degree of freedom in longitudinal direction.

2) TVx - degrees of freedom along X axis

This ET implements the displacement of the hub in the longitudinal direction in accordance
with the law specified by the x_t identifier. To implement the displacement, a linear elastic-dissi-
pative joint force is introduced, specified by the expression -k_x*(x-x_t)-d_x*v, Figure 33.19. In
this expression, k_x, d_x are the stiffness and dissipation coefficients, x is the longitudinal coordi-
nate of the hub. When the x_t identifier value is zero, the force blocks the longitudinal displace-
ment of the wheel. When values of identifiers k_x, d_x are zero the wheel can move freely in the
longitudinal direction.

Change of the x_t identifier value in standard wheel tests is used to determine the tire's longi-
tudinal stiffness.
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RTz RTx RVy
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ET type: X tt (translational t-function)

Comments/Text attribute C

Transformation vector
axis Y : (0,1,0)

ex: 0
ey: 1

ez: 0

Type of description
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: Function

) Time-table

y_t

(_) File

O curve

Figure 33.20. The third ET: TTy — shift in lateral direction as a function of time

3) TTy-shiftalong Y axis as a function of time
This ET implements the hub displacement in the lateral direction/ Th shift is specified by the
identifier y_t. The change in the y_t identifier in standard wheel tests is used to determine the tire's

lateral stiffness.

TCz TVx TTy vz RTz RTx | * |

+ + @ 8

ET type: A tv (translational d.o.f)
CommentsText attribute C

& enabled

Transformation vector
axis Z: (0,0,1)
ex: 0 L
ey:0 n
ez 1 R
Coordinate  Force/Torque
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x0: 0.000000000000

o2

|__J Fixed

Coordinate Force/Torque
17, Linear

F=F0-c*(x- x0) - d* v + Q"sin(w*t+a)

Force (FO): 0 C
Stiffness coef. (c): k_z C
Coordinate (x0): 0 c
Damping coef. (d): dz C
Amplitude (Q): 0 e
Frequency (w): 0 C
Initial phase (a): 0 L

Figure 33.21. The fourth ET: TVz — degree of freedom in vertical direction

4) TVz - degrees of freedom along Z axis

The vertical degree of freedom is used to implement a given tire load parameterized by the
tireload identifier. The linear joint force introduces an elastic-dissipative force with stiffness and
damping coefficients specified by the identifiers k_z, d_z, Figure 33.21. A non-zero value of the
stiffness coefficient is used solely to block the vertical degree of freedom, which is necessary when
calculating frequencies and when constructing reduced models. Otherwise, this identifier is zero.
The dissipation coefficient usually has a non-zero value, except for the test with free fall and wheel
rebound when analyzing the degree of damping of the tire model, Sect. 33.3.13.3 Estimation of
internal damping by coefficient of restitution of bouncing tire.
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TCz Tvx Ty Tvz RTz  RTx Rwy
@ Enabled + +: i |

ET type: ¥ rt (rotational t-function)
Comments/Text attribute C

Transformation vector

axis Z: (0,0,1)
ex: 0 L
ey: 0 n
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Figure 33.22. The fifth ET: RTz — rotation about the vertical axis as a function of time

5) RTz - rotation about Z axis as a function of time

The angle of rotation about the vertical axis is specified by the alpha identifier in degrees,

Figure 33.22. The standard identifier dtor= /180 converts degrees to radians. The rotation is used
in tests mainly to set the lateral slip of the tire.

TCz Tvx TTy TVz RTz

BINIOYEHD
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Tvn zagaHna dyHKLMK

(®) Boipaerue (O daiin
(O ©YHKUMA (O Kpueas
() Pacnncanme

|gamma*dt0r tl

Figure 33.23. The sixth ET: RTx — rotation about the longitudinal axis as a function of time

6) RTx - rotation about X axis as a function of time

The angle of rotation about the longitudinal axis sets the camber angle in degrees with the
gamma identifier, Figure 33.23. The standard identifier dtor=r/180 converts degrees to radians.
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TCz TVx TTy vz RTz RTx  RVy
@ Enabled + +: i |

ET type: » rv (rotational d.o.f)
CommentsText attribute C

Transformation vector
axis Y : (0,1,0)

ex: 0
ey: 1 n
ez 0 n
Coordinate Force/Torque

2-b Expression

Description of force /moment

Pascal /C expression: F=F(x,v,t)

Example:

-cstiff*(x-x0)-cdiss *v +ampl=sin(om*t)

F= -k_ay*(x-angle_y)-d_ay*(v-om_y)+traction_torque P

Figure 33.24. The seventh ET: TRy — degree of freedom corresponding to the wheel rotation

about its axis

7) RVy —degree of freedom corresponding to the wheel rotation about its axis
Features of using this degree of freedom are determined by the joint torque (Figure 33.24)
-k_ay*(x-angle_y)-d_ay*(v-om_y)+traction_torque
This expression introduces the linear elastic-dissipative moment with the stiffness coefficient k_ay
and damping coefficient d_ay as well as the traction torque specified by the identifier trac-
tion_torque.

The joint torque allows implementing the following modes of wheel rotation:

Free rotation, including application of a traction torque by the identifier trac-
tion_torgue. In this mode, the stiffness identifier k_ay should be set to zero, and the
identifier d_ay (at zero om_y) approximately determines the steady angular velocity
traction_torque/d_ay.

Blocking of wheel rotation, identifiers angle_y, om_y, traction_torque are zero, stiff-
ness and dissipation coefficients are non-zero. This mode is used when calculating fre-
quencies and generating reduced tire models.

The mode of rotation of the wheel, specified by the dependence of the angular
velocity on time. The angular velocity is set by the om_y identifier, and the rotation
angle is specified by the angle_y identifier. Since the angle of rotation is equal to the
time integral of the angular velocity, the variable angle_y t equal to the integral of the
identifier om_y is added to the list of model variables, Figure 33.25. In some of the tests
described below, this variable is assigned to the identifier angle_y in the UM Simula-
tion program using the identifier control tool.
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Figure 33.25. List of variables in the wheel template model

33.3.1.2.2. Auxiliary body Ground
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Figure 33.26. Auxiliary body Ground

The auxiliary body Ground must be included in the template model (test rig). This body sim-
ulates a rotating roller of the test rig. For this body, inertial parameters and a graphic image are not
specified, Figure 33.26 left. The joint in Figure 33.26 on the right introduces the motion of the
body along the X axis at a non-zero speed, given by the identifier vO. When the speed is positive,
the motion is directed against the X axis. The contact interaction of the tire in the template model
is carried out with the Ground body. When this body moves, the wheel begins to rotate, although
the wheel axis does not move in the longitudinal direction, as in the case of the test rig.
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Figure 33.27. Wheel/hub coupling

To attach the wheel to the hub, a special force element Hub coupling is used, which is of the
bushing type, Figure 33.27. The stiffness and damping coefficients are specified by identifiers.

33.3.1.4. Wheel load
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Figure 33.28. Setting wheel load

The vertical load on the wheel is set by the T-force StaticL.oad and parameterized by the tire-
load identifier. This vertical force is applied to the hub.
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33.3.1.5. List of identifiers
The list contains all the identifiers listed above as well as some auxiliary identifiers that are

used in the simulation program, including for parameterizing the tire material. Auxiliary identifiers
will be discussed below, see Sect. 33.3.13 Main tests for studying tire properties

b=

+
= B8+ @ Y
Geometry Material Shifts S func
Whole list Mesh Inertia Locking B

*+ e =

Name Bresson Vale =8+ 6 Ak
vo 0 l Whole list Mesh Inertia Locking
tireload 0 Geometry Material Shifts S func
traction_torque 0 Name Expression Value
&g -1 : !
np_tread 10 r_rollingd 0.309
np_sidewall 5 SX 0
nalpha 60 om_y vO/r_roling0*(1+sx/100) 0
mrim 7 gamma 0
irimx 0.1 x t 0
irimy 0.15 y_t ]
mbuth 2

Figure 33.29. List of identifiers

For ease of use, some of identifiers are included in groups by type of use. For example, a group
of identifiers is shown in Figure 33.29 on the right, which are responsible for the position and
rotation of the hub, lateral slip (alpha) and longitudinal slip of the tire (sx).

Note. When creating a new tire model, it is recommended to rename the identifiers re-
lated to the geometric dimensions and inertial parameters of the tire (for example,
rwheel, mrim and others) and the finite element meshing (nalpha). This will sim-
plify the use of saved test configurations (Sect. 33.3.13.1.4 Use of preliminary
created configurations), since when reading the parameters file, these identifiers
will be changed to values for another tire, and this will lead to the need for addi-
tional adjustments.

33.3.1.6. List of variables
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Figure 33.30. List of variables
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The list includes the following variables.

tire_yaw — a kinematic function that takes during the simulation the value of the angle of
rotation of the tire around the vertical axis, i.e. the angle of lateral slip in radians.

step_function — time function for a smooth transition from one numerical value to another
step(x, x0, h0, x1, h1), Figure 33.31; the function is parameterized by four identifiers placed on a
separate tab S func. The function is used in simulation tests to manage identifiers, see Sect. 33.3.13
Main tests for studying tire properties.

angle_y_t—time integral of identifier om_y; it is used to automatically calculate the tire rota-

tion angle when specifying its angular speed, see Sect.33.3.13.7 Dependence of longitudinal force
on slippage.

a a
xi a a

h1
54
-1
| | =B+ @
16 3
. Beck crmcoike Mesh  Inertia  Locking
Geometry  Material  Shifts S func
hO Wma BripakeHue 3H,
tstart u]
: sstart ]
0.2 —Y ; N SR e
. . . . tfinish 0
sfinish 0

Figure 33.31. Step function and identifier tab
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33.3.1.7. Development of wheel model for database

o Car|Wheels
:

"ﬂ UM - Object data input - TireTestRig template

File Edit Object Add Tools Help
0 = E{ 5;? @ 53 | d 23’; % @ UMComponen
7 | 2
U& Object TireTestRig template
v - Object |O\[cljQ \ @WHJ "|®f
~ -} Object
. ogd Curves

| F6) Variables
i.ab At -

i tribt

v -8 Subsystems

s

> g Images

> 537 Bodies

» - Joints

47 Bipolar forces

LwCs Scalar torques
‘ = Linear forces
E g Contact forces
v - TForces
| L-{y StaticLoad
» <% Spedial forces
\.-@d Connections
Leca™a Tndimae

5%

‘=8al+8leemthEm
Figure 33.32. Creating a file with main elements of flexible tire

It is recommended to create a file containing the main elements of the tire for each of the
developed FE tire model. This file is included in the database and allows you to simplify and speed
up the process of adding flexible tires to a wheeled vehicle model, Sect. 33.4.3 Adding FE tire to
wheeled vehicle models. Follow the steps below.

e Open a template of flexible tire in UM Input program.

e Go to the flexible wheel subsystem tab, Figure 33.32.

e Use the button ES on the tool panel or the Edit | Copy to file menu command to save
the subsystem in file [Name of subsystem].sbs in the tire model directory. The file
contains the following elements:

- subsystem with flexible tire;
- graphic object for the wheel rim;

- the force element Hub coupling which will be used for coupling of the wheel rim
with the corresponding wheel of a wheeled vehicle, Sect. 33.4.3 Adding FE tire to
wheeled vehicle models.

- identifiers parameterizing the listed elements.
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33.3.2. Structure of a tool for setting parameters and studying tire

properties in UM Simulation program

Object simulation inspector

Identifiers
XVA

Solver
Object variables

@ Use threads
(] Tire test rig mode

Tire

= A
FEoptions Tire  Testrig
Discretization of FE image

Parameters

Initial conditions

Information

Number of threads (<=20) '

0 i

Tools

FE Tires

Name

Damping factor B (s)

Damping ratio (%)

Error tolerance

Drilling DOF fictitious frequency (Hz)
Drilling DOF stiffness factor
Accuracy weight for rotational DOFs

Identifier

Value
0.002
0
1E-6
2500
0.1
0.01

| Integration Message

Close

Figure 33.33. Tabs for development and study of flexible tire model

After creating a model template for a specific tire, the user should open it in the UM Simulation
program. The main tools for setting parameters and studying the properties of the tire are located
on the FE Tires tab of the Object simulation inspector, Figure 33.33. Let us look at the functions

of tabs.

FE options. The tab includes parameters specifying the damping parameters, some parameters

of the finite element model and solver.

Tire/Parameters. The page contains tabs for setting

- tire geometry

- material properties

- tire pressure

- tire/road contact parameters
- some additional parameters.

Tire/Models. Here a model from database can be assigned. If there are reduced models, the

type is specified: full, upper or side reduction.

Tire/Reduction. Tool for development of full and reduced tire models and saving to files for

tire database.

Test rig. The parameters of the virtual test rig are set here and the results of standard virtual
tire tests are displayed: the dependence of the lateral, longitudinal forces and aligning moment on

the corresponding slips, etc.
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Object simulation inspector

Object variables XVA Information Tools FE Tires
Solver Identifiers Initial conditions

List of identifiers Identifier control

=8+ @
Identifier Comment
(] tireload Step

[Jvo

O x_t

Oyt

@ Apha

[ sx

() angle_y

[:] traction_torque

Integration Message Close

Figure 33.34. Tool for identifier control

The Identifiers | Identifier control tab is an important tool for enabling various tire testing
modes. It allows setting dependencies on the time of lateral, longitudinal shift, lateral slip, load,
speed, etc.

Y, UM - Simulation - c:\um10_work\models\tire t295-75r22,5
File Analysis Scanning Tools Windows Help

: Simulation... F9 -l /2: @_n Eﬂ E =
I Static and linear analysis... F8 r
i ’W."%Igfl_rtlrg"@ Fopo
Y, Static and linear analysis -— O X
o | E %
Equilbrium Frequencies/Eigenvalues Rootlocus Linear vibrations Identifiers Initial conditions Options
8 Frequendes and modes B Eigenvalues
Method of analysis . Sat sero velodities
© Lanczos algorithm (O QR algorithm @5 ing
Number of frequelE }_{] Frequency/Damping ratio v
Sort by module v

Number of frequendies for reduction: 300 ﬁ

[[) save matrices to file

Figure 33.35. Computation of natural frequencies and eigenvalues

The calculation of tire frequencies and eigenvalues (to estimate damping) is carried out in the
static and linear analysis tool, accessible through the main menu command Analysis | Static and
Linear Analysis, Figure 33.35.
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| Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FE Tires
‘ B Use threads Number of threads (<=20) IZ}_I,{
[Br e
‘ Tire
= B8

FE options  Tire Testrig

Figure 33.36. Enabling Test rig mode

Tire dynamic modeling is performed in two modes:

e mode of standard integration of equations of motion for given values of identifiers and
other parameters;

e test rig mode, in which curves of the dependence of tire-road interaction forces on slip-
page, static stiffnesses in different directions and other indicators are calculated. To
enable this mode, use the corresponding key on the FE Tires tab, Figure 33.36. The
main parameters of the mode are set on the Test rig tab.

| Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FETires

B Use threads Number of threads (<=20) |6 }_If

FE options  Tire Testrig

Parameters Results Model generator
Model types for generation
B 1able
ﬂ TMEasy

TMEasy model parameters

| Name Value

! Mominal load (kM) 27.500
5 Mz power factor (1 or 2) 2

E sGx (%) 30.00
i sGy (deg) 40.00

Generate

Figure 33.37. Generator of massless tire models

A generator of simplified massless tire models (tabular and TMEasy) becomes available after
performing calculations in test rig mode.



Universal Mechanism 10 33-32 Chapter 33. UM FETire
33.3.3. Setting tire geometry and material

Object simulation inspector

Salver Identifiers Initial conditions
Object variables KA Information Tools FE Tires
Lse threads Mumber of threads (<=20) |6 *_A]
[Jire test rig mode

= B
FE options Tire  Testrig
Parameters  Models Reduction

Geometry/Materials  General Tirefroad contact

Tire profile

|P0ints: 41; materials: 3; sections: 5 Id |
Tread

Tread profile | Number of curves: 2 T |
Tread pattern geometry | Mumber of curves: 3 T |

Number of instances 0 "‘_A]

Overall diameter (mm) 654

Figure 33.38. Tab for tire geometry and material

The tab Tire | Parameters | Geometry/Materials is used to set the tire geometry and material,
Figure 33.38.

33.3.3.1. Tire profile and material
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33.3.3.2. Setting tread geometry

Tread
Tread profile | Mumber of curves: 2 T |
Tread pattern geometry | Mumber of curves: 3 T |

Mumber of instances 0 E]

Overall diameter {mm) 654
Figure 33.39. Tread geometry description

The tread geometry is described in the Tread group, Figure 33.39.

Tread contact curve

Tpomexmop

Initial curve

Shell profile

Figure 33.40. Boundary curves of tread material

Tread profile curves. Two boundary curves of tread material are specified, Figure 33.40:
e contact curve, which is the outer curve of the tread and defines the contact surface;
e initial curve, which is the boundary of the breaker.

Ug{ Curve editor - Tread profile - O x

X ¥ Type Smoothness

-0.073... 0.0092... Line (]

0.065... 0.0058... Cubicsp... a

-0.056... 0.0041... Cubicsp... (]

0.048... 0.0028... Cubicsp... []

-0.039... 0.0018... Cubicsp... (]

0.033... 0.0013... Cubicsp... (]

-0,025... 0,0009... Cubicsp... [ ]

€0.016... 0.0005... Cubicsp... (]

9 -0.008.. 0.0002.. Cubicsp... ]

10 0 0 Cubicsp... (]

11 0.0084... 0.0002... Cubicsp... [ ]

m 12 0.0168... 0.0005... Cubicsp... /]

H

o B4 003 oK Cancel

Figure 33.41. Setting contact and initial curves of tread
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Curves are set using the curve editor by clicking on the button &, Figure 33.41. Coordinates
of points are specified in meters. Unlike Figure 33.40, the ordinate axis is directed upward from
the contact curve, so that the initial curve is above the contact curve. The origin of system of
coordinates for defining curves is located at the center of the contact curve.

The Overall diameter of tire specifies the position of central point of the contact curve relative
to the wheel center. In fact, this parameter is the maximal diameter of the tread surface for tire
with zero internal pressure.

Tread pattern.

Two styles have been developed to set the tread pattern, typical examples of which are shown
in Figure 33.42.

The first style has a structure of surface revolution with grooves running along the entire con-
tact surface of the tire, Figure 33.42 left. To define such a tread, the user should specify a set of
segments on the abscissa axis with breaks corresponding to the grooves, Figure 33.43. The value
of the Number of instances parameter in this case should be zero, as in Figure 33.47.

The second style assumes a periodic structure of the tread pattern along the surface of the tire,
Figure 33.42 right. The period is specified by the Number of instances parameter, in the example
of buses in Figure 33.43 this number is equal to 29. One period of drawings is created using the
curve editor, Figure 33.44. To help in creating this type of pattern, a rectangle is automatically
drawn in the window. The height of the rectangle is equal to the period taking into account the
radius of the tire shell.

Figure 33.42. Examples of two tread pattern styles
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un

| "I2; Curve editor - Tread geometry - (m] X
+ + @
| n ne X Y Type Smoothness
i ! = Curve 1
[ S po=mme==ss e s 1 -0.0732 0 Line ]
| | 2 -0.025 0 Line
= Curve 2
3 1 -0.015 0 Line ]
i m 1 2 0.015 0 Lline [ ]
ofos 0,04 0 0.04 ops | = Curves
1 0.025 0 Line 2
2 0.0732 0 Line (]
7 £ IS S
OK Cancel

Figure 33.43. Setting the tread pattern geometry of the first type

"& Pegakrop kpuebix - [eoMeTpNA NpoTekTopa — O *
. . + 4+ 0 | Je=anl 2|
H " 1 Ng X ¥ Tun MmagkocTe
: : = Kpus... ~
1 0.2 0 Mpamas
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3 0.1616 0.0892 MMpsmas
4 0.1423 0.0313 TMpsmas
5 0.2 0 Mpamas
= Kpue..
1 0.1513 0.101 Mpsmas
2 0.1082 0.1435 TMpaAman
3 0.0845 0.0871 Mpamas
4 0.1319 0.042 MpsAvas
5 0.1513 0.101 Mpsmas
= Kpue..
1 0.1008 0.1572 Tpsmas
2 0.0622  0.1999 [psmas o
MpHMEHKMTE OTMEHWTE

Figure 33.44. Setting the tread pattern geometry of the second type
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33.3.4. Setting finite element parameters

| Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FETires
n Use threads Mumber of threads (<=20) |6 u“

| [DTire test rig mode

Tire

= A

FEoptions Tire  Testrig
|
! Discretization of FE image \D_i]
i Parameters I
! Name Identifier  Value FE options  Tre r——
i Damping factor B () 0.002
: Damping ratio (%) 0 | Discretization of FE image \D_LI
. Error tolerance 1E-6 Jacobian matrix type

Drilling DOF fictitious frequency (Hz) 2500 © Approximate ) Exact

| Driling DOF stiffness factor 0.1
: Accuracy weight for rotational DOFs 0.1 Trapezoid shape function type

() conformal © Non-conformal

Figure 33.45. Parameters of tire FE

Some parameters of tire finite elements are set on the FE options tab, figure 33.45. Auxiliary
parameters are hidden and accessible by clicking the button ™.
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Figure 33.46. Discretization of FE image

The parameter Discretization of FE image affects only the tire image in the animation win-
dow. With a zero value of the parameter, the trapezoidal FE is drawn with two triangles, with a
value of 1 - eight, 2 - eighteen, etc. The parameter does not affect the mechanical properties of the
model.

The Parameters group contains numerical values of some FE models parameters, which can
be parameterized by identifiers if necessary.



Universal Mechanism 10 33-37 Chapter 33. UM FETire

Damping factor B, s — the main parameter of the internal damping of the tire, proportional to
the stiffness matrix, see Sect. 33.2.8 Estimation of the influence of damping proportional to the
stiffness matrix on eigenvalues.

Damping ratio (%) — an auxiliary damping in equations (33.1). The 6 parameter allows you
to set the damping ratio within each of the elements. The disadvantage of such a damping is its
dependence on the meshing as well as weak influence on high tire frequencies. For this reason, it
is not recommended to use this parameter without special research for a specific tire model and
mesh. This parameter has a noticeable effect on the properties of the tire at values of the order of
100% and above.

Error tolerance — specifies the accuracy of solving equations (33.2) in computation of the
Craig-Bampton coordinates on the given absolute coordinates of nodes to within a finite element
when constructing equations of motion (33.1). The equations are solved for each FE at each inte-
gration step. Increasing accuracy entails slowing down the simulation process.

Drilling DOF fictitious frequency (Hz), Drilling DOF stiffness factor — auxiliary parame-
ters for the construction of a non-degenerate FE stiffness matrix. It is not recommended to change
the default values.

Accuracy weight for rotational DOFs — reduces the influence of the angular degrees of free-
dom on the automatic control of the integration step size. With a value less than 1, it allows speed-
ing up the simulation process due to an acceptable loss of accuracy. Recommended values are in
the range [0.01, 1]. When specifying reduced accuracy, a comparison of the simulation results with
the value 1 is required.

Two additional options hidden by default:

Jacobian matrix type — specifies the method for solving Eqg. (33.2).

Trapezoid shape function type — sets the choice of shape functions for FE.
It is recommended to use the default values for these parameters.
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33.3.5. Setting tire/road contact parameters

FE options Tire Test rig
Parameters Models Reduction

Geometry/Materials General Tirefroad contact

Name Identifier  Value
Tread Young's modulus 3160000
Contact damping coeffident 0.1
Friction coeffident f0 0.8
Friction coefficent f 0.55
Stribeck velodty threshold 3

Friction power parameter 1
Discretization X contact per element 5
5

Discretization Y contact per element

Figure 33.47. Tread/road contact parameters

Tread and contact parameters are available on the tab Tire | Parameters | Tire/road contact,
Figure 33.47. Here the parameters of the brush model of tire contact with the road are set, see Sect.
33.2.5 Contact interaction of tire with road.

Tread Young’s modulus — parameter of the material from which the protector is made, Pa;

Contact damping coefficient — coefficient of linear damping for each of the bristle d,, = d;
in the contact force models (33.5), (33.6), Ns/m;

The following four parameters define the Stribeck model for the dependence of the friction
coefficient on sliding velocity (33.7)
f@) = fo + (fo = fro)e™ s/
Friction coefficient fO — static coefficient of friction f;;
Friction coefficient f —coefficient of friction for large sliding velocity f;
Stribeck velocity threshold v;
Friction power parameter §.

Two parameters determine the number of rows of bristles in the longitudinal and transverse
directions for one FE which can be in contact with the road,

Discretization X contact per element (n,)

Discretization Y contact per element (n,,)

Thus, the maximum number of bristles for a FE is (n, + 1)(n, + 1) however the actual num-
ber may be less due to grooves and channels in the tread geometry.
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33.3.6. Setting numerical value of tire pressure

Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FE Tires
8 Use threads Number of threads (<=20) 6 l]

(] Tire test rig mode

Tire

= A
FE options Tire Test rig
Parameters Models Reduction

Geometry/Materials  General  Tirefroad contact

Name Identifier Value
Pressure (MPa) 0.22
Nominal load (kN) 3

Sidewall stiffness reduction factor 0.15

Figure 33.48. Tire pressure parameter

The tire inflation pressure is set on the tab Tire | Parameters | General. The numerical value
of pressure is given in megapascals.

33.3.7. Setting stiffness reduction factor for tire with reduced side-
walls

The parameters for the stiffness reduction of a tire with a reduced sidewall are set on the tab in
Figure 33.48: the nominal load and the reduction factor, Sect. 33.2.7 Reduced tire models. Com-
putation of the reduction factor is described in Sect. 33.3.13.4.4 Evaluation of the parameters of a
modified tire model with a reduced sidewall. The non-modified reduced model is used for zero
value of the factor.
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33.3.8. Settings for solver when modeling wheels with FE tire

Object simulation inspector

Object variables XVA Information Tools FE Tires
Object simulation inspector Solver Identifiers Initial conditions
Object variables XVA Information Tools FE Tires Simulation process parameters
Solver Identifiers Initial conditions Solver options Type of coordinates for bodies
Simulation process parameters Solver options  Type of coordinates for bodies (CJ Use Assembler code for matrix computing
Solver Type of solution Park method
) BOF 7 Initial discretization 2 }j
ABM _) Null space method (NSM) Minimal possible step size 1E-0012
O rark Maximal step size 0.0004
O Gear 2 © Range space method (RSM) Minimal step size 0 10
_) Park Parallel
Minimal N iterations 1 }4{]
Time tli> v 5 Maximal N iterations 1 }ﬂ
Step size for animation and data storage [0.005 Error factor (<=1) 1
Error tolerance Number of steps without increase|2 E]
() Delay to real time simulation Keep decomposition 30 ;_{I
Keep system matrix decomposition (") Low order prediction by step decrease
o lisnsdba et BOF
[_JBlock-diagonal Jacobian Minimal step size 1E-0010
Maximal order 5 7_,1
Integration Message Close Integration Message Close

Figure 33.49. Solver settings

Typical settings for the solver are presented in Figure 33.49 left. The following checked option
IS important:

Keep system matrix decomposition — the option significantly (up to ten times) speeds up the
simjulation process by keeping the system matrix and its decomposition at several integration
steps. The related parameter Keep decomposition (Figure 33.49, right) specifies the maximum
number of integration steps on which the matrix decomposition is kept. A large value (about 100)
is recommended for applications with an unmoved tire. When running, the matrix should be recal-
culated more often, keeping for 10-20 steps.

Approximately double speed up of the simulation process can be achieved by parallelizing
calculations on multi-core processors, Figure 33.50. Enabling the parallel calculation mode and
setting the number of involved cores is done on the FE tire. Check the Use threads option and set
the number of threads. Practice shows that it is most effective to use 4-6 threads depending on
processor type.

Also, approximately one and a half to two times the speed up is achieved by reducing the
Accuracy weight for rotational DOFs from 1 to 0.1, Figure 33.50. The limit value of this param-
eter is 0.01. In any case, the effect of decreasing this parameter on the simulation results should be
tested by comparison of simulation results with different values of this parameter.
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Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FETires
I. Use threads Number of threads (<=20) |6 }_{I I
(] Tire test rig mode
Tire
= B
FEoptions Tire  Testrig
Discretization of FE image 0 &] -
Parameters
Name Identifier Value
Damping factor B (s) 0.002
Damping ratio (%) 0
Error tolerance 1E-6
Drilling DOF fictitious frequency (Hz) 2500
Drilling DOF stiffness factor 0.1
Accuracy weight for rotational DOFs 0.1 I

Figure 33.50. Settings that speed up the simulation process

Note. In the current UM version, the Park parallel method is not available for simula-
tion of FE tires. In the future, this restriction will be removed.
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33.3.9. Animation of tire-road contact forces

Figure 33.51. Vectors of normal forces (actually pressures) for different numbers of bristles
within the element

When modeling the dynamics of an FE tire, the vectors of normal forces and friction forces
can be drawn in the animation window. To ensure that the height of the force vectors does not
change when the number of bristles within one FE changes (Figure 33.51), pressure vectors are
actually drawn, i.e. forces are divided by the area per bristle: the area of the FE is divided by the
theoretical number of bristles within the FE including those excluded from contact due to grooves
and contact boundaries.

Modes of body images

Save animation...

Vector scales

Contact forces for flexible tire v Show normal pressure
Position of vector list Show friction

Position of the paint list Over tire

Options...
3D contact

Z-surface

Figure 33.52. Fragment of an animation window with a popup menu

Let us look at the contact force animation settings available through the popup menu of the
animation window, Figure 33.52. Here is the list of the menu commands.

Show normal pressure — turns on/off the animation of normal forces in contact.

Show friction — turns on/off the animation of friction forces in contact.
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Figure 33.53. Enabled "over tire" mode in solid graphics mode

Over tire — a mode in which force vectors are shown on top of the graphic image of the tire.
This mode is recommended when the tire is drawn in solid graphics, Figure 33.53, otherwise the
vectors will be hidden by the shell and you have to convert the graphic image of the tire into
wireframe graphics, as in Figure 33.52.

Options — the command opens the window with options, Figure 33.54.

On the Scale tab, the pressure value at which the vector will have a length equal to the charac-
teristic size (usually 1 m) is indicated. On the Size tab, the user can change the radii of the vector
image and the length of the arrow in mm. Visibility, colors — turn animation on and off, change
the style and colors of vectors. The entered parameters are written to the configuration file and
applied in all animation windows when the model is read again.

Figure 33.56 shows three variants of animation:

- normal and friction forces are visible,

- normal forces only,

- friction forces only.

—— ——— _—

S—

| Vector settings X
|

| Scale  size Visibility, colors

Vector scales are setin terms of "unit of measure per
characteristic size (c.s.)"

Scale Size Visibility, colors

Data in fractions of characteristic size

Vector settings X

Vector settings X
Scale Size  Visibility, colors

8 show vectors of nornal pressures

) 4 _
Forces Radius of vector body section 000207’_11 (") Show friction vectors
" - . 4/ -
| pvPa g | }__________ Radius of arrow generatrix 0.0030 j () Draw over tires
E— Length of arrow 0.0100 Eﬂ Vector colors
v Normal pressures |. dRed
Stidking friction |. dBlue v
Sliding friction ||:| dYellow
‘ Apply ‘ Close | Apply | Close | Apply ‘ Close

Figure 33.54. Options for force animation
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Figure 33.56. Force animation options
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33.3.10. Wizard of variable: FE tire nodal variables

Y%, Wizard of variables X

9 Variables for group of bodies © TForces B Joint forces £ Angular variables
_J[: Linear variables a-b Expression 8.n User variables P Reactions li Coordinates () Solver variables
7 All forces id Identifiers Fi) Variables & Bushing Tire nodal variables €D FETires
='|_| tiretestrig template Selected
= () Tire I
| Node 1(F) (0.000 -0.077 -0.206) Type
[ Node 2(0.000 -0.055 -0.228) © Displacement O velocity (O Acceleration
| Node 3 (0.000 -0.101 -0.254) — — .
— ) Rot. vector (_) Ang. velodty (_) Ang. acceleration
] Node 4 (0.000 -0.094 -0.280)
| Node 5 (0.000 -0.072 -0.295) Component
] Node 6 (0.000 -0.043 -0.300) Ox Oy Oz Owl
)

| Node 7 (0.000 -0.014 -0.303
] Node 8 (0.000 0.014 -0.303) _

| Node 9 (0.000 0.043 -0.300) ) Road (L Rim © Section
) Node 10 (0.000 0.072 -0.295)

| Node 11 (0.000 0.094 -0.280)

| Riede 47 FA AAS A 4A4 A mEal

Figure 33.57. Tire nodal variables

Kinematic nodal variables for FE tire are created on the Tire nodal variables tab of the wizard
of variables, Figure 33.57.

The variables refer to the elastic displacements of the nodes relative to the wheel rim. The
vector of elastic displacement, the velocity and acceleration of the node relative to the disk, as well
as the rotation vector, angular velocity and angular acceleration of the SC node relative to the
wheel disk (Type group) are calculated. The variable is equal to the projection of the vector onto
the axis of one of the three coordinate systems (SC group) or the modulus of the vector. The
projection or magnitude of the vector is specified in the Component group.

The following systems of coordinates are used:

Road — the inertial system of coordinates SCO;

Rim — SC associated with the disk rim;

Section — CS of the section to which the node belongs. SCs of this type rotate together with
the wheel rim and form a constant angle about the transverse axis Y with the rim SC. In particular,
for the first section, the SC of the section coincides with the SC of the wheel rim. The Z axis of
the section passes through the center of the wheel.

Note. The nodes rigidly connected to the wheel rim are marked with the letter F in the
list in Figure 33.57. These nodes are fixed relative to the wheel rim, and all varia-
bles for them are equal to zero.
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33.3.11. Wizard of variable: FE tire road contact variables

"ﬁ Wizard of variables

3.1 User variables 4 Reactions J: Coordinates

= Llinear forces B Ioint forces 46)’ Bipolar forces A Angular variables 4 Linear variables b Expression

(¥) Solver variables =5 Al forces

X

id Identifiers Fi3 Variables

M

L
FrRower
Fritvork

& Bushing o Gearing wil Rack and pinion % Driveline Tire nodal variables
=2 Variables for group of bodies @ PBES fD Rroad vehide €D FETires -G Scalar torgues
=[] vaz21_09_2fetire Selected (total 2)

FETire FL |FEﬁre FL, FETire FR.

FETire FR

% MName Comments
Fx Longitudinal force
Fy Lateral force

Mormal force (M)
Contact patch length (m)
Friction force power (W)
Friction force work (J)

Pmax Maximal contact pressure (MPa);
Pmean Mean contact pressure (MPa);
WearRate Distributed tire wear rate, mm/s
Wear Distributed tire accumulated wear, mm
SpedficWear Distributed tire spedfic wear mm,1000km
mWearRate Mean tire wear rate, mm/s
mWear Mean tire accumulated wear, mm
mSpedificiear Mean tire specific wear mm/1000km
Objects: FETire FL, ... Multiple selection - comments are not available [@l
Fx (FETire FL)
Fx (FETire FR)
Fy (FETire FL)
Fy (FETire FR)
M (FETire FL)
M (FETire FR)

Figure 33.58. Variables for FE tire

Variables associated with the FE tire are placed on a separate tab of the Wizard of variables,

Figure 33.58.

Fx — the total longitudinal force acting from the road on the tire (N).

Fy — the total lateral force acting from the road on the tire (N).

N — the total normal force acting from the road on the tire (N).

L — length of the contact patch, mm.

FrPower — the total power of friction forces (watts), only the bristles in which slippage occurs
in contact with the road are taken into account. In sticking mode, friction force does no work.
Frwork — total work of friction forces since the start of simulation (joules); calculated as the

time integral of the variable FrPower.

Pmax, Pmean — the maximum and average normal tire pressure on the road. The pressure is
equal to the force divided by the area associated with a bristle.
WearRate — wear rate curve of the tire material distributed along section of the tire rolling

surface, mm/s.

Wear — accumulated tire wear curve, mm.
SpecificWear — curve for the tire wear rate related to the 1000km milage, mm/1000km.
mWearRate, mWear, mSpecificWear — mean values of the corresponding distributes varia-

bles.
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33.3.12. Creation and assignment of files for full and reduced FE tire
models

Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FETires
8 Use threads Number of threads (<=20) 6 l]

(] Tire test rig mode

Tire

= B
FE options Tire Test rig
Parameters Models Reduction
Reduction type
8 Upper sector
Tire sidewall

Numeric parameters

Name Value
Alpha start (deg) 45
Alpha end (deqg) 45
MNominal angular velodty (rad/s) 50

Start equilibrium computation with zero coordinates

Directory name for created files |TRD_2, 2_50_13

Run

Integration Message Close

Figure 33.59. Tab for development of full and reduced FE tire models

To use FE tire models in studying the dynamics of wheeled road vehicles and monorail trains,
the user should create a file of a complete description of the tire model *.tire and, optionally, files
of reduced models *.tsr, *.tur, Sect. 33.2.7 Reduced tire models. For this purpose, the Tire | Re-
duction tab of the Simulation inspector is used, Figure 33.59.

The file extensions of the reduced models are explained as follows:

* tsr — tire side reduction;

*.tur — tire upper reduction.

Consider the workflow for development of models.

1) Specify the values of the parameters on which the model depends:
¢ Inflation pressure, Sect. 33.3.6 Setting numerical value of tire pressure
e Material parameters, Sect. 33.3.3 Setting tire geometry and material
e FE mesh parameters.

Please note that material damping parameters are not taken into account when constructing
reduced tire models and can be changed when studying vehicle dynamics.

2) If necessary, change the name of the directory where the files are written. By default,
the directory name includes (Figure 33.59):
e abbreviation TRD - tire reduction data;
e pressure in bar (2.2 bar in Figure 33.59);
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e number of finite elements along the tire circumference (50 in Figure 33.59);
e number of finite elements in the tire section (13 in Figure 33.59).
The created files are placed in this directory and have the same name, for example, for the
TRD_2,2 50 _13 directory the file names are:

TRD 2,2 50 13.tire, TRD_ 2,2 50 _13.tsr, TRD_2,2_50_13.tur.

3) Set the reduction parameters
e Reduction type — the reduced models being created are indicated; if no reduc-
tion type is specified, then only *.tire for the full tire model file is created;
e Option Start equilibrium computation with zero coordinates
When calculating reduced models, the tire must be in a state of equilibrium at a given inflation
pressure in the absence of contact interaction with the road. If the option to use zero coordinates
Is enabled, the program determines the equilibrium state automatically by solving nonlinear equi-
librium equations. If the program cannot solve the equations, then the user should turn off this
mode and calculate the equilibrium state of the tire by integrating the equations of motion: see
Sect. 33.3.13.2.1 Computation of equilibrium for linear analysis, subsection Calculation of equi-
librium by the integration method.
e Numeric parameters
If necessary, change the numerical parameters:
- initial and final reduction angles g, @enq Used when reducing the upper part of the tire,
Sect. 33.2.7 Reduced tire models;
- nominal angular velocity — angular velocity of the tire at the rated speed of the wheeled ve-
hicle; the parameter is used in reduced models to construct the dependence of the models on the
inertia forces associated with tire rotation.

4) Start the calculation process. A after its successful completion, check the presence of
the created files. A directory with the given name is created in the directory of the
current object. When starting the calculation, an existing directory with the same model
name is automatically deleted by the program.
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Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FE Tires
@ Use threads Number of threads (<=20) |6 }_{]

(] Tire test rig mode

Tire

= A
FE options  Tire Test rig

Parameters Models Reduction

Tire models TRD_2,2_50_13
Model type
OFul () Upper reduction () sidewall reduction

Figure 33.60. Setting FE tire model

The created tire models can be assigned to the current tire on the Tire | Models tab to run tests,
Figure 33.60. The *.tire description file is loaded using the Tire models list, which contains all
detected models in the current object directory. After loading the model, the user can set the re-

duction type if there are corresponding previously created files.
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33.3.13. Main tests for studying tire properties
33.3.13.1. Auxiliary tools
33.3.13.1.1. Macros for identifiers
b Macros for identifiers — a X
Macros cﬂ: —] @ Hub Ioddngl
Frequency computation Free falling Standard tests  Drive forward  Free rolling C[I,D
d_ay 1000 1000 1000 0 0 lﬁ
d_x 1000 1000 1000 50 1000 —
d_z 1000 0 100 100 100
eg 0 -1 0 0 0
ho 0 0.5 0 0 0
k_ay 1000000000 1000000000 1000000000 0 0
k_x 1000000000 1000000000 1000000000 0 1000000000
k_z 1000000000 0 0 0 0
tireload i 0 ] 3000 3000
traction_torque 0 0 0 50 0
v0 0 0 0 0 4
[ Apply l Cancel

Figure 33.61. Tool for creating and modification of macros for identifiers

Use the Macros for identifiers tool to change quickly the values of a group of identifiers,
Figure 33.61. The tool is available via the menu command Tools | Identifier macros. Assigning

After selecting a macro, a confirmation window appears in which the user can exclude the assign-

ment of some identifiers or cancel it completely. For example, the tireload identi
ure 33.62 is unassigned, and the current value of 2000 will be left.

fier in Fig-

Object simulation inspector
XVA j Ti FE T
Object variables . Information ools E Tires Up';\" |dentifiers of the same name X
Solver Identifiers Initial conditions

} - B d_ay (1000) := 1000

List of identifiers  1dentifier control M dx (1(000)):= 1000
B d_z(100):=0
= A ‘ -'_t tiretestrig template = M eg(0):=-1
— B ho(0):=0.5
Latest identifi Hub locking > Frequency compulation B k_ay (10000000) := 1000000000
Whole lst | ey B . B k_x (1E9) := 1000000000
ng  Geome Free falling Hkz i(]i :=0
Na £ ) val tireload (2000) :=0
me xpression alue Standard tests B traction_torque (0) :=0

vo 4 Drive forward B v0(9:=0

tireload 2000 Free rolling

traction_torque 0

eg 0 oK ] Cancel

Figure 33.62. Example of assigning identifiers using a macro
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Macros in Figure 33.61 implement various methods of fixing the hub. Consider the macros
with explanations.

Frequency computation — all degrees of freedom of the hub are locked by forces. This case
is used in frequency analysis, Sect. 33.3.13.2 Computation of frequencies and eigenvalues.

Free falling — only the vertical degree of freedom is unlocked. It is used in test 33.3.13.3
Estimation of internal damping by coefficient of restitution of bouncing tire.

Standard test — the vertical degree of freedom is unlocked, but the vertical damping is left.
The macro is used in most static and tests described below.

Drive forward — three degrees of freedom of the hub are freed: vertical, longitudinal and ro-
tation around the transverse axis. The macro is used in the test described in Sect. 33.3.13.5 Wheel
rolling forward under constant torque . Damping is left in the longitudinal direction to limit the
speed of longitudinal movement.

Free rolling — two degrees of freedom of the hub are freed: vertical and rotation around the
transverse axis. A non-zero load and velocity of the Ground body are specified. This macro is used
in test Sect. 33.3.13.6 Evaluation of effective tire radius for freely rolling wheel.

33.3.13.1.2. List of variables for tests

| U8, C:AUM10_Work\Models\Tire P175-70R13\Standard variables eng.var - list of variables — ] X

= BB 5

Forces shifts

Name Comment

N (Tire) MNormal force (N)

Fx (Tire) Longitudinal force

Fx, Hub coupling  Spedal force Hub coupling, projection X. Bodies hub, Tire. ANCFBody
Fy (Tire) Lateral force

Fy, Hub coupling  Spedal force Hub coupling, projection . Bodies hub, Tire. ANCFBody
Mz, Hub coupling  Spedial force Hub coupling, projection Z. Bodies hub, Tire. ANCFBody

Forces Shifts
Name Comment
dztire Tire deflection, mm
Alpha degree!
x_t Shift X
y_t shift Y
5X Longitudinal slip

Figure 33.63. List of standard varibles

The Standard variables.var file is opened using the menu command Tools | List of variables

or by the button [, The list contains several variables that are useful when constructing graphs in
simulation tests with the wheel model, Figure 33.63.

Let us list the tests that use these variables.

N (Tire), dZTire — tire pressure on the road and tire deflection

The variables are used to plot the dependence of the static deflection of the tire on the load, ,
Figure 33.83, Sect. 33.3.13.4.2 Dependence of tire deflection on load. Let us focus on the dZTire
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variable equal to the tire deflection. Open this variable in the wizard using the corresponding pop-
up menu command by right-clicking on the variable, Figure 33.64. The variable is of type Expres-
sion and is formed by two operators. The first multiplies the joint coordinate X1.2 of the hub by -
1000 changing the sign and converting to mm. The second operator determines the actual tire
deflection by subtracting the absolute value of the coordinate at the moment of touching the road
converted to mm 4.13. This last number (4.13mm) was obtained in the wheel drop test, where we
simultaneously plotted the coordinate X1.2 and the normal force N. At the moment when the force
appeared, the value of the coordinate was equal to -0.00413m. If the user analyzes his own wheel
model, he must modify this expression by replacing the value 4.13 with the value corresponding
to the case being studied.

U, Wizard of variables X
52 Variables for group of bodies © TForces B Joint forces A Angular variables
=7 All forces id Identifiers F¢) Variables & Bushing Tire nodal variables D FETires
:E Linear variables 2:b Expression 8. User variables %+ Reactions [? Coordinates () Solver variables
+|| /=[] % X1.2 X -1000
_x1 - 413
Px Py Pz |« e
sqrt | sign atan | In | exp
v cin | moe | akhel moae S
dzZtire Tire deflection, mm g @

Figure 33.64. Tire deflection variable

33.3.13.1.3. Identifier control tool

Object simulation inspector Object simulation inspector
Object variables XVA Information Tools FE Tires Object variables XVA Information Tools FE Tires
Solver Identifiers Initial conditions Solver Identifiers Initial conditions
List of identifiers Identifier control List of identifiers [dentifier control
G M E + m G E | _g’ tiretestrig template -
Identifier Comment Latest identifier file: last.par
f® treioad Controlled by Step function Material Shifts S func
Owo Whole list Mesh Inertia Locking Geometry
O x_t Name Expression Value Comment
Oyt vo 4 |
[_] Alpha
0 sx tireload 0 Controlied |
[ angle_y traction_torque 0
[[] traction_torque eg 0
np_tread 5
np_sidewall 4
Integration Message Close Integration Message Close

Figure 33.65. Identifier control

The identifier control provides the main tool for performing tests of various types with a wheel,
Figure 33.65. The tool allows setting a dependency for one or more identifiers during the
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simulation process. The dependency can be a specified time function or a variable created using
the Wizard of variables. When a control is active, as for the tireload identifier in Figure 33.65 on
the left, then the value specified on the Identifier List tab is ignored, and the identifier is marked
with the Controlled comment (Figure 33.65 on the right). Identifier controls that are not checked
are not active and their current values from the identifier list are used for the current simulation.

Consider controls. To open the control description, double click on the corresponding line of
the list. A detailed description of the tool can be found in Chapter 4, Sect. Identifier control.

”lg, |dentifier control >

@ Enabled

[_] Compute after kinematics
Refresh dependent elements
Identifier

tireload

M

MNumber of elements to refresh: 0
Assign value to identifiers with the same name

Ono DAl (O In subsystems

Comments
Controlled by Step function

Ordinate

Type of description

(O Points © variable
Assigned variable
step_function

Multiplier 1

X-coordinate
Type of description

me variabie

Variable me

Accept Cancel

Figure 33.66. Control for identifier tireload

Tireload — the dependence of the wheel load on time is set using the step_function variable
(Figure 33.66) included in the model in the UM Input program, Sect. 33.3.1.6 List of variables.
The variable is available in the Wizard of variable (Figure 33.67) and is dragged into the corre-
sponding box in Figure 33.66 using the mouse.

| 8, Wizard of variables X

| = variables for group of bodies © TForces B oint forces A Angular variables
4 Linear variables ab Expression 8.0 User variables + Reactions 1? Coordinates (® Solver variables
2 Allforces id Identifiers F&) Variables & Bushing Tire nodal variables @ FETies
= @ tiretestrig template Selected

() Yaw step_function
@ step_function

() angle_y_t

() osdllations

step_function User variable [g @

step_function

Figure 33.67. Variable step _function in wizard of variables
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Object simulation inspector

Object variables XVA Information Tools FE Tires
Solver Identifiers Initial conditions

List of identifiers  Identifier control

= A % | tiretestrig template =

Latest identifier file: last.par

| Whole list Mesh Inertia Loddng Geometry Material Shifts S func

Name Expression Value Comment
I tstart 0.2
. sstart 0
. tfinish 3
. sfinish 5000

Figure 33.68. Example of step function parameters for tore load

This control is used in the test m. 33.3.13.4.2 Dependence of tire deflection on load. An example
of the step function parameters for tire load control is shown in Figure 33.68.

X_t —time dependence of the longitudinal shift of the hub specified by the step_function vari-
able; used to evaluate the longitudinal static stiffness of a tire in the test 33.3.13.4.3 Static tests for
evaluation tire stiffness for lateral, longitudinal wheel shifts and rotation about vertical axis .

y_t —time dependence of the lateral shift of the hub specified by the step_function variable;
used to evaluate the lateral static stiffness of a tire in the test 33.3.13.4.3 Static tests for evaluation
tire stiffness for lateral, longitudinal wheel shifts and rotation about vertical axis .

Alpha — time dependence of the hub rotation about the vertical axis specified by the step_func-
tion variable; used to evaluate the angular static stiffness of a tire in the test 33.3.13.4.3 Static tests
for evaluation tire stiffness for lateral, longitudinal wheel shifts and rotation about vertical axis .
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33.3.13.1.4. Use of preliminary created configurations

Y, UM - Simulation - c\um10_work\models\tire t295-75r22,5
File Analysis Scanning Tools Windows Help

Open... F3 o3 A =]
P ) Al B HA A o
Reopen >
e,
Close Shift+F4 @ 12 (0] 2 .@ B-
Load configuration > Desktop... Ctrl+R
Save configuration > Deflection vs load
ive f
Exit AlteX Drive forward
_ - - Equilibrium
Free falling
Free rolling

Frequencies
Fx vs Sx
Fy, Mz vs Alpha

Figure 33.69. Example of full configurations

For all the tests described below, full configurations have been prepared (Figure 33.69) includ-
ing *.par identifier files, *.icf desktop settings and numerical methods, *.xv initial conditions and
*.ancf tire model parameters. These files can be used with a new tire model developed by the user,
subject to a number of conditions.

1) The initial conditions file *.xv, as a rule, is incompatible with the new tire model and
will be automatically ignored by the program if the number of coordinates in this file
does not match the current number. For this reason, it is advisable to create files of the
equilibrium state of the tire at the desired load values and use them in tests.

2) Some identifiers in the *.par file may be incompatible with the new model, for example,
the wheel radius rwheel or identifiers that parameterize the graphic image of the wheel
rim and the FE mesh. It is necessary to rename such identifiers in the UM Input pro-
gram. Sect. 33.3.1.5 List of identifiers.
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33.3.13.2. Computation of frequencies and eigenvalues

The tool for computation of the frequencies and eigenvalues of the linearized equations of
motion of the wheel is available from the main menu command Analysis | Static and linear anal-
ysis, Figure 33.35.

To perform this calculation, the hub must be fixed and the coordinates of the tire nodes must
correspond to equilibrium without taking into account the contact interaction of the tire with the
road. It is important to note that the contact interaction with the road in this mode is automat-
ically disabled by the program.

Note. Calculation of frequencies and natural values in a non-equilibrium tire position
leads to incorrect results.

33.3.13.2.1. Computation of equilibrium for linear analysis

Y Static and linear analysis — O X

2

""" Rootlocus Linear vibrations Identifiers Initial conditons Options 1
ulibrium | Frequencies/Eigenvalues Rootlocus  Linear vib

"L“ Static and linear analysis

10
i
5

General options  Parameters Forces Save to file

Dependence on parameter

Identifier v

Equilibrium computation type
© Solving equations () Integration of equations of motion

Start/final values

Automatically compute equilibrium

Start value 0 8 set zero velodities

Pl vk 0 Interrupt iterations when singular Jacobian
: 8 Use LU decomposition

Discretization 1 '_/J

|__| Skip animation during equilibrium computation
dentifiers [ Use equation of 4th order in QR. algorithm
Optimal ANCF calculation

Parallel calculation

@ Use threads

Number of threads (max 20) 8l "ﬁ

[_) skip animation during computation of equilibrium

Figure 33.70. Tab for computation of equilibrium (left) and options

In the case when the tire inflation pressure is zero, equilibrium corresponds to zero coordinate
values of the nodes, so you just need to set zero coordinate values on the initial conditions tab. If
the pressure is non-zero, then two approaches can be used to calculate equilibrium, and the second
approach is used if the first method does not give a positive result, that is, the direct solution to the
equilibrium equations diverges.

Automatic computation of equilibrium.

e Set zero values of coordinates on the Initial conditions tab.

e Open the Equilibrium tab and run computation by the © button, Figure 33.70 left. If
the calculation completes successfully, set the automatic calculation type as the main
one on the Option tab, Figure 33.70 right.

e If the calculation iterations do not converge, then the second approach should be used
to calculate the equilibrium.

Computation of equilibrium be integration of equations of motion.

e The hub is fixed in all degrees of freedom.



Universal Mechanism 10 33-57 Chapter 33. UM FETire

e Zero value for coordinates are set.

e If contact with the road is possible at zero coordinates, then contact interaction is disa-
bled: the number of contacts within the element is set equal to zero.

e The standard modeling process is started from the Simulation inspector. To assess the
model state, a graph of the kinetic energy of the system can be used.

Pause
Process parameters  Solver statistics

Solver options Type of coordinates for bodies
Simulation process parameters

Solver Type of solution

() Null space method (NSM)

[ N4 © Range space method (RSM)

Time t] > « 5 B

Step size for animation and data storage 0.005
Error tolerance 1E-6

Keep system matrix decomposition
Computation of Jacobian
() Block-diagonal Jacobian

: Continue ‘ Save |v Interrupt
R To file I
‘ To file (v=0)

! As initials

| Asinitials v=0) i

Figure 33.71. Assigning current coordinates and zero velocities as initial conditions

e After the model reaches a position close to equilibrium, the user should use the Save
button in the pause mode so that using the As initials (v=0) command the current co-
ordinate values and zero velocities are accepted as initial conditions, Figure 33.71.

33.3.13.2.2. Computation of frequencies

Since the tire has a large number of degrees of freedom, the Lanczos method is used to calcu-
late frequencies, which allows calculating a given number of lower frequencies and modes. The
number of frequencies is indicated in the upper left part of the window, Figure 33.72. For the same
reason, an approximate calculation of eigenvalues is used, based on the reduction of matrices of
linearized equations using the calculated modes; the number of frequencies and corresponding
modes is indicated in the right part of the window and cannot exceed the calculated number of
eigenfrequencies. For example, both numbers in Figure 33.72 are equal to 300.
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Y. Static and linear analysis

C »pBA E

Frequencies and modes

Equilbrium  Frequendes/Figenvalues Rootlocus Linear vibrations  Identifiers

Method of analysis
Lanczos algorithm QR algorithm

No. f (Hz)

1 34,1356 I
2 47.92

3 60.9307
4 60,9307

5 79.6284
& 79.6284
7 110.789
8 110,789
9 113.81

10 113.81

11 143.624

12 143.624

13 162.551

Initial conditions

Eigenvalues

Options

(8 set zero velodities
18 skip damping matrix

Frequency /Damping ratio

Sort by module

Number of frequencies for reduction: 300

- O X

No. f(Hz)

1 34.5668
2 47.8747
3 60.8817
4 60.8817
5 79.5091
[} 79.5091
7 110.216
8 110.216
9 113.319

-
o

113.319

Beta(%)r

o 0 000 0 0 o0 oo

Figure 33.72. Computation of frequencies for nonzero tire pressure

To compute the natural frequencies of the tire in the equilibrium position, open the Frequen-
cies/Eigenvalues tab. Since the stiffness matrix at non-zero tire pressure is not symmetrical, the
natural frequencies are calculated approximately due to the forced symmetrization of the matrix,
see Sect. 33.2.6 Tire pressure. More exact frequency values can be obtained by calculating the
natural values of the tire equations with the dissipation matrix turned off (Figure 33.72 right). The
calculation is started by clicking on the button .

As it can be seen from the calculation results in Figure 33.72, the approximate natural frequen-
cies on the left side are close to their refined values on the right. In the absence of pressure, the

frequencies almost coincide, Figure 33.73.

Frequencies in Figure 33.72 and Figure 33.73 are calculated for the same tire, only the pressure
differs. In the first case, p=2.2 bar, in the second one p=0. The comparison demonstrates how

strongly frequencies depend on pressure.

2
’

f(Hz)
21.455
34.1212
34.2922
34,2922
48,5269
48.526%9
59.1848
59.1848
60,2282
10 66.2282
11 68.2132
12 68.2132

W 0~ o b W N e

Sort by module

Number of frequencies for reduction: 300

A

BW 0 N o B W N e

o

=
7

£ (H2)
21.455

34.1212
34.2921
34.2922
48.5269
48.5269
59.1849
59.1849
66.2282

_£r annn

Beta(%)/r

0
0
0
0
0
0
0
0
0
a

Figure 33.73. Computation of frequencies for zero tire pressure
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33.3.13.2.3. Computation of eigenvalues taking into account damping

Y% Static and linear analysis o O X

O » B E %

Equilibrium : Frequendes/Eigenvalues | Rootlocus Linear vibrations Identifiers Initial conditions Options

Frequencies and modes Eigenvalues
Method of analysis Set zero velodities
anczos algorithm QR algorithm | Skip damping matrix
|: + { Frequency/Damping ratio
a
No. f(H2) Sort by module
1 34.1356 | Number of frequencies for reduction: 300 ,';3]
5 7.6 - ee—
No. f (Hz) Beta(%)/r
3 60.9307 1 34.4818 | 7.060
4 ,9307
> ?: ::; 2 47.9068 2,955
' * 3 00.8692 4,525
6 79.6284
4 60.8692 4,525
7 110.789 5 79.3792 | 6.018
: 112‘:39 6 79.3794 [ 5.018
113.81
7 109.941 8.005
10 113.81
8 109.941 8.005
43.624
11 14362 9 113.15 | 6.160
12 143.624 10 449 ars

Figure 33.74. Computation of eigenvalues for non-zero pressure taking into account damping

To assess the degree of damping, the eigenvalues of the tire equations should be calculated
taking into account the damping forces. To do this, the user should enable accounting of the damp-

ing matrix, clear the results of the previous calculation using the button =h and perform the calcu-
lation by clicking on the button €, Figure 33.74. The second column Beta in the eigenvalue results
corresponds to the damping ratio for the corresponding frequency.

The calculation is performed approximately by reducing the matrices using the natural modes.
Note that the results of the theoretical study given in Sect. 33.2.8 Estimation of the influence of
damping proportional to the stiffness matrix on eigenvalues, when taking into account the tire
pressure, are approximate. In the absence of pressure, the theoretical results are accurate.

Results in Figure 33.75 were obtained for the same tire as in Fig. 33.69, but for zero pressure.
The value of the damping parameter in the calculations is f=0.0005s, which gives the critical fre-
quency (33.12) w* = 4000rad/s = 636.62 Hz. According to Eq. (33.13), this gives for the first
frequency 21.455Hz a theoretical damping ratio of 0.0337 or 3.37%, for a second frequency
34.1212Hz the theoretical damping ratio is 0.0536 or 5.36%. Both results practically correspond
to the calculated values in Figure 33.75.

Frequency damping ratio in Figure 33.74 is lower than in Figure 33.75 for most frequencies,
which is a consequence of the fact that the internal damping in the tire is built without taking into
account the pressure (see Eqg. (33.1)).

Thus, a theoretical analysis of the effect of damping on tire frequencies in Sect. 33.2.8
Estimation of the influence of damping proportional to the stiffness matrix on eigenvalues gives
accurate values in the absence of inflation pressure and allows the user to qualitatively and
quantitatively evaluate this influence in the presence of pressure.
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vy ft) Sort by module

1 21,455 | Number of frequencies for reduction: 300 L]
2 34,1212 No.  f(Hz2) Beta(%)/r
3 34.2922 1 21,4428  3.389

4 34.2932 2 34.0723  5.351

B 48,5269 3 34.2424  5.381

6 48.5269 4 34,2424  5.382

7 53.1348 5 43.3855  7.617

8 ‘59.1843 6 43,3865  7.617

9 66.2282 7 58.9279 9,297

10 66.2282 8 58.9281  9.297

11 68.2132 3 65.867 10.403

12 68.2132 1 e

Figure 33.75. Computation of eigenvalues for zero pressure taking into account damping

33.3.13.3. Estimation of internal damping by coefficient of restitution of bouncing
tire

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0 g e

w \J \J V WWWWMN

Figure 33.76. Vertical coordinate and velocity of wheel center for § = 0.002s

Consider a test that can be used to estimate the internal damping from experimental data. The
wheel in the initial position is raised so that the distance from the bottom surface of the tire to the
road surface is approximately 0.5 m. To do this, the h0 identifier is set to 0.5. The wheel falls from
this position under the influence of gravity and makes a series of bounces. Graphs of the vertical
coordinate of the wheel center and its velocity are plotted for different values of the damping
parameter 3, Figure 33.76,. Simulation time is 5s.

The main test results are the restitution coefficient v;,,/v; and the height ratio h;,,/h; at
bounce. Here v; is the velocity at the moment the tire touches the road, that is, the minimum neg-
ative values in plots, and h; is the maximum rise of the center of the tire above the position corre-
sponding to the tire touching the road. Theoretically, these quantities are related to each other by
the formula following from the law of conservation of energy:

hiy1/h; = (Vi+1/17i)2
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Figure 33.77. Wheel bouncing at § = 0.001s and § = 0.0005s

The values of the coefficients for three damping parameters are given in Table 33.1. During
five bounces, the recovery coefficient is almost constant, and the relationship between the coeffi-
cients almost exactly matches the theory, for example, 0.906 ~ 0.9522.

Table 33.1

B,c | v2/vy | V3/Vy | Va/V3 | Vs/Vs | V6/Vs | ho/hy | h3/hy | hy/h3 | hs/hy | he/hs
0.002 | 0.862 | 0.858 | 0.860 | 0.862 | 0.862 | 0.740 | 0.739 | 0.740 | 0.740 | 0.740
0.001 | 0.918 | 0.918 | 0.921 | 0.919 | 0.920 | 0.844 | 0.845 | 0.847 | 0.845 | 0.847
0.0005 | 0.950 | 0.954 | 0.951 | 0.952 | 0.954 | 0.904 | 0.907 | 0.907 | 0.906 | 0.907

33.3.13.4. Static tests

Object simulation inspector

Object variables XVA Information Tools FE Tires
Solver Identifiers Initial conditions

List of identifiers Identifier control

= B -'_" tiretestrig template bt
Latest identifi¢ Hub locking > Frequency computation

Whole list Mesh Inertia Locking Geome Free falling

Name Expression Value Standard tests

v0 0 Drive forward

tireload 0 Contri

Free rolling
traction_torque 0

Figure 33.78. Macro for standard tests

These tests are performed while the rotation and longitudinal motion of the tire are blocked.
To set the required values for locking identifiers, use the Standard test macro, Figure 33.78.
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33.3.13.4.1. Equilibrium at a given tire load

The test is typically used to calculate the initial coordinates at equilibrium for a tire on the road
at a given load. Before performing the test, the user should

e Set identifier values using the standard macro (Figure 33.78) and set the specify the
desired load by the tireload identifier (N);

e check that all identifier controls are disabled,;
e set zero values for the coefficient of static and sliding friction (the step can be skipped);
e if necessary, set zero values for all coordinates.

____________________________________________________________________________________________

.........................................................................................

'
—t

Figure 33.79. Drop of kinetic energy

Writing coordinates to the initial conditions file in pause mode

Start the simulation process. When the tire reaches a position close to the equilibrium one
(Figure 33.79), save the calculated coordinate values to a file (Figure 33.80) with a name reflecting
the state of the current model, for example, Equilibrium3kN50x11.xv - here it is clear from the file
name that the tire mesh is 50 to 11 FE, and the load is 3 kN. It is important to remember that
when the mesh is changed, the initial condition files become incompatible and cannot be read.

Continue | Save |v Interrupt
- To file !
| To file (v=0) |

As initials

As initials (v=0)

Figure 33.80. Writing coordinates to the initial conditions file in pause mode
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33.3.13.4.2. Dependence of tire deflection on load

WMHcnekTop mogennpoeanna obuekTta
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WHTErpaTop MaeHTHbMKaTOPEI

CrMcoK MAEHTUdMKATOpoE  YMPEENEHHE WAEHTHUDMIKE 1 | *

=8|+ @
MaeHTHbKUKETOD KOMMEHTEDMIA
{[+] tireload Step

[Jwo
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Oyt

] alpha
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[ angle_y

[] traction_torque

£ >

WHTerpupoBaH1e Cooblweqne BriTI

Figure 33.81. Identifier control for tire load

WHenekTop Mogenvpoeadng oGbexTa
HaqansHeie yonosms Mepementble obbexKTa
KVA MHopMaLwa
WHCTpYMEHTEI YApyrasa WwWiHa
WHTerpaTop MaeHTudmkaTopE!
CnncoK MAEHTHPMKATOPOE | Yrpasnerme naeHTdmez 4 |
= A Jf |tiretestrig template - |
MocneaHuid daiin napameTpos: last.par
List of identifiers  1dentifier control Beck crncok Mesh Inertia Locking
Geometry Material Shifts S func
= A % tiretestrig template v
""" Wma BripakeHe 3HaYEHWE K
Latest identifier file: last.par
Whole list Mesh Inertia Locking
Geometry Material Shifts S func
Name Expression Value C
tstart 0
sstart 100 < >
tfinish 1
sfinish 10 WHTEerpupoBaHue CoobueHue BrlATI

Figure 33.82. Load control parameters for equilibrium calculations at minimum load (left) and
for test execution (right)

A standard test to evaluate the static deflection of a tire as a function of load and compare the
computer model with the results of static bench tests.

Before running the test, the user should load the Deflection vs load configuration and make
the necessary modifications related to the parameters of the tire under the test, or perform prelim-
inary test preparation, which consists of the following steps.

1) configure identifiers using the Standard tests macro (Figure 33.78);
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2) enable the tireload identifier control, which use the step_function variable (Figure 33.81
left, Sect. 33.3.1.6 List of variables);

3) bring the tire into equilibrium at minimum load by performing simulation with values of
the step function parameters similar to those shown in Figure 33.82 left; in the example in
the figure, the force decreases from 100N to 10N; The parameters of the step function are
described in Sect. 33.3.1.6 List of variables;

4) set the step function parameters for running the test (Figure 33.81 right); the load in the
example in the figure increases from the minimum value for which equilibrium is calcu-
lated to the maximum.

5) set zero values for the coefficient of static and sliding friction (optional operation);

6) generate variables corresponding to tire deflection and load.

Run simulation. An example of simulation result is shown in Figure 33.83.

) s e e B

Tire deflection, mm

1000 2000 3000 4000 5000
Load, N

Figure 33.83. Tire static deflection vs. load
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33.3.13.4.3. Static tests for evaluation tire stiffness for lateral, longitudinal wheel

shifts and rotation about vertical axis

Object simulation inspector

Object variables XVA
Information Tools FE Tires
Solver Identifiers Initial conditions

List of identifiers [dentifier control

=-8 + @
Identifier
(] tireload Step

Comment

|_J angle_y
|_| traction_torgue

Integration Message Close

Object simulation inspector

Object variables XVA
Information Tools FE Tires
Solver Identifiers Initial conditions

{ List of identifiers | [dentifier control

— E * tiretestrig template -
Latest identifier file: last.par
Whole list Mesh Inertia Locking
Geometry Material Shifts S func
MName Expression Value
tstart 0
sstart 0
tfinish 1
sfinish 0.01
Integration Message Close

Figure 33.84. Identifier controls for shifts and rotation

Standard tests for assessing the static coefficients of lateral, longitudinal and angular stiffness
of a tire and comparing the computer model with the results of bench tests.

Before performing the tests, the user should load one of the configurations Longitudinal shift,
Lateral shift, Static rotation Z and make the necessary modifications related to the characteristics
of the tire under test, or perform a preliminary test preparation, consisting of the following steps:

1) specify identifiers using the Standard tests macro (Figure 33.78);

2) set the desired value to the load identifier for which the test is performed using the tireload

identifier, the value is set in N);

3) enable identifier management x_t, y_t, Alpha - depending on the type of test (Figure 33.84
left); assign values for the parameters of the step functions (Figure 33.84 right); shifts are
specified in meters, so the value of sfinish should be on the order of 0.01, the angle is
specified in degrees, so the value should be on the order of 0.5;

4) read or calculate the initial coordinates corresponding to the given load; it is recommended
to set zero friction when compute the equilibrium position for the giver load;

5) set non-zero values for the coefficient of static and sliding friction (mandatory operation);

6) create a graphical window in which to place the variables corresponding to the desired shift
(rotation) and force (moment) from the list Standard variables and accept the displace-

ment as an abscissa.

If a full configuration is loaded then step 4 is usually required.
Start the simulation process. An example of the result is shown in Figure 33.85.
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Figure 33.85. Longitudinal force vs. shift

Figure 33.86. Estimation of the maximal moment when turning around the vertical axis

The test with rotation about the vertical axis can also be used to evaluate the maximum turning
torque and the angle at which sliding begins. To do this, set a short rotation time and increase the
rotation angle, for example, tfinish = 0.5 s, sfinish = 10°, Figure 33.86. In this figure, the maximum
torque of about 85Nm is achieved at approximately 5.5°.
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33.3.13.4.4. Evaluation of the parameters of a modified tire model with a reduced
sidewall

e S T e e

Tire deflection, mm
-

i L i i
0 1000 2000 3000 4000 5000
Load, N

Figure 33.87. Comparison of tire deflection versus load for the full model (solid line) and the
model with a reduced side parts (marker)

The tire model with a reduced side part has increased rigidity in tests of the dependence of
deflection on load at rated and increased loads, Sect. 33.2.7 Reduced tire models. Figure 33.87
presents the corresponding test for the Dunlop 195/70 R15 tire. At a load of 2.5 kN, close to the
nominal one, the deflection of the reduced model is approximately 5% less than that of the full
model, and at a higher load of 5 kN the difference is more than 10%.

Dp S —— b s —_—

Tire deflection, mm

i i i i i
0 1000 2000 3000 4000 5000
Load, N

Figure 33.88. Comparison of tire deflection versus load for the full model (solid line) and the
modified model with reduced side parts (marker)
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To improve the model, UM implements a modification of the model with reduced side parts,
Figure 33.88. The stiffness matrix of the reduced part in the modified model is multiplied by a
reduction factor, which depends on the current and nominal load values, as well as on the stiffness
reduction factor, which should be calculated for each tire model. The parameters of the modified
model are set on the Tire | Parameters | General tab, Figure 33.89.

Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FETires
@ Use threads Number of threads (<=20) |6 E

(] Tire test rig mode

Tire

= B
FE options Tire Test rig
Parameters Models Reduction

Geometry/Materials  General  Tirefroad contact

Name Identifier Value
Pressure (MPa) 0.22
Nominal load (k) 3

Sidewall stiffness reduction factor 0.15

Figure 33.89. Parameters of the modified FE tire model with reduced side parts

Download the full configuration RS stiffness reduction. The parameters correspond to the test
for calculating the dependence of tire deflection on load, that is, only the vertical motion of the tire
is unlocked. Load the desired tire model on the Tire | Models tab, Figure 33.90. Set the nominal
tire load and identifier sr_reduction parameterizing the stiffness reduction factor, Figure 33.91.
The identifier control for the factor must be activated.

Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FE Tires
8 Use threads Number of threads (<=20) |g| E

(] Tire test rig mode

Tire

= A
FE options Tire Test rig

Parameters Models Reduction

Tire models TRD_2,2_50_13
Model type
OFul (O Upper reduction () sidewall reduction

Figure 33.90. Loading tire model



Universal Mechanism 10 33-69 Chapter 33. UM FETire
Solver Identifiers Initial conditions
List of identifiers Identifier control
=8|+ & @
Identifier Comment
() tireload Step
Jvo
O x_t
Oyt
() Alpha
O sx
[(] angle_y
[*] traction_torque
B sr_reduction Step
Identifiers Initial conditions Object variables
List of identifiers 1dentifier control
= A ‘ -g' tiretestrig template v
FE options Tire Test rig Latest identifier file: Iast.par
Parameters Models Reduction Whole list Mesh Inertia Locking
Geometry Material Shifts S func
Geometry/Materials General Tirefroad contact
Name Expression Value G
Name Identifier Value tstart 0
Pressure (MPa) 0.22 astart 0
Nominal load (kN) .- 3 thinish B
Sidewall stiffness reduction factor H sfinish 0.3

Figure 33.91. Identifier control for evaluation of sidewall stiffness reduction factor

The test consists of two steps: calculating the static deflection under maximal tire load and
determining the value of the stiffness reduction factor:

1) set the model type: full;

2) set the tire load close to the maximum (approximately double the nominal) using the

tireload identifier;

3) enable the identifier control (Figure 33.91) and run the simulation the main result of
which is the dependence of tire deflection on time, Figure 33.92; the identifier sr_re-
duction is set as X-value in this window;

Variables
-] .dzure - Tire deflection, mm

a . sr_reduction

Figure 33.92. Tire deflection versus reduction factor for full model
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4) copy the plot as static variable in the pause mode; please note that the reduction factor
value is ignored in the full tire model, it affects the behavior of the tire model with
reduced sidewalls only;

FE options Tire Test rig

Parameters Models Reduction

Tire models TRD_2,2_50_13
Model type
OFul (O Upper reduction @ Sidewall reduction

Figure 33.93. Activation of tire model with reduced sidewall

004 0.08 0.12 0.16 02 0.24

Figure 33.94. Comparison of deflection for full and reduced tire models

5) interrupt the simulation;

6) set the tire model with reduced sidewall, Figure 33.93,;

7) run simulation and stop it when the deflection curves intersect, Figure 33.94.

8) the X value corresponding to intersection of graphs is the value of the reduction factor
we need; it is about 0.15 in Figure 33.94.

9) set the calculated factor value to 0.15 in the parameters tab in Figure 33.91;

10) use the button B to renew the file *tire in the directory containing the reduced tire
model; in our case the directory is TRD_ 2,2 50 13 andthe fileis TRD 2,2 50 13.tire,
Figure 33.95.

Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FETires
Use threads Number of threads (<=20) |6 E]

() Tire test rig mode

Tire
=
FE options Tire Test rig

Parameters Models Reduction

Tire models TRD_2,2_50_13

Figure 33.95. Saving tire parameters to file
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33.3.13.5. Wheel rolling forward under constant torque

The wheel in this test rolls forward under the influence of a constant torque applied to the hub.
The torque is specified by the traction_torque identifier. To limit the speed, linear longitudinal
damping is used, specified by the identifier d_x. The velocity identifier of the Ground body is
zero v0=0.

Load the full Drive forward configuration before performing the test and make the necessary
modifications related to the parameters of the tire under test or perform preliminary test preparation
consisting of the following steps:

1) disable all identifier controls, Figure 33.65;

2) configure identifiers using the Drive forward macro;

3) set the desired value for the load identifiers tireload and torque_torque;

4) create variables: angular speed of rotation of the hub relative to the lateral axis and velocity

of longitudinal movement of the hub; place the variables in the graphics window;

5) read or calculate the initial coordinates corresponding to the given load.

When the simulation starts, the wheel begins to roll, the speeds tend to the maximum val-
ues, Figure 33.96.

Variables
.om:v[hub... | omy(hub), vxthub
u.\f:x(hub)

Figure 33.96. Longitudinal and angular velocity versus time

33.3.13.6. Evaluation of effective tire radius for freely rolling wheel

Consider an expression for the longitudinal tire slip [6]:
v
5, = (1 - ) x 100%.
TeoW

Here v, w is the longitudinal and angular velocities of the wheel, r,, is the effective radius of free
rolling of the wheel. The radius is determined by the value of the angular velocity w, in the absence

of resistance to movement, while longitudinal slip is equal to zero (s, = 0). Thus,

v
Teg = —.
el w,
This test is used to determine the effective radius of freely rolling wheel.
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Load the full Free rolling configuration before performing the test and make the necessary
adjustments related to the characteristics of the tire being tested, or perform preliminary test prep-
aration consisting of the following steps:

1) disable all identifier controls, Figure 33.65;

2) configure identifiers using the Free rolling macro, Figure 33.62;

3) set the desired value for the load identifiers tireload velocity vO; vO sets the velocity of
longitudinal motion of the Ground body, which is “pulled” under the wheel and simulates
the roller of the test rig, Sect. 33.3.1.2.2 Auxiliary body Ground;

4) create variables: angular velocity of rotation of the hub relative to the lateral axis; place the
variables in the graphics window;

5) read or calculate the initial coordinates corresponding to the given load.

- O X

Variables

.om:y(hub) -

0.9487999999995939  14.23

Figure 33.97. Angular velocity of hub vs time

Run the simulation. After some time, the angular velocity of the wheel becomes almost con-
stant, Figure 33.97. To estimate the value of the effective radius, pick up the steady-state value of
the angular velocity and divide the longitudinal velocity vO by this value. In the example in Fig-
ure 33.97 we have

Teo = m = 0.312m.

According to the general theory of wheel rolling, this radius is slightly larger than the distance
from the wheel center to the road under a given load of 3 kN, which is 0.310m in our example.
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Coordinates  Constraints on initial conditions
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Figure 33.98. Setting the initial angular velocity of the hub and wheel

Mpadnku — ] X

MepeMeHHble 16

.om:y(hub) —n I omyih

Bpewr, cex

0.729999999999993  9.02

Figure 33.99. Dependence of the angular velocity of the hub on time at a non-zero initial angular
velocity

Note that the transient process in Figure 33.97 can be significantly reduced if the hub and wheel
are given an initial angular velocity close to the steady state. For example, the angular velocity ,
with an initial velocity of 13 rad/s (Figure 33.98) is shown in Figure 33.99.

33.3.13.7. Dependence of longitudinal force on slippage

The test determines the dependence of the longitudinal force E, on the longitudinal slip s,.
Before performing the test, the user should load the full Fx vs Sx configuration and make the
necessary adjustments related to the parameters of the tire being tested, or perform preliminary
test preparation, which consists of the following steps.

1) Enable the identifier control for sx, angle_y, Figure 33.100, left; the first of them corre-
sponds to the longitudinal slip, and the second to the hub rotation angle. The identifier sx
is included in the expression for the dependence of the angular velocity on the longitudinal
velocity, Figure 33.100, right. The variable angle_y t is assigned to the identifier angle_y;
the variable angle_y tis equal to the integral of the angular velocity om_y, Sect. 33.3.1.6
List of variables.
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Solver Identifiers Initial conditions

List of identifiers Identifier control
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Identifier Comment
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Figure 33.100. Options for test ‘Fx vs Sx’

2) Set up identifiers using a macro Standard tests.

Identifiers Initial conditions Object variables

List of identifiers | [dentifier contral

= A Jf . |tiretestrig template -
Latest identifier file: last.par
Whaole list Mesh Inertia Locking
Geometry Material Shifts S func
Expression Value
i 0.2
a
5
sfinish 15

Figure 33.101. Example of setting parameters for controlling the slip identifier sx

3) The step_function is used for control the identifier sx. The user must specify identifiers
corresponding to arguments of this function, Figure 33.101.

4) Set the required value for the identifiers of load tireload, speed vO and the identifier of the
effective radius of the free rolling wheel r_rolling0, Sect. 33.3.13.6 Evaluation of effective
tire radius for freely rolling wheel.

5) Open a new graphic window and copy into it the variables corresponding to the longitudi-
nal force and slippage from the list of variables (Sect. 33.3.13.1.2 List of variables for
tests). Plot the sx variable along the abscissa using the pop-up context menu.

6) Read or calculate the initial coordinates corresponding to the given load.
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Figure 33.102. Example of dependence of longitudinal force on slippage

Run the simulation. A typical calculated dependence of the longitudinal force on slip is shown
in Figure 33.102. The oscillations at big values of sx correspond to the classical self-excited oscil-
lations in the presence of a decreasing friction characteristic, Sect. 33.2.5 Contact interaction of
tire with road.

33.3.13.8. Dependence of lateral force and aligning moment on lateral slip

The test determines the dependence of the lateral force F, and the aligning moment M, on the
lateral slip angle s,, = a measured in degrees. Before performing the test, the user should load the

full configuration Fy, Mz vs Sx and make the necessary adjustments related to the parameters of
the tire being tested, or perform preliminary test preparation consisting of the following steps.

1)

2)
3)

4)

5)

6)

Enable control of the Alpha, angle_y identifiers; the first of them corresponds to the lateral
slip angle, which equals in our case to the rotation of the wheel plane around the vertical
axis; the second identifier is equal to the rotation angle of the hub.

Set up identifiers using a macro Standard tests.

To control the lateral slip identifier Alpha, the step_function variable is used. The user
should specify the identifiers corresponding to the arguments of this function, Fig-
ure 33.101.

Set the required value to the load identifiers tireload, speed vO and the identifier of the
effective radius of the free rolling wheel r_rolling0, Sect. 33.3.13.6 Evaluation of effective
tire radius for freely rolling wheel.

Open two graphic windows and copy the variable Fy (the lateral force acting on the tire)
and the angle Alpha from the list of variables to the first window, as well as the aligning
moment Mz and the angle Alpha to the second window. Plot the variable Alpha along the
abscissa in both windows using the pop-up context menu.

Read or calculate the initial coordinates corresponding to the given load.

Run the simulation. Typical calculated dependences of the lateral force and the aligning mo-
ment on the angle are shown in Figure 33.103, Figure 33.104. Oscillations at big values of Alpha
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correspond to the development of self-excited oscillations in the presence of a falling friction char-
acteristic.
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Figure 33.103. Example of dependence of transverse force on lateral slip angle
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Figure 33.104. Example of dependence of aligning moment on lateral slip angle
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33.3.14. Test rig mode: automatic study of tire properties

Object simulation inspector

Salver Identifiers Initial conditions
Object variables KA Information Tools FE Tires
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Tire test rig mode
= A
FE options ~ Tire Testrig
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Figure 33.105. Tire test rig mode
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Figure 33.106. List of tire loads

The virtual test rig mode is the main tool for investigating the properties of a tire, Fig-
ure 33.105. This mode automatically performs a series of static and dynamic tests described above
to obtain dependencies of the steady-state values of various tire performances depending on the
load, Figure 33.106. The parameters and results of the test execution are displayed in the Test rig
tab of the object simulation inspector. The test rig mode is available provided that a single tire
template is used, 33.3.1 Tire template in UM Input program.

33.3.14.1. List of tests

Minimum Load Equilibrium Calculation

This is the first test performed at the beginning of the process to evaluate the tire's unloaded
radius. The tire is balanced with a load equal to the tire's weight, see Sect. 33.3.13.4.1 Equilibrium
at a given tire load.

Next, a series of tests is performed for each load from the list specified by the user, Fig-
ure 33.106. The series consists of five static and three dynamic tests.

1) Calculation of equilibrium under a given load

The tire is brought into equilibrium by a given load, see Sect. 33.3.13.4.1 Equilibrium at a
given tire load. The test results include the tire's static deflection and the coordinate values at the
equilibrium position. The coordinates are used as initial conditions for the remaining tests in the
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series. The next four tests are performed to evaluate the static stiffnesses of the tire, see Sect.
33.3.13.4.3 Static tests for evaluation tire stiffness for lateral, longitudinal wheel shifts and rota-
tion about vertical axis .

2) Calculation of longitudinal static stiffness of the tire

3) Calculation of lateral static stiffness of the tire

4) Calculation of vertical static stiffness of the tire

5) Calculation of static stiffness of the tire when turning around the vertical axis

Now let's look at the dynamic tests of the series.

6) Freely rolling tire

The test is used to calculate the effective radius of the tire when free rolling, Sect. 33.3.13.6
Evaluation of effective tire radius for freely rolling wheel.

7) Calculation of the dependence of the lateral force and aligning moment on the
lateral slip angle

See Sect. 33.3.13.8 Dependence of lateral force and aligning moment on lateral slip.

8) Calculation of the dependence of longitudinal force on longitudinal slippage

See. Sect. 33.3.13.7 Dependence of longitudinal force on slippage.

During the last two tests, steady-state values of forces and torque are determined with a step-
wise increase in the lateral slip angle a and longitudinal slip s,.. Each step has two stages: first, the
value of a or s, is brought to the desired value using the s-function; the execution time of this stage
is called the Transition time. In the second stage, transient processes are calmed down, and at the
end of the stage the average steady-state value of the variables is calculated, the averaging time
TWindow = 0.1s. Averaging is necessary due to possible self-excited oscillations, Figure 33.102,
Figure 33.103.

Note. It is recommended to disable the gravity force when performing tests in which a
non-zero load on the wheel is specified. To disable it, set the zero value to the
identifier eg=0. In this case, the steady-state value of the total normal force of in-
teraction of the tire with the road is exactly equal to the specified load. The ena-
bled gravity force corresponds to eg=-1.
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Parameters

Control identifiers Mumeric parameters

Chapter 33

. UM FETire

Name Tdentifier Loads (kM) 2,3,4,5

Speed (m/s) oo MName Value
Tire load (M) tireload W (m/s) 4
Effective radius of free rolling (m) r_rolling0 Max sx (%) 12
Lonaitudinal slip sx (%) sX Step sx (%) 1
Slip angle sy (deg) Alpha Max sy (deg) 12
Camber angle (deq) gamma Max gamma (deg) 0
Shift X (m) x_t Step sy (deg) 1
Shift ¥ (m) vt Transition time (s) 0.1
Rotational constraining stiffness a¥ (N-m) k_ay Stiffness section computation time (s) 0.2
Rotational constraining damping a¥ (M m-s) d_ay slip X computation time (s) 0.3
Translational constraining stiffness Z (M/m) k_z Slip ¥ computation time {s) 0.3
Translational constraining damping Z (M-s/m) d_z Averaging interval (s) 0.1
Translational constraining stiffness X (M/m) k_x

Translational constraining damping X (Ms/m) d_x

Figure 33.107. Tabs with test rig parameters

Parameters of the virtual test rig are located on two tabs, Figure 33.107.

Control Identifiers

The tab contains model identifiers that are used by the program to automatically manage the
test series, Figure 33.107 left. If the user uses a tire template, the identifiers are already assigned.

Numeric parameters

The tab (Figure 33.107, right) contains the numerical values of the test setup parameters spec-
ified by the user.

List of loads: loads in kN for which calculations are made; the loads are specified in
V (m/s): speed value when performing tests with a rotating tire, i.e. tests 6)-8) in Sect.
Step sx (%0): step with which the results of dependence on longitudinal slip are calcu-
lated. For example, with a step value of 1%, the longitudinal force Fx will be calculated
Max sy (deg): maximum value of the lateral slip angle otmax = Sy,max.

Step sy (deg): step with which the results of the lateral slip dependence are calculated.
For example, with a step value of 1°, the lateral slip resistance force (lateral force) Fy

Transition time (s): time interval 7%, during which the slip value sy or sy increases by

[ ]
ascending order separated by commas.
[ ]
33.3.14.1 List of tests.
e Max sx (%): maximum value of longitudinal slip sxmax.
[ ]
for values sx= 1%, 2%, 3% ... Sxmax.
[ ]
[ ]
will be calculated for values sy = 1°, 2°, 3° ... Symax.
[ ]
the step value, Figure 33.108.
[ ]

Stiffness section computation time (c¢): the time interval during which the calculation
of the static stiffness of the tire in one of the directions is performed, i.e. each of tests
2)-5) in Sect. 33.3.14.1 List of tests.
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e Slip X computation time (s): time interval Tcx during which the value of slip sy is kept
constant in test 7), Sect. 33.3.14.1 List of tests, Figure 33.108.

e Slip Y computation time (s): time interval 7¢, during which the value of slip sy is kept
constant in test 8), Sect. 33.3.14.1 List of tests, Figure 33.108.

e Averaging interval (s): time interval Ta during which the average values of the varia-
bles are calculated, Figure 33.108.

R ,— e

0 5 6 7 8 9

Figure 33.109. An example of controlled change in the dependence of the lateral slip angle s, on
time

Figure 33.109 shows an example of changing the lateral slip angle when performing test 8).
The maximum value of the angle is 12°, the step is 1°. Time constants: Ti=0.1s, T¢,=0.3s, the time
interval over which the calculated values are averaged is Ta =0.1s.
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33.3.14.3. Performing a series of tests

Chapter 33. UM FETire

Object simulation inspector

Tire test rig mode
= A

FE options  Tire Test rig

Solver Identifiers Initial conditions
Object variables VA Information Tools
Use threads Mumber of threads (<=20) (4 E]

Discretization of FE image EE}
Parameters
Name Identifier Value
Damping factor B (s) 0.0005
Damping ratio (%) 0
Error tolerance 1E-6
Drilling DOF fictitious frequency (Hz) 2500
Driling DOF stiffness factor 0.1
Accuracy weight for rotational DOFs 0.1

I Integration I Message

Figure 33.110. Starting the test rig mode

Test start

Close

e Set sufficient simulation time in the Solver tab, for example 30s.

e Set test parameters, Sect. 33.3.14.2 Test rig parameters.

e Enable the test rig mode, Figure 33.110.

e Run the simulation be the Integration button.
When starting the simulation, the program automatically performs some necessary actions:

e disables all identifier controls;
e sets zero values for velocities.

Tire load 2.000 kN
Lateral slip, sy=2.00

Figure 33.111. Process window

The process of performing a series of tests

During the simulation, the program automatically performs a series of tests described in Sect.
33.3.14.1 List of tests. The process is displayed in a special window indicating the current wheel
load and a comment on the current test, Figure 33.111. It is recommended to use graphic windows
displaying the calculated values during the test. For example, Figure 33.112 shows an example of
plotting a lateral force graph during the execution of the corresponding test; the graph corresponds

to the change in lateral slip in accordance with Figure 33.109.
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1200

800

400

Alpha, degrqies
4 ] & 7 8 8 10

Figure 33.112. Lateral force versus the lateral slip angle

Completion of the test

The calculation can be interrupted by the user at any time with a transition to the pause mode.
After that the user can either continue the calculation or interrupt it with the loss of uncalculated
data. The calculation is completed automatically after the entire series of tests. If too small simu-
lation time is set, the program goes into the pause mode, the time can be increased and the process
can be continued.

After completing the calculation, the results should be saved to a file *.trr (test rig results)
Figure 33.113.

Object simulation inspector

Solver Identifiers Initial conditions
Object variables VA Information Tools FE Tires
Use threads Mumber of threads (<=20) |& E
Tire test rig mode
= H

FE options ~ Tire Testrig

=[E]
Parameters Results Model generator

Control identifiers  Numeric parameters

Mame

Speed (m/s)

Figure 33.113. Saving test results to a file *.trr
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33.3.14.4. Test rig simulation results

Object simulation inspector

Solver Identifiers Initial conditions
Object variables XVA Information Tools FE Tires
Use threads Mumber of threads (<=20) |6 E]
Tire test rig mode
= A

FE options  Tire Testrig

Parameters Model generator

Fi, kN Fy, kN Mz, Nm Wearindex X Wear index Y

Tire load () 2,000 3.000 4,000 5.000

RO (Mo load, m) 0.3215
Deflection {mm) 3.9 13.1 17.2 21.0

Figure 33.114. The button for reading result files *.trr and the tab containing the results

The results of the virtual test rig simulation are available in two cases: either immediately after
the calculation is completed, or after reading the results file using the button @, Figure 33.114.
The Results tab appears, which contains tables of the numerical values of the calculated variables.

Along with the tables, the results can be obtained in graphical windows via the pop-up menu
using the right mouse button, Figure 33.115.

Parameters Results  Model generator

Staic  Fx, kM Fy, kN Mz, Nm Wearindex ¥ Wear index ¥

Tire load (M) 2.000 3.000 4.000 5.000

RO (Mo load, m) 0 Draw plots > Static...

Deflection (mm) 3.9 13.1 17.2 Longitudinal force...

Lateral f
Contactpatch length (mm) 109,32 1242 155.3 ateraltoree

Aligning moment...

Eff. radius 0 {m) 0.3105 0.3093 0.3083 .

Wear index X...
Rot. Z sticking facto 0.033 0.040 0.047 .
ot & showng factar Wear index Y...

Ka¢ (M) 115020 135332 138966 TH2895 | |

Figure 33.115. Pop-up menu for plotting results

Static results

The table contains mainly the results of static tests, Figure 33.116.

RO (No load, m) — radius of the wheel without load, result of the initial test of the wheel
balance under light load, see Sect. 33.3.14.1 List of tests.

Deflection (mm) — static deflection of a tire under a given load, Figure 33.117.

Contact patch length (mm) — the size of the tire contact patch in the longitudinal direction.

Eff. radius 0 (m) — effective radius of the tire when free rolling, Sect. 33.3.13.6 Evaluation of
effective tire radius for freely rolling wheel.
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Static P, kN Fy, kM Mz, Nm Wearindex ¥ Wear index ¥

Tire load () 2,000 3.000 4.000 5.000

RO (Mo load, m)

Deflection {mm) 17.2 21.0

Contact patch length (mm}) 109.3 124.2 155.3 170.5

EFF. radius 0 {m) 03105 03083  0.3087  0.3084
Rot, Z sticking factor 0,033 0.040 0.047 0,054
Kx (4/m) 115020 135832 139966 142895
Ky (M/m) 124643 133441 139610 142197
Kz (Mjm) 233606 242935 259951 285155
Kaz (M*m) 1189 2133 3121 3937

Figure 33.116. Example of table with static results

3 4 g &

Figure 33.117. An example of the dependence on the load of the contact patch length (upper graph)
and the static deflection of the tire

Rotation Z sticking factor — variable k,,, with the dimension of length, which is used to
estimate from above the maximum value of the moment Mz max Of resistance to rotation of a stand-
ing wheel around the vertical axis. An approximation of the moment is calculated using the for-
mula

Mz,max ~ kmszNi

where f, is the coefficient of static friction, N is the wheel load. In the example in Figure 33.116
we have k,,, = 0.041m for the load N=3000N. For f, = 0.8 we obtain M, ., = 98Nm. Fig-
ure 33.118 shows an example of a graph of the dependence of the moment M, on time when sim-
ulating the rotation of a standing wheel about the vertical axis, see Sect. 33.3.13.4.3 Static tests for
evaluation tire stiffness for lateral, longitudinal wheel shifts and rotation about vertical axis . In
the graph, the maximum value of the moment M, .., & 96Hm, which agrees well with the obtained
estimate.



Universal Mechanism 10 33-85 Chapter 33. UM FETire

Figure 33.118. Example of the time dependence of the moment of resistance to rotation

Fx, kN — O ®

Variables

A1l Load 2.000 ki
1l oad 3.000 ki
1 load 4.000 kni
(1 Il Load 5.000 ki

Figure 33.119. Example: longitudinal force vs. slip

Longitudinal force, kN — dependence of the longitudinal force F, (kN) on slip s, (%), Fig-
ure 33.1109.

Fy, kN - o x
Variables . . T _‘_ — : =
.Load 2,000 kN Fy. kN : : . : :

] [l Lod 3.000 ki - ' ' ' '

Bl c=d 4000k
Wioad s.000 kn

¥
R U P oot AR S S
.: i ke L
i }
: S0
:
4 [ []

Figure 33.120. Example: lateral force vs. slip

Lateral force, kN — dependence of the tire-road interaction force F, (kN) on the lateral slip
angle Figure 33.120.
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[~ Mz, Nm - O x

Variables
o= 2.000 kn S : +
1 Load 3.000 k : ; ;
Bl Load 4.000 ki
[ o= s.000 kn

Figure 33.121. Example: aligning moment vs. lateral slip

Aligning moment, Nm — dependence of aligning moment M, on lateral slip s, (°), Fig-
ure 33.121.

Wear index X - O X
Variables - - v T T S
A llLoad 2.000 kN e : ¥ d i ks b
1 lLoad 3.000kn i ;

1 llLoad 4.000 kn '

MMoadsoook |1 NN N .

.........................................................

Figure 33.122. Wear index w, vs. slip s,

Wear index X — dependence of wear index w, on longitudinal slip s,., Figure 33.120.

The unitless wear index is computes according to the formula
Nfr

~ Nv(s,/100)’
where Ny, is the power of friction forces in contact between the tire and the road (i.e. only sliding
friction forces are taken into account, the adhesion friction forces do not perform work), N is the
load on the wheel, v is the longitudinal speed.

Wear index Y — dependence of wear index w,, on longitudinal slip s,,, Figure 33.123.

The unitless wear index is computes according to the formula
Nfr

" 7 No(s,2n/180)

Wy
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Wear index Y

Variables

1 llLoad 2.000 kn
1 lLoad 3.000 kN
(] [l Load 4.000 ki
(1 [l Load 5.000 ki

Figure 33.123. Wear index w,, vs. slip s,,
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33.3.15. Creation of simplified massless tire models based on test re-
sults

33.3.15.1. General information

"B, Wizard of tyre model parameters - O x
Variables - T = E | ﬁi
.Fx {N); [Fz... E 4 : Tyre model
.Fy {M); [Fz... E E (O Pacejka MF (® TMEasy
&1 Mz Gim; .. ; ; OFiala O Table
. . [ Linear z force
"""""""""""" Rt s S General Fz_norm  2%Fz_norm
E Value
: R (m) 0.3
5 Kz(um) 125000
Ao 20 E) A || Ko (myfm) 100000
: : Ky (N/jm) 100000
BetaZ 0.75
Lx (m) 0.2
__________________________________ T
Ly (m) 0.2
Fz_norm (M) 3000
______________________ S
Draw Variable parameters Linear coefficents
[P« Fz (ki) B5_ # Oc-oosos
Fy Cy=54772
Mz Camber (degrees) 0.0 "_A] Caz=0

Figure 33.124. Tool for setting parameters of massless tire models

The creation of simplified tire models is one of the important results of performing the series
of tests described in Sect. 33.3.14. Test rig mode: automatic study of tire properties. Several mod-
els of this type are implemented in UM: Pacejka MF, FIALA, TMEasy, Tabular, Figure 33.124,
Chapter 12. The simplified tire model is very fast, so it is almost always used in the analysis of
vehicle dynamics, which requires performing a large number of computer experiments. The dis-
advantage of the simplified model is the difficulty of obtaining their parameters, for which test
rigs are mainly used. In practice, for example, it is often impossible to quickly obtain such param-
eters when changing the tire pressure.

The simplified model constructed in accordance with the test results is consistent with the
corresponding FE tire and it is recommended for use in coupling with the finite element model
when studying the dynamics of a wheeled vehicle, Sect. 33.4.4.5 Consistent models of massless
and FE tires.

The tool considered here allows one to calculate the parameters of simplified models of two
types: tabular and TMEasy, Figure 33.125. The basis is the tabular model, and the TMEasy model
[7] is of an auxiliary nature and allows, in particular, to use the developed model in other programs
for modeling vehicle dynamics, such as Simpack.
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33.3.15.2. Process of massless tire model development

Chapter 33. UM FETire

Ohbject simulation inspector

Solver

Object variables
Use threads
[ Tire test rig mode

= B8

FE options  Tire

Test rig

Model types for generation
Table
TMEasy

TMEasy model parameters

Identifiers
XVA Information Tools

Mumber of threads (<=20) |6 E]

Parameters Results Model generator

Initial conditions

FE Tires

Mame

Mominal load (kM)

Mz power factor (1 or 2)
sGx (3%)

sGy (deg)

Value
2,500
2
30,00
40,00

Generate

Figure 33.125. Tab of the generator of the massless model of tire. The button for reading the results

of tests

The tire model generator in Figure 33.125 is available after completing the calculations in the
test rig mode or after reading the results of such a calculation using the button @, Sect. 33.3.14
Test rig mode: automatic study of tire properties.

To create a model the user should

e specify the type of models to be generated;

e set parameters of TMEasy model generation:
- rated load, which is also used when generating the tire tabular model;
- the power factor nMz in the model of the aligning moment Mz (1 or 2); the original
formulation of the model corresponds to nMz=1, and the modification nMz=2;
- parameters sGx, sGy: slip values at which the longitudinal and lateral force models

correspond to pure slip;

e click the Generate button, select or specify the model file name for *.tr files; for a
tabular model, a ‘[Name].tr’ file will be created, and for a TMEasy model, a ‘TMeasy
[Name].tr’ file will be created, where [Name] is the user-specified name; for example,
specifying the name Test will create the files Test.tr and TMEasy Test.tr.

33.3.15.3. Example of tabular model

Let us consider a tabular model created on the basis of test results presented in section 33.3.14.4
Test rig simulation results. The tabular model uses interpolation polynomials constructed on the
basis of pointwise assignment of curves, so a good agreement between the test results and the
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tabular model should be expected, Figure 33.126. The smooth curves in the figure were con-
structed according to the tabular model using the tool presented in Figure 33.124. The markers
correspond to the test results with the tire, Sect. 33.3.14.4.

%

Figure 33.126. Example of comparison of the tabular model with test results

33.3.15.4. Example of TMEasy model

To construct the TMEasy model from the test results, the least squares method is used to de-
termine the model parameters. Since the TMEasy model is very simple and depends on a small
number of parameters, the discrepancy with the test results is much greater than in Figure 33.126.
Particularly significant discrepancies are observed in the aligning moment, so we propose a simple
modification of TMEasy, which we describe below.
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Figure 33.128. Comparison TMEasy with test results for nMz=2

Comparison of the unmodified TMEasy model (nMz=1) with the test results is shown in Fig-
ure 33.127. The best approximation is the lateral force model, which is the most important in mod-
eling the vehicle dynamics. The longitudinal force can also be used, although it has less accuracy.
When using the modified model, the results for the moment are much better, Figure 33.128.

As a modification, we introduce a change in the parameter n /L [7]. When nMz=2, it is calcu-
lated as follows:

n_j(n/L)(1- sy/sg)z,sy < 59,
L 0,y > s9.
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33.3.16. Verification of FE tire model

Data published by other authors as well as the results of bench rigs are used to verify the de-
veloped model of the FE tire.

33.3.16.1. Comparison of static tests with experiment

The author in theses [8] presents the results of static tests of the Dunlop P195-65R15 tire: the
dependence of deflection on load. We developed a tire model taking into account the layer-by-
layer description of the material presented in the dissertation. A comparison of the numerical cal-
culation of tire deflection from load with the experiment is shown in Figure 33.129. The marker
corresponds to the experiment data, and solid lines draw the calculation results for different vari-
ants of modeling a multilayer material.

| Deflection. mm |

0 1 2 3 4 5

Tire load. kN

Figure 33.129. Comparison of static experiment for Dunlop P195-65R15 tire with calculation
results

33.3.16.2. Comparison of calculations with bench tests of the tire

The dependence of the lateral force on the lateral slip angle for the Dunlop P195-70R15 tire
under various loads and speeds are obtained on the test rig [9], Figure 33.130. The test results were
kindly provided by the Department of Automobile Transport, Irkutsk National Research Technical
University, Professor A.l. Fedotov, Figure 33.131. We express our sincere gratitude to Professor
Fedotov and all the test rig developers.

A comparison of the calculation results using the FE tire model with the tests is shown in
Figure 33.132 and shows a good agreement. The experimental data for different speeds are marked
with a marker; the calculation for a speed of 3.6 m/s corresponds to the solid lines.
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Lateral force. kN

Lateral sleep, deg.

—#—2000H =—®—2500H 3000H 3500H =—#—4000H =—%—4500H =—#—5000H =—#—5500H

Figure 33.131. Test rig results for speed 3.6 m/c
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Figure 33.132. Comparison test results with computations for the Dunlop P195-70R15 tire
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33.4. Creation and research wheeled vehicles with FE tires

33.4.1. General information on modeling wheeled vehicles with FE
tires

Finite element models of tires (FE tires) are added in the UMInput program to existing models
of wheeled vehicles (WV), the dynamics of which can be modeled without using FE tires. For
example, FE tires can be added to any existing model of a car, monorail vehicle or aircraft landing
gear, Sect. 33.4.3 Adding FE tire to wheeled vehicle models, Figure 33.133, Figure 33.134, Fig-
ure 33.135.

Figure 33.134. Passenger car with four FE tires
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Figure 33.135. Aircraft landing gear

The WV model can include any number of FE tires: from one to the total number of wheels
in the model. Since the finite element model of FE tires has a large number of degrees of freedom,
then simulation of the WV dynamics using them is much slower than modeling the WV without
FE tires. Therefore, the number of FE tires included in the model should be minimized. Special
tools have been developed in UM for this purpose.

The FE tire can be assigned to a wheel dynamically, i.e. any FE tire in the simulation
program can be assigned to any wheel. For example, if a model of a passenger car
includes two FE tires, then it is possible to switch between the following variants of
modeling the dynamics of the car without closing and modifying the model:

- without FE tires, that is, all wheels use a simplified massless tire model;

- with one FE tire assigned to any of the four wheels;

- with two FE tires assigned to any pair of wheels (front, rear, left or right side, diago-
nally).

During the simulation, the FE tires can be dynamically (“on-the-fly”) replaced by
the massless tires. For example, the FE tires can be activated in the section with an
obstacle and disables after passing the obstacle, and then activated again in near a new
obstacle.

To add a FE tire to a WV model, the user must develop the desired FE tire and add to a data-
base or use an existing FE tire model, Sect. 33.4.2 Database of FE tires.

Note.

In the case of monorail vehicles, the FE tires can only be assigned to traction
wheels and cannot be assigned to the guiding or stabilizing wheels, Figure 33.133.
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33.4.2. Database of FE tires

To create WV models with FE tires, it is necessary to create a database of FE tire models
developed in accordance with Sect. 33.3.12 Creation and assignment of files for full and reduced
FE tire models. The database is located in the same directory where the models of massless tires
*.tr supplied with the UM program are located: {Data UMHTire\. For example, it can be the di-
rectory

c:\Users\Public\Documents\UM Software Lab\Universal Mechanism\10\Tire\

The database is created as follows.

e Inaccordance with Sect. 33.3.12 Creation and assignment of files for full and reduced
FE tire models, the necessary tire models are created for the tire template, including
the files *.tire, *.tst, *tur placed in the corresponding subdirectories of the template.

e The template directory together with all subdirectories is copied to the path {UM
data}\Tire\.

e All files are deleted from the template directory copied to the database, except for the
files *.tr, *.sbs, *.tire, *.tst, *.tur in the corresponding subdirectories, Sect. 33.3.1.7
Development of wheel model for database.
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33.4.3. Adding FE tire to wheeled vehicle models

Consider the sequence of steps when adding FE tire to the wheeled vehicle model (WV).
1) Load the WV in the Input program.

2) Add a FE tire model to the VW by reading it from the *.sbs file using the button = or
the Edit | Read from file menu command.

54
MName: |FEﬁre FL | =+ Ei
B2 Type: |@ ANCF flexible body ~
v [ Object | c ts/Text attribute C
v--@ Object omments,Text attribu
@5 Curves | |
----- F(» Variables
_____ 2P Atiributes General Position Identifiers
=]
Y & Subsy;tems Type Tire w
----- Profile Number of points: 41 Ic: |
""" @ Tire rim GO
----- FETire RL
_____ @ FETire RR Wheell w
» -fg Images
Initial I ith wheel
+ .55 Bodies nitial coupling with wheel
5 B Toints Wheel FL W
b }f Bipolar forces Mo

beCs Scalar torques
> % Linear Forges Wiheel PR
- Wheel AL
- ¥ Contact forces Wheel RR.

Figure 33.136. Coupling FE tire with wheel

Open the FE tire subsystem tab (Figure 33.136) and set the initial coupling of the FE tire to the rigid
body modeling the wheel. To do this, use the drop-down list of wheels in Figure 33.136, right. After
setting the coupling, the added wheel is automatically positioned in the desired position, the
corresponding shifts and rotations are assigned to the subsystem position,

3) Figure 33.137. Editing the coupling coordinates (subsystem position) is blocked.

Fz
Name: |FEI'|re FL | + ﬁ
Type: | @5 ANCF flexible body w
Comments Text attribute C
General Position  Identifiers
Translation
x: |1.0435860?0?6?69 C|
" |0.?03539662951598 C|
2 |U.?_6069?911958036 C|
Rotation
I v |-0.01665831 ﬂj
K v |-o.00953551 ﬂj
Y  v||0.00783332 _ﬂj

Figure 33.137. FE tire coupled with the front left wheel of car
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34
-Z= MuHeiiHele ANkl A B
----- &® KoHTakTHbIE CUntbl
""" D T-anw MMa: |Hub coupling | + fiii
w - CnewsansHele cunsl } i
_____ & Car body - axle assemby left KommeHTapui/TerkcToseii atpubyT C
----- & Car body - axle assemby right |h|_|b_|:0up|ing |
----- & Car body - S5trut rod right
----- & Car body - Strut rod left EOol Teno2:
----- @ TyrerL | ire. ANCFBody -
----- B tyrerr
..... @ myrerL Tun: | i CalineHT-Gnok v
..... WE R [ asToonpenensnue
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Figure 33.138. Connection of an elastic tire to a wheel using a bushing

4) Go to the model of the added bushing Hub coupling and assign the coupled wheel as
the first body, Figure 33.138.

5) If other FE Tires are the same as the first one, copy the FE Tire subsystem and the
bushing the required number of times, changing each time the coupling of the FE tire
to the wheels as well as the first body in the bushing.

As it is written above (33.3.15.1 General information), the FE tire coupling can be changed
arbitrarily in the simulation program.

6) Ifitis necessary to add a different type of FE tire (for example, in the case of a tractor),
then repeat steps 2) - 4). When adding different types of FE tire, use different identifiers
to describe the parameters in their original description. ldentifiers can also be renamed
in the WV model, for example, the mass and moments of inertia of the wheel disk
mrim, irimx, irimy.

7) Remove identifiers from the list that parameterize the FE mesh, for example, nalpha,
np_tread. Changing the FE tire mesh in the WV model is not provided.

8) Save the model, if necessary, under a different name.
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33.4.4. Preparing a model of a wheeled vehicle with FE tires for model-
ing

33.4.4.1. Assignhment of FE tire models from database

Object simulation inspector

Solver Identifiers Initial conditions Object variables

WA Information Road vehide Tools ANCF bodies
-0k

Tools Identification Tests Transmission Resistance Scanning

Uniits Tires Flexible tires Options and parameters Testing area

[ Use dynamic contral of models
[]Tire wear process

Model options  Dynamic activation of models  Wear parameters
FE tire models

Tire P175-70R 13\TRD_2,0_50_13YTRD_2,0_50_13.tire
=+ |Dunlop P195-65R15\TRD_2,2_50_18YTRO_2,2_50_18.tire

Setting model type
Full Upper reduction Side reduction Correct

Activation of FE Tires Assigned models ‘
FETire FL T mamr AAnamITRA AN rA 4
FETire FR Assigne to all » Tire P175-7T0R13\TRD_2,0_50_13%

ire ire P175-7 2,050 unlo - 2,2 50_
[ FETIre RL Tire P175-TOR13\TRD_2,0_50_13\ Dunlop P195-65R154TRD_2,2_50_18\
[ FeTire RR Dunlop P195-65R15\TRD_2,2_50_18\ [e=sy ‘ ‘

Figure 33.139. List of models and assignment to tires

To work with the FE tire in the simulation program, the user should assign them models from
the database. To do this, use the Road vehicle | Flexible tires tab of the simulation inspector,
Figure 33.139. In the case of a monorail vehicle, the Monorail vehicle | Flexible tires tan is used.

Creating a list of FE tire models

The list must contain one or more *.tire models. To add, use the button + in Figure 33.139,
and in the window that appears select the *.tire file from the database, Sect. 33.4.2 Database of
FE tires. The list should include tires that will be used in modeling the dynamics of the WV.

Assignment FE tire models

To assign models from the list to the FE tire subsystem, right-click on the FE tire and assign a
model using the pop-up menu that appears, Figure 33.139. The user can assign models to all FE
tire subsystems in one step using the Assign to all command.

33.4.4.2. Activation of FE tires

The FE tires with assigned models can be activated. In this case the simplified massless tire
model is disabled and the FE model is enabled. Active models in the list are marked with check
marks, Figure 33.140-Figure 33.142.
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Activation of FE Tires

Agsigned models

| | FETIre FL

Tire P175-70R 13 TRD. 2.0 50 13}

] FETIre FR
[] FETire RL
[] FETire RR

Figure 33.140. All FE tires disabled

Tire P175-70R13TRD_2,0_50_13}
Tire P175-70R13TRD_2,0_50_13)
Tire P175-70R13TRD_2,0_50_13}

Activation of FE Tires

Assigned models

{[*] FETire FL

Tire P175-70R13TRD 2.0 50 13\

FETire FR
FETire RL
FETire RR.

Figure 33.141. All FE tires enabled

Tire P175-70R13TRD_2,0_50_13\
Tire P175-70R13TRD_2,0_50_13}
Tire P175-70R13TRD_2,0_50_13\

Activation of FE Tires

Assigned models

{|+*] FETire FL

Tire P175-70R131TRD 2.0 50 13}

FETire FR
[] FETire RL
[] FETire RR

Tire P175-70R 13YTRD_2,0_50_13,
Tire P175-70R13{TRD_2,0_50_13)
Tire P175-70R 13YTRD_2,0_50_13,

Figure 33.142. Front FE tires enabled

Disabling the FE tires speeds up the simulation since the corresponding degrees of freedom
are excluded from the WV model. This property is used for dynamic switching on/off of the FE
tires. For example, FE tire is activated near an obstacle, and disabled after passing it, Sect. 0
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33.4.4.3. Setting FE tire type of reduction

HVA Information Road vehide

=-B -
Identification = Tests
Flexible tires

Tools ANCF bodies

Tools
Units

Transmission Resistance Scanning

Tires Cptions and parameters  Testing area
[Juse dynamic control of models
[ ire wear process

Model options  Dynamic activation of models  Wear parameters
FE tire models

Object simulation inspector
Solver Identifiers Initial conditions Object variables
HVA Information Road vehide Tools  ANCF bodies
Use threads Mumber of threads (<=20) |& EI
Change parameters in all tires I

Tire P175-70R 13\TRD_2,0_50_13\TRD_2,0_50_13.tire FETre FL(+) FETreFR (+) FETreRL() FETIreRR ()
=+ | Dunlop P195-65R15\TRD_2,2 50 18YTRO_2,2 50_18.tre
= A
m FE options  Tire
Parameters Models
i Assign tire to wheel |Whee| FL -
Full Upper reduction Side reduction Corre
Tire models Tire P175-70R 13\TRD_2,0_50_13)

Activation of FE Tires Assigned models Model type
TSR L e IR OFul (O Upper reduction (®) sSidewall reduction
FETire FR. Tire P175-70R 13{TRD_2,0_50_13),

Figure 33.143. Setti

ng FE tire type to all tires

Object simulation inspector

Identifiers
Information

Salver
VA

Initial conditions
Road vehicle

Object variables
ANCF bodies

e

Tools

MNumber of threads (<=20

Use threads
[]change parameters in all tires

= A
FE options  Tire

Parameters Models

FETre FL () FETre FR (+) FETreRL () FETireRR (9

Assign tire to wheel

|Wheel FL

™ |

Tire models

Tire P175-70R13YTRD_2,0_50_13)

Model type

(® Ful

(C)Upper reduction () Sidewall reduction I

Figure 33.144. Setting FE tire type to one of the tires

If the assigned FE tire model includes one

or two reduction options (see Sect. 33.2.7 Reduced

tire models, 33.3.12 Creation and assignment of files for full and reduced FE tire models), the
selected option can be assigned to all or some wheels:

to set the FE tire type for all wheels, use either the buttons on the Road vehicle | Flex-

ible Tires | Model options tab (Figure 33.143, left), or the Model type group on the

ANCF Bodies | Tire | Models tab,

is enabled (Figure 33.143, right);

provided that the Change parameters in all tires

to set the FE tire type for an individual wheel, use the Model type group on the ANCF

Bodies | Tire | Models tab, provided that the Change parameters in all tires is disa-

bled, Figure 33.144.
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Outside the process of numerical simulation of the vehicle's motion, the type of assigned mod-
els can be seen in the animation window: interface nodes are marked with thick yellow dots, Fig-
ure 33.145.

Full Upper reduction

Sidewall reduction

Figure 33.145. Various options for FE tire models

Note. When a previously inactive FE tire is activated, its type is set to full. If necessary,
the user should change the type to the desired one.
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33.4.4.4. Modification of FE tire parameters

FETre FL{+) FETire FR (+) FETreRL (-} FETireRR (3

= B

FE options  Tjre

Digcretization of FE image IC})_{,] >
Farameters
MName Value
Damping factor B {s) | 0,001
Damping ratio {3) 0
Error tolerance 1E-6
Driling DOF fictitious frequency (Hz) 2500
Driling DOF stiffness factor 0.1
Accuracy weight for rotational DOFs 0.01

FE options  Tire

Parameters  Models

Geometry/Materials  General  Tirefroad contact

Mame Identifier Value
Pressure (MPa) 0.2
Mominal load (kM) 2.5
Sidewall stiffness reduction factor 0.15

Figure 33.146. Parameters that cannot be changed are highlighted in gray in the tables.

The parameters of the FE tire models are modified in the ANCF Bodies tab, Figure 33.147. In
comparison with the tire template, some parameters are not available for modification. In the ta-
bles, such parameters are highlighted in light gray, Figure 33.146. The description of the tire pro-
file and material is also not available, Sect. 33.3.3.1 Tire profile and material. Therefore, the user
should generate a set of FE tire models in advance with the required set of parameter values, for
example, pressure, Sect. 33.3.12 Creation and assignment of files for full and reduced FE tire
models.

The values of the tire-road contact parameters (Sect. 33.3.5 Setting tire/road contact parame-
ters) and the tread geometry (Sect. 33.3.3.2 Setting tread geometry) are available for modification.

Object simulation inspectar

Solver Identifiers Initial conditions Object variables
HVA Information Road vehicle Tools  ANCF bodies
Use threads Mumber of threads (<=20) |6 f_A]

I Change parameters in all tires I

FETre FL (+) FETre FR (+) FETreRL(-) FETire RR (-)

= B8

FE options Tire

Assign tire to wheel |Whee| FL -
Tire models Tire P175-70R13\TRD_2,0_50_13%

Maodel type

(@ Ful () Upper reduction (O sidewall reduction

Figure 33.147. Setting the tire model and assigning the tire to the wheel

The parameters can be assigned either to each individual tire or to all tires at once. In the first
case, the Change parameters in all tires key is disabled, in the second case it is enabled, Fig-
ure 33.147.
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In the Tire | Models tab, the user can change the assignment of tires to wheels as well as set
the type of reduced model for both an individual tire and all tires at once, Figure 33.147. See also

33.4.4.3 Setting FE tire type of reduction.

33.4.4.5. Consistent models of massless and FE tires

Object simulation inspector

Solver Identifiers Initial conditions
Information Road vehide Tools
-8y
Tests Transmission Resistance
Units : Flexible tires Options and parameters Testing area

Combined slip

|:| Simulate transient process in tires

Object variables

Tools

VA
ANCF bodies

Scanning
Identification

Contact model
() single point (®) Multipoint
Set of tire models
1. C:\Users\Public\Documents UM Software Lab\Jniversal Mechanism 10\Tire\Tire P175-70R 13\tire p175-70r 13 full.tr
+ kc W=ers\Public\DocumentsYUM Software LabUniversal Mechanism' 10V Tire\Tire P 175-70R.13\tire p175-70r 13 rs.ir
ﬁi 3. C:\U=sers\Public\DocumentsUM Software LabUniversal Mechanism 10¥Tire\Tire P 175-70R. 13\tire p175-70r 13 ru.tr
£ >
Wheel Model Stat. load Deflection Axle group
vaz2109_4fetie Tyre FL tire p175-70r 13 full 3.27kN 0.0mm Comman
vaz2109_4fetie. Tyre FR. tire p175-70r13 full 3. 276N 0.0mm Common
vaz2109_4fetie Tyre RL tire p175-70r 13 full 3.27kN 0.0mm Comman
vaz2109_4fetie. Tyre AR tire p175-70r13 full 3. 276N 0.0mm Common
Integration Message Close

Figure 33.148. Consistent models for full and reduced models of FE tire

It is recommended to use simplified massless tire models consistent with the FE tires (Fig-
ure 33.148), that is, models constructed based on the results of virtual tests of an FE tire, Sect.
33.3.15.2 Process of massless tire model development. The static and dynamic behavior of the
consistent tire is close to the FE tire and allows for correct modeling of the WV dynamics in cases
where FE tires are assigned to some wheels, and simplified ones to the rest. It is especially im-
portant to use consistent models for dynamic control of the FE tire enabling and disabling, when

the FE tire is active only in small sections of the WV motion, Sect. 0
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Dynamic activation of FE tires. This approach allows for avoiding significant transient pro-
cesses when enabling and disabling the FE tire.

Note. Since the simplified model depends on the friction parameters in the contact (e.g.
friction coefficients), the massless models should be created for those values that
are supposed to be used in the simulation of WV.
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33.4.4.6. Initial coordinates in presence of FE tires

Calculation of initial coordinates is an important and necessary part of working with WV in
the presence of FE tires. It is recommended to prepare files of initial conditions in advance for
each possible configuration of the FE tires in the WV and the tire model (full/reduced), which will
allow avoiding transient processes at the initial stage of simulation. Below we consider the main
tools for working with initial coordinate values.

33.4.4.6.1. Corrections of FE tire positions when changing WV position

Object simulation inspector
XVA Information Road vehide Tools ANCF bodies
Salver Identifiers Initial conditions Object variables

Coordinates  Constraints on initial conditions

QE‘@ @|x=ﬂv=n‘§l

|\razZlDQ_4feﬁe. =
MNo. .L. v Coordinate Velocity Comment  #
i1 i} jCar body 1
1.2 2,26682558166E-5 0 JjCar body 2t
13 -0.023322761739% 0 jCar body 3
1.4 -0.000275504760562 0 jCar body %
15 0.00144353977152 0 jCar body 5
16 -0.00240206278739 0 jCar body &
1.7 -0. 144843046468 0 jStrutrod le:
18 -0.142230977017 0 jStrut rod ric
19 -1.8797398022E-6 0 jCar body -1
110 0.00039239914008 0 jCar body -1
111 -0.00141585720884 0 jCar body -1
112 1.33633876967E-5 0 jCar body -1
1.13 -0.000577789627321 0 jRear-axle a
114 -0.00318566083041 0 iRear-axle a

Figure 33.149. Change of WV position and correction of FE tire positions

If a coordinate defining the initial position of the WV on the Initial conditions tab is changed,
the positions of the FE tires will not change automatically, Figure 33.153, top left. Use the button
G to adjust the positions of the FE tires. It is important to note that the adjustment is automatically
performed at the start of the simulation, so starting the simulation with shifted WV will not lead
to an error.
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33.4.4.6.2. Calculation of initial conditions for FE tires as part of the equilibrium

test: road vehicles

Object simulation inspector

Solver Identifiers I

XVA Information
=-8 -
Units Tires Flexible tires
Toals Identification Tests

Road wehide

Transmission

nitial conditions

Tools

Options and parameters

Resistance

Object variables

ANCF bodies

Testing area
Scanning

Equilibrium test

kv

Parameters  Varizbles Results

Type of compuation

(®) Initial coordinates

Use irregularities
Automatic test completion
Accept coordinates after test finish

Block horizontal movement of car body I

Murneric parameters

(") General computation

[]Flexible horizontal contact of tires with road

Mame
Kinetic energy for stop (J) 0.00
3

5

KE evaluation time interval (s)

Minimal time (s)

Value

1

Figure 33.150. Parameters of equilibrium test for a road vehicle

To calculate the coordinates of the FE tires, use the equilibrium test for road vehicles. First,
make sure that the contact surface of the tire does not penetrate deeply into the road surface and,
if necessary, lift the car in the vertical direction on the Initial conditions tab, Sect. 33.4.4.6.1

Corrections of FE tire positions .

The following steps should be done for a road vehicle:

[ ]

e set the calculation type to Initial coor
e enable the Block horizontal moveme
e run the simulation;

[ ]

dinates;
nt of car body;

set the test type to Equilibrium on the Road vehicle | Tests tab, Figure 33.150;

wait for the test to complete automatically or, after reaching a state close to equilibrium,

switch to pause mode and save the current coordinate values to a file, and also accept
them as initial conditions at zero speed, Figure 33.151; the file name must identify the

FE tire configuration at a given time.

The calculated initial conditions will be compatible only with the current configuration of the
FE tires in the model. When changing the number of active FE tires, as well as when changing the
type of the FE tire model (full/reduced), the number of coordinates changes and the file cannot be

read as initial conditions.
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Pause

Process parameters  sSplver statistics

Solver options Type of coordinates for bodies
Simulation process parameters
Solver Type of solution

BDF
ABM () Mull space method {(MSM)
Park
Gear 2 (®) Range space method (RSM)
Park Paralel

Distance - Vehide distance | t | = v 670

Step size for animation and data storage [0.0025

Error tolerance

Delay to real time simulation
Keep system matrix decomposition
Computation of Jacobian
[JBlock-diagonal Jacobian

To file

| Tofilew=0) I
Asinitials

I As initials (v=0) I

Chapter 33. UM FETire

Figure 33.151. Saving current coordinates to file and as initial conditions

Note 1. When changing the type of the FE tire model full/reduced, as well as when
changing the type of reduction, the number of FE tire coordinates changes, but
the program automatically recomputes the coordinates, so that the equilibrium
state of the tire is preserved. This means that if the equilibrium is calculated, for
example, for the full FE tire model, then by switching the model to a reduced one
the state close to the equilibrium is preserved, and the coordinates can be saved in
the file for the new state of the model on the Initial conditions tab and can be
used it in the future.

Note 2. When performing an equilibrium test with enabled option Block horizontal
movement of car body, the friction between the tire tread and the road is auto-
matically disabled.
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33.4.4.6.3. Calculation of initial conditions for FE tires as part of the equilibrium

test: monorail vehicles

Object simulation inspector
Solver Identifiers Initial conditions Ohject variables
VA Information Tools Manorail train AMCF bodies
= A ‘ %:
Tires Flexible tires Geometry, irreqularities Options and parameters
Tools Identification Resistance Speed Flexible track
Speed mode
() Neutral () Profile
Automatic termination of equilibrium test
Lock harizontal shift of car body
| Integration | Message Close

Figure 33.152. Equilibrium computation for monorail vehicle

To calculate the initial conditions of the monorail vehicle with FE tires, the user should set the
speed mode v=0 and enable the Lock horizontal shift of car body option, Figure 33.152. Then

the user should follow the method described in the previous section for road vehicles.
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33.4.5. Dynamic activation of FE tires

Object simulation inspector

Solver Identifiers Initial conditions Object variables

KVA Information Road vehicle Tools ANCF bodies
=By

Tools Identification Tests Transmission Resistance Scanning

Units Tires Options and parameters Testing area

I Use dynamic control of models I

[ Tire wear process
Model options  Dynamic activation of models  wWear parameters

FETire FL{+) ' FETire FR(+)

+ @

Mr Start (m); Transition (m); Tire off {m); Assign to wheel

1 9.30 0.30 11.70

2 12.00 0.30 14.50 vaz2l_09_2fetire. Tyre RL

Figure 33.153. Dynamic control mode for activation of FE tires

The dynamic control of FE tire models allows the user to include FE models of tires only in
certain sections of the vehicle's movement (FE tire activation sections), which significantly speeds
up the vehicle simulation process. If the WV model contains less FE tires than wheels, one FE tire
can be dynamically reassigned to another tire during the simulation process. For example, the first
FE tire is assigned to the front wheel, and then to the rear wheel (the Assign to wheel column in
the activation section table, Figure 33.153).

Thus, one or more active sections can be assigned to each of the FE tires, Figure 33.153. Each
section begins with a transition section, in which the movement of the wheel disk of the FE tire
model is determined by the motion of the wheel to which it is attached, and the forces of interaction
of the FE tire with the road are calculated. However, the forces acting on the FE tire are not trans-
mitted to the wheel in this section, i.e. the FE tire does not affect the motion of the vehicle. The
transition section is used to suppress dynamic transient processes that occur immediately after the
activation of the FE tire.

Since the modeling process switches from an massless to a FE tire model at the end of the
transition section, it is important to use consistent models., Sect. 33.4.4.5 Consistent models of
massless and FE tires.

Let us look at the main stages of using this tool.

1) Macrogeometry

Road vehicle

The use of the FE tire in a test with a driver is possible both for the movement of a car along a
macrogeometry specified by a 2D curve and along a triangulated surface.

In case of specifying the macrogeometry of a 2D curve, special irregularities (curb, speed
bump, road surface damage, etc.) should be specified using the *.trp file, which defines the profile
of the test section, Chapter 12, Sect. Test section profile, Figure 33.154, Figure 33.155. When driv-
ing, road roughness can be taken into account specified by the *.irr files by enabling the corre-
sponding option.
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Object simulation inspector

Solver Identifiers Initial conditions Object variables KVA
Information Road vehicle Tools ANCF bodies
=-8- %
Units Tires Flexible tires Options and parameters Testing area Tools Identification
Tests Transmission Resistance Scanning
Test with driver ~

Parameters Control Variables

Use irregularities
Marco geomefry type

(®) 2D curve () 3D testing area

Macro geometry file

li\_ﬂ |'C: Wsers\Public\Documents{UM Software LabUniversal Mechanism'2023\Car WMacroGeometry\turn 90deg.maf™ | 2 |

Test section profile
|Jse test section profile

|-'_'\_4_"| |C:'|J_Isers'|Puinc'|,Dnl:uments'|J_lM Software LabUniversal Mechanism\ 10\car\tools\Standard speed bump 2im.trp | & |

Speed mode

() MNeutral () Profile Contral
@ v=const O w=0

Speed control

(® simplified () Transmission

Figure 33.154. Macrogeometry settings when specifying a 2D curve

e e .
= 42 44
' ' \

Figure 33.155. Example of speed bump

When modeling the dynamics of a road vehicle, the surface on which it moves can be specified
by a triangulated surface (testing area). To do this, load the required surface on the Testing area
tab, set the corresponding method for specifying the macrogeometry and select a route, Fig-
ure 33.156, Chapter 12, Vehicle movement on a triangulated surface (testing area).
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Object simulation inspector

Saolver Identifiers Initial conditions Object variables
XVA Information Road vehicle Tools  ANCF bodies
=B %

Units Tires Flewible tres  Options and parameters ~ Testing area
Tools Identificaton ~ Tests Transmission  Resistance  Scanning

Test with driver -
Parameters  Control Variables

Marco geometry type
(") 2D curve I (®) 3D testing area I

lse 3 fictitious vehide start area
Route

Vs Route #1 ~

Figure 33.156. Macrogeometry options when specifying a triangulated surface

Monorail vehicle

Ohbject simulation inspector

Solver Identifiers Initial conditions Object variables KVA
TR Tools Monorail train ANCF bodies
= A ‘ B
Resistance Speed Flexible track
Tires Flexible tires Geometry, irregularities Options and parameters Tools Identification

[use irregularities
Macro-geometry
|1_\_ﬂ |C:'|,Users'|Puinc'|Documents'|,UM Software Lab\Universal Mechanism'10'YMonorail\Macrogeometrycurve100 H=0 left.mcg |5 |

Irreqularities:

Driving (eft) | = |
Driving (right) >
Guiding {Jeft) =
Guiding (right) =
Stabilizing (eft) >
Stabilizing {right) =
Coherent right irregularities

File with special track deviations

Use spedial track deviations

’i‘_ﬂ |C: \Wsers\Public\Documents UM Software Lab\Universal Mechanism'10\Monorail i Tools\Gap 50mm in curve. trp -

Integration Message Close

Figure 33.157. Track geometry settings for monorail train

Special track deviations such as step or gap should be specified using the *.trp file, Chapter 12,
Sect. Test section profile, Figure 33.157. Track roughness can be taken into account specified by
the *.irr files by enabling the corresponding option.

2) Test simulation with simplified wheels to select the positions of the FE tire activa-

tion sections
In order to define sections where the FE tires are activated, it is recommended to perform a test
simulation of the WV along the given macrogeometry. As an example, let us consider the drive of
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a passenger car over a speed bump. Let us plot graphs of the vertical force for the right wheels of
the car depending on the distance traveled. The run over the speed bump is clearly visible in the
plots. First, the front wheel runs over (the distance traveled is 10.2 m), and then the rear wheel (the
distance is 12.6 m), Figure 33.158.
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Figure 33.158. Selecting positions for setting the FE tire activation sections

Based on this graph, the following positions for the FE tire activation sections were selected.

Section 1 (front right wheel): s11 = 9.5 m (enabling), s12 = 10.5 m (end of transition section),
s13 = 11.5m (disabling).

Section 2 (rear right wheel): so1 = 11.9m (enabling), s22 = 12.4m (end of transition section), S23
= 15m (disabling).

3) Assignment of FE tire activation sections

After selecting the positions for the FE tire activation sections, the section table for each tire
should be filled in.

If a FE tire should not be activated in a given simulation, then one section with an activation
position outside the simulation interval is specified for it, Figure 33.159.

An example of specifying two sections for FE tires moving over a speed bump is shown in
Figure 33.153, Figure 33.160. At the start of the movement, the speed hump is assigned to the
front right wheel, so it passes the first activation section as this wheel. However, in the second
section, the FE tire is reassigned to the rear right wheel, Figure 33.160): to assign, right-click on
the rightmost cell of the corresponding row and select the wheel from the pop-up menu.

Model options  Dynamic activation of models  wWear parameters

FETre FFL(+) FETre FFR(+) FETre FRL(+) FETrre FRR(+)

+
N Start (m); Transition {m); Tire off (m); Assign to wheel
t oo 0.40 1200.00

Figure 33.159. Example of setting a section to disable the FE tire throughout the entire simula-
tion interval
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Tools Identification Tests Transmission Resistance Scanning
Units Tires Flexible tires Options and parameters Testing area

Use dynamic control of models
|:| Tire wear process
Model options  Dynamic activation of models  ywear parameters

FETire FL(+) FETIre FR(+)

Transition (m);  Tire off {m); Assign to wheel

f0.30 11.70

0.30 14,50 o= AN eken Tues 00

Mo

vaz21_09_2fetire. Tyre FL
vaz21_09_2fetire. Tyre FR
vaz21_09_2fetire. Tyre RL
vaz21_09_2fetire. Tyre RR

Figure 33.160. Dynamic reassignment of the FE tire to another wheel on the second activation

section
Object simulation inspector
Solver Identifiers Initial conditions Object variables
XVA Information Road vehide Tools ANCF bodies
=-H8- %
Tools Identification Tests Transmission Resistance Scanning
Units Tires Flexible tires Options and parameters Testing area

Use dynamic control of models
[ 1ire wear process

Model options  Dynamic activation of models  Wear parameters
FE tire models
+ Tire P175-70R 13\TRD_2,0_50_13\TRD_2,0_50_13. tire

@

Setting model type

Full Upper reduction Side reduction Correct
| Activation of FE Tires Assigned models
FETire FL Tire P175-70R13\TRD_2,0_50_13}
FETire FR. Tire P175-70R13TRD_2,0_50_ 13}

Figure 33.161. Both FE tires are active

Note. If the FE tire is activated during the simulation, it should be active at the start of
the simulation, Figure 33.161, and initial conditions corresponding to the equilib-
rium state of all tires should be set, Sect. 33.4.4.6.2 Calculation of initial condi-
tions for FE tires as part of the equilibrium test. This will reduce dynamic transi-
ent processes when the tire is activated at the beginning of the transition section.
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33.4.6. FE tire variables

“& Wizard of variables >
£ Linear forces B Joint forces ,’*)‘ Bipolar forces A Angular variables g‘l': Linear variables a+b Expression
3. User variables = Reactions 1% Coordinates (V) solver variables 7 all forces id Identifiers Fi<} Variables
& Bushing ¥ Gearing wl Rack and pinion % Driveline Tire nodal variables
.@ Variables for group of bodies & PBS €D road vehide D FETires -z Scalar torques
El[-] vaz21_09_2fetire Selected (total 2)
FETire FL |FETire FL, FETire FR
FETire FR Mame Comments

Fx Lonaitudinal force
Fy Lateral force
M MNormal force (M)
L Contact patch length {m)
FrPower Friction force power (W)
Frittork Friction force wark (J)
Pmax Maximal contact pressure (MPa);
Pmean Mean contact pressure (MPa);
WearRate Distributed tire wear rate, mmjs
Wear Distributed tire accumulated wear, mm
Spedficear Tire spedfic wear mm;1000km

Objects: FETire FL, ... Multiple selection - comments are not available @

Fx (FETire FL)

Fx (FETire FR)

Fy (FETire FL)

Fy (FETire FR)

M {FETire FL)

M (FETire FR)

Figure 33.162. Tab with FE tire/Road interaction variables

To create variables, use the Wizard of variables (Figure 33.162), which is accessible when the

model is open via the Tools | Wizard of variables menu command or via the button /= on the
toolbar. General recommendations for working with the Wizard can be found in Chapter 3, Sect.
Wizard of variables.

33.4.6.1. FE tire/Road interaction variables

To create a list of variables characterizing the interaction of the FE tire with the road during
the simulation, the FE Tires tab of the Wizard of variables is used, Figure 33.162. The tab allows
creating the following variables for each of the FE tires:

Fx, Fy, N — total forces of interaction of the tire with the road in directions;

L — size of the contact patch in the longitudinal direction;

FrPower, FrWork — total power and work of friction forces, only sliding friction is taken into
account, adhesion friction does not do any work;

Pmax, Pmin — maximum and average pressure of the tire on the supporting surface;

WearRate, Wear, SpecificWear — tire wear factors calculated by the areas of tire slippage in
contact with the road; the second variable characterizes the depth of wear and is the integral over
time of the first variable, which determines the wear rate.
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33.4.6.2. Kinematics of tire nodes relative to wheel rim
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“& Wizard of variables

B, Ioint forces
H’ Reactions

= Linear forces
d,.n User variables

2 Bipolar forces
J_' Coordinates

(%) Solver variables

A Angular variables

==
= All forces

F . .
4 Linear variables

X

a+b Expression

id Identifiers Fi) Variables

@ Variables for group of bodies = PBS B Road vehide B FETires -z Scalar torques
& Bushing & Gearing wli Rackand pinion G2 Driveline Tire nodal variables
= [m] vaz21_09_2fetire » | Selected (total 3)
=) [W] FETire FL |N0de & (0.000 -0.036 -0.271), Node 7 {0.000 -0.012 -0.274), Node 8 (0.000 u.u1|
[] Mode 1{F) {0.000 -0.057 -0.183) Type
(] Node 2 (0.000 -0.072 -0.198) (®) Displacement () velodity () Acceleration
[] Mode 3 {0.000 -0.083 -0.220) ) )
(] Node 4 (0.000 0,078 -0.245) () Rot, vector () ang. velodty () Ang. acceleration
ode 4 (0. . .
[] Mode 5 (0.000 -0.058 -0.263) Component
Mode & (0.000 -0.036 -0,271) Oy Oy ®z Ol
Node 7 (0.000 -0.012 -0.274)
Node & (0.000 0,012 -0,274) sC
] Mode & (0.000 0.036 -0.271) ORoad Orim @® section
[] Mode 10 {0.000 0.058 -0.263)
[] Mode 11 {0.000 0,078 -0,245)
[] Mode 12 (0.000 0,083 -0,220)
[] Mode 13 (0.000 0,072 -0, 196) v
Mode & R:z{FETire FL) Deflection of node & (0,000, -0.036, -0.271) of body FETire FL, SC="Section”, projection Z lﬁf {5
Mode & Riz(FET...
Mode 7 Ruz(FET...
Mode & R:z(FETi...

Figure 33.163. Tab with tire node kinematic variables

The Nodal variables of the tire tab generates kinematic scalar variables that characterize the
motion of nodes relative to the wheel rim due to elastic deformations of the tire, Figure 33.163.
The left part of the tab contains a list of nodes of the finite element mesh of the FE tire with the
coordinates of the nodes in the undeformed state in the SC of the wheel rim. The letter F (Fixed)
marks nodes that are rigidly connected to the rim.

Each scalar variable for a node is a projection of a vector of a certain type onto one of three
systems of coordinates (SC), Figure 33.164:

 Road - inertial fixed SC of the model (SC0);

« Rim — movable SC rigidly connected to the wheel rim with the origin at the wheel center;

« Section — movable SC passing through the given node in its undeformed state and the wheel
axis; like the previous SC, it is rigidly connected to the wheel rim.

Note that the orientations of the last two SC coincide for the first nodes of the mesh located in
the first vertical section of the tire, therefore the variables in these SC coincide for the correspond-
ing nodes, Figure 33.165.

Note. The nodes rigidly connected to the wheel rim are marked with the letter F in the
list in Figure 33.163. These nodes are fixed relative to the wheel rim, and all vari-

ables for them are equal to zero.
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Figure 33.164. Systems of coordinates used to calculate nodal variables

=[] vaz21_09_2fetire
=[] FETire FL

ode . .
[] Mode 2 {0,000 -0.072 -0.136)
[] Mode 3 (0,000 -0.083 -0.220)
[] Mode 4 (0,000 -0.075 -0.245)
[] Mode 5 (0,000 -0.058 -0.263)
[] Mode & (0,000 0,036 -0.271)
[] Mode 7 (0,000 0,012 -0.274)
[] Mode 8 (0,000 0,012 -0.274)
[] Mode @ (0.000 0,036 -0.271)
[] Mode 10 (0.000 0,058 -0.263)
[] Mode 11 (0.000 0,075 -0.245)
[] Mode 12 (0,000 0,083 -0.220)
[] Mode 13 (0,000 0,072 -0. 196)

[] Mode 14(F) {0.000 0,057 -0, 133)

Nnae 15 IEIII 0.023 -0.057 -0, 181;

W

. UM FETire

Figure 33.165. Example of nodes for which the wheel rim SC and the Section SC coincide

Consider the types of variables.

« Displacement is the vector of elastic displacement of the node relative to the position with

an undeformed tire.

* Rotation vector is the vector of rotation of the node's SC relative to the undeformed position.
For small deviations in the orientation of the node's SC, the projection of the rotation vector is
equal to the angle of rotation around the corresponding axis.

* Velocity, angular velocity, acceleration, angular acceleration are standard kinematic vec-
tors that determine the motion of the node relative to the wheel disk due to elastic deformations of

the tire.
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Components:
X,Y,Z are projections of vectors onto the corresponding axis of a given SC;
|V| is the vector modulus; does not depend on the SC.

Figure 33.166 shows an example of the graphs of the time dependence of the projections on
the Z axis of all three SCs of the displacement vector of node number 246, located approximately
in the middle of the tread. The variables have the same maximum values in the “Road” and “Sec-
tion” SC when the node passes through the contact with the road.

Tpadmkn - O X

MepemeHHbe
.Ysen 246 R:z(FETire FL) - Mepemewwenie ysna 246 (0,231, 0,012, 0,147) Tena FETire FL, CK="llopora”, npoekuma Z

.Ysen 245 R.z{FETire FL) - Mepemewenme ysna 246 (0,231, 0.012, 0.147) tena FETire FL, CK ="KonecHen auck”, npoekuma Z
.Ysen 2456 R z{FETire FL) - Nepemewenue ysna 246 { 0,231, 0.012, 0.147) Tena FETire FL, CK="CeueHne”, npoekiya 7

“Section*

0.5355 0.015683

Figure 33.166. Comparison of the graphs of Z component of the node displacement vector for
different coordinate systems

Note 1. Usually, the most informative are the projections of vectors onto the Section SC,
which is offered by default.
Note 2. In case of using reduced tire models, variables are also calculated for reduced

nodes using formulas (33.8), (33.9) except for linear and angular accelerations,
Sect. 33.2.7 Reduced tire models.
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33.4.7. Simulation of dynamics of vehicles with FE tires

Consider the main stages of modeling a WV with FE tires.

1) Activate the required FE tires, Sect. 33.4.4.2 Activation of FE tires.

2) If necessary, calculate the initial conditions or load them from a file, 33.4.4.6 Initial
coordinates in presence of FE tires.

3) When simulation of road vehicle, set up a test with a driver and form the required mac-
rogeometry.

4) When using dynamic control of FE tires, check the consistency of tire models, Sect.
33.4.4.5 Consistent models of massless and FE tires.

5) Create a list of variables, if necessary, open graphic windows, place variables in them
for visual control.

6) Run the simulation process.

“& UM - Simulation - d\um70_work\tests\ancf tire\waz21_09_2fetire
File  Analysis 5Scanning Tools Windows Help

=y

Open... F3
& Open D EEH ARG

Reopen

Close Shift+F4 E?/ E;'g E] E] BEI E

@ Load configuration  *
@_‘. Save configuration Desktop... Ctrl+5
Exit Al All options... Ctrl+Alt+5

Figure 33.167. Saving full configuration of model

7) After finish of the simulation process, if necessary, save the complete model configu-
ration for further use, Figure 33.167.
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33.4.8. Modeling tire tread wear

Tyre wear prediction is one of the tasks that can be solved using the FE tire models.

33.4.8.1. Mathematical model of wear

Ribbons for wear computation

Figure 33.168. Example of ribbons for wear computation and accumulation

The Archard model of tire tread wear is used [8], according to which the wear rate is propor-
tional to the power of sliding friction forces. The contact surface of the tread is divided into rib-
bons. For an undeformed tire, each ribbon is a narrow cylinder with a diameter equal to the diam-
eter of the wheel, and the cylinder axis is the axis of rotation of the wheel. The contact points of
the tread with the road lie on the median circle of an individual ribbon, Figure 33.168. In the ex-
ample in Figure 33.168, we have 36 stripes, six of which do not contain contact points due to
channels in the tread. The number of ribbons and contact points in a ribbon depends on the finite
element mesh, the parameters n,, n,,, which determine the number of contact bristles in the finite
element, and the tread pattern, Sect. 33.3.5 Setting tire/road contact parameters.

Wear within one ribbon is averaged, i.e. it is considered the same across the circumference and
width of the ribbon.

The distributed wear rate factor for ribbon number i is calculated in mm/s using the formula

(33.15)

ni
h; = 103 Hid Z Flive i,
j=1
where the summation is performed over all bristles in the ribbon, j is the bristle number;
F;;j inthe friction force for bristle j (N), and F; ;; = 0 if the bristle is not in contact;
vy, Is the sliding velocity for bristle j (m/s), and v, ;; = 0 if the bristle is in the adhesion
mode; the product Flgvm ; Is equal to the power of the sliding friction force at a separate contact
point;
k is the dimensionless wear coefficient; the default value is 1073, Figure 33.169;
H is the material hardness (Pa), the default value is 2 x 10°Pa = 2GPa, Figure 33.169;;
A_; is the contact area of the ribbon in the tread minus the grooves and channels;



Universal Mechanism 10

33-121 Chapter 33. UM FETire

102 is the multiplier that converts velocities into mm/s.

Object simulation inspector

Solver Identifiers
XVA Information
Use threads

Change parameters in all tires
FETire FL (+) FETre FR (+)

= B
FE options  Tire

Parameters Models

Initial conditions
Road vehide

Ohbject variables

Tools AMCF bodies

Mumber of threads (<=20) (6 E]

Geometry/Materials  General Tirefroad contact

Name

Tread Young's modulus
Contact damping coeffident
Friction coeffident fO
Friction coeffident f
Stribeck velocity threshold
Friction power parameter

Discretization X contact per element

.

Value
4500000

0.1

0.8

Identifier

0.5

Wear coefficent

1

Material hardness (GPa)

Figure 33.169. Tire wear parameters

The distributed accumulated wear factor determines the wear depth in mm within a single

strip
hi = jhldt
Tire specific wear mm/1000km
L 10%h;
L)

where L is the distance in m.

(33.16)

(33.17)



Universal Mechanism 10 33-122 Chapter 33. UM FETire

33.4.8.2. Variables characterizing tire wear

“& Wizard of variables >
= Linear forces B, Ioint forces ,’*)" Bipolar forces A Angular variables 4 Linear variables a-b Expression
d,.n User variables % Reactions D Coordinates (¥ Solver variables =5 all forces id Identifiers Fi) Variables
& Bushing 2 Gearing wid Rack and pinion % Driveline Tire nodal variables
=2 variables for group of bodies = PES i) road vehide D FETires -z Scalar torgues
B[] vaz21_09_2fetire Selected
[] FETire FL |
[] FETire FR
MName Comments
Fx Lonagitudinal force
Fy Lateral force
N MNormal force (M)
L Contact patch length {m)
FrPower Friction force power (W)
Frivdork. Friction force wark (J)
Pmax Maximal contact pressure (MPa);
Pmean Mean contact pressure (MPa);
WearRate Distributed tire wear rate, mmjs
Wear Distributed tire accumulated wear, mm
SpecificiWear Distributed tire specific wear mm1000km
miWearRate Mean tire wear rate, mm/s
m\ear Mean tire accumulated wear, mm
i mSpedificWear Mean tire specific wear mm/1000km
{none) Multiple selection - comments are not available ﬁ

Figure 33.170. Distributed tread wear factors in the Wizard of variables

Variables calculating distributed wear factors (33.15), (33.16), (33.17) are formed in the Wiz-
ard of variables, Figure 33.170, Sect. 33.4.6.1 FE tire/Road interaction variables. A distinctive
feature of these variables is that at each moment in time they represent the dependence of factors
on the transverse coordinate of the tread in the tire SC, i.e. the diagrams, Figure 33.171.

Mean wear variables correspond to averaging over the entire tread surface, for example, the
mean accumulated wear factor is determined by the formula

noh

h _ =1
n

The wear rate factor is auxiliary and allows visually assessing the wear intensity on different
sections of simulation. The distributed accumulated wear and specific wear are the main variables
characterizing the degree of tire wear. Specific tire wear is also a base indicator that allows one to
assess the contribution of a particular driving mode for wear.
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Variables

.'\"u'earF‘.ate (FETire FL) - Distributed tire wear rate, mm/s
.?."u'earRate (FETire FR) - Distributed tire wear rate, mm/s}

-0 -0 ] ol g

Figure 33.171. Examples of graphs of the distributed wear rate factor when driving on a straight
section of the road

33.4.8.3. Methodology for assessing the intensity of tire wear in various driving
modes

The driving modes that affect the wear rate include:
e speed mode: speed value, acceleration and deceleration sections;
e uphill and downhill sections;
e turns, overtaking and lane changes;
e the state of the tire contact with the road, expressed in different values of the friction
coefficient.
The listed factors are usually combined, for example, a WV turn can occur at different speeds,
on slopes and in different road conditions, so there are a large number of options for evaluation.
Let us briefly consider how the modes are set; for more details for a car, see Chapter 12.

Setting the speed mode

The speed mode is set for a road vehicle on the driver test parameters tab, Figure 33.172, and
on the Speed tab for a monorail vehicle. Usually, when analyzing tire wear, the driving modes
with a constant speed (v=const) and the speed graph set depending on the distance (Profile) are
used. The constant speed is set on the identifiers tab (identifier v0) in m/s or km/h, Figure 33.172.
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Object simulation inspector
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Figure 33.172. Setting speed mode for road vehicle

Object simulation inspector

Saolver Identifiers Initial conditions Object variables
VA Information Tools Monorail train AMNCF bodies
= A %‘
Tires Flexible tires Geometry, irregularities
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Speed mode

Oreors
o

Figure 33.173. Setting speed mode for monorail vehicle
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Object simulation inspector
KWA Information Road vehide Tools ANCF bodies
Solver Identifiers Initial conditions Object variables
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Figure 33.174. Setting identifier and unit of measurement of vehicle speed

Units Tires Flexible tires Options and parameters Testing area
Tools Identification Tests Transmission Resistance Scanning
= E I Longitudinal speed history “ I
Mame |No name |
Abscissa type
() Time (®) Distance
Data Input/Edit Points: 24 e

Ordinate unit: m/fsec

Figure 33.175. Tool for development of speed history file
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Figure 33.176. Speed vs distance in curve editor
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Figure 33.177. Creating a speed vs. distance plot with constant acceleration

To specify a file with a speed-depending-on-distance data, use the Tools tab, Longitudinal
speed history section. The button ***/ opens the curve editor, in which the speed versus distance
dependence is specified point by point, Figure 33.176.

In the example in Figure 33.176, the speed graph has acceleration section from 4 to 15 m/s and
a deceleration section from 15 to 4 m/s. In both sections, the acceleration value is constant and
equal to 2 m/s?. To automatically insert such sections in the table, right-click on the table with
coordinates, select the Create acceleration/deceleration section command, fill in the section pa-
rameters in the window that appears, and accept the input results after closing it, Figure 33.177. It

is recommended to smooth the sections of variable speed with splines.

Note.

To obtain smooth acceleration graphs, it is recommended to smooth the sections
of variable speed with splines, Figure 33.178.
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--------------------------------------------------

EDE}'F g

Figure 33.178. Graph of acceleration of a car when the dependence of speed on the distance is
specified by splines (above) and straight-line segments
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33.4.8.4. Methodology for assessing accumulated tire wear during operation

The prediction of tire wear during operation using the FE tire model consists of performing a
series of simulations with calculation of the accumulated wear factor when the WV is moving
under various conditions. We propose using an approach based on creating a representative set of
tests that reflect the main conditions of WV movement. In this case, the wear factor accumulates
from experiment to experiment. During the simulations, the length of the contact model bristles
decreases in accordance with the accumulated wear, which leads to the influence of wear on the
contact interaction of the tire with the road.

33.4.8.4.1. Parameters for modeling wear accumulation in a separate numerical
experiment

Units Tires Flexible tires Options and parameters Testing area
Use dynamic control of models
Tire wear process

Model options  Dynamic activation of models  VWear parameters

|:| Continue wear computation

Wear file name |T|reWear

++ g[=8l

Nr Distance, m Weight
1 4.0 1.00
2 56.0 1.50
3 &0.0 1.00
4 112.0 2.00
5 120.0 1.00

Tire wear parameters

MName Identifier  Value
Mileage, km 2000
Wear start, m 2
Computed mileage, km a

Figure 33.179. Parameters for modeling the tire wear accumulation process

Tire wear computation — the option enables the tire wear accumulation process mode as a
result of a series of calculations.

The settings for a separate calculation include:
e macro geometry file;

e speed setting mode, 33.4.8.3 Methodology for assessing the intensity of tire wear in
various driving modes;

e options and parameters of the Tire wear parameters tab, Figure 33.179
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Speed mode
O Neutral I (®) Profile Control

o

Figure 33.180. Permissible speed modes when modeling the tire wear accumulation process

Two speed modes are allowed: movement at a constant speed (v=const) and at a speed speci-
fied by the dependence on the distance (Profile), Figure 33.180.

The specified settings are saved in a text file *.twc (tire wear configuration). The buttons = B
are used to write and read files, Fig. 33.175. Examples of files:

wear_nodes=4.0,1.00,56.0,1.50,60.0,1.00,112.0,2.00,120.0,1.00;

wear_mileage=,2000;

wear_start=,2;

mgfile="C:\Users\Public\Documents\UM Software Lab\Universal Mechanism\10\Car\MacroGeometry\Straight line 3km.mgf";
lvmode=profile;

lvprofile=D:\UM70_WORK\Tests\ANCF Tire\Vaz21_09_2FETire\Acceleration&deceleration.lvp;

wear_nodes=2.0,0.00,5.0,2.00,22.7,1.00,25.7,2.00;

wear_mileage=,500;

wear_start=,2;

mgfile="C:\Users\Public\Documents\UM Software Lab\Universal Mechanism\2023\Car\MacroGeometry\turn 90deg.mgf";
lvmode=constant;

v0=5;

The calculation result is the variable Distributed tire accumulated wear. The variable is
saved at the end of each calculation in the text file *.twr (tire wear results) for each wheel with FE
tire.

During the first calculation, a *.twr file is created with the name specified in the Wear file
name box. If the Continue wear calculation mode is enabled at start of the the next calculation,
the program analyzes the *.twr file with the specified name and sets the distributed wear factor
values corresponding to the last record in this file. After the end of the current calculation, it ap-
pends the final values of the variable in the same file. Before each new calculation of the series,
you can change the macrogeometry file and the speed mode. This way, wear accumulates when
moving along different sections of the road and at different speed modes.

The table Tire wear parameters includes the values of some auxiliary parameters

Mileage: the mileage value that is assigned to the current calculation when the Tire wear
process option is enabled:;

Wear start: an auxiliary parameter that excludes the initial simulation section, so that possible
transient processes at the start of the simulation do not distort the result;

Computed mileage: an auxiliary parameter indicating the previously calculated mileage be-
fore the start of the current simulation. This parameter is automatically set by the program when
the option Continue wear calculation is enabled. This value is set after reading the *.twr file.
When the Continue wear calculation option is disabled, the parameter value is set to zero.
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The table of weighting coefficients of macrogeometry sections (Figure 33.181) is used only
when the Tire wear process option is enabled (Figure 33.179). The table should be generated for
each specified macrogeometry. The trajectory specified by the macrogeometry file for simulation
with number j is divided into sections by specifying the distance from the start s;; (the first column
of the table). For each section, its weight w;; is specified (the second column). The accumulated
wear H; at the end of the current simulation for a separate tire tread ribbon is determined by the
formula

n le

— _ (4 g
y Wj = Zj=1 Wij hl] = fti—l hdt

: wii S
jil hij W_jsij_sjij—l
where S; is the milage in meters assigned to the current section (Figure 33.179), n; is the number
of sections in the computation j, so; is the wear start parameter.

Usually, the boundaries of the calculation sections coincide with the curve description points
in the macro geometry file, therefore, to create a table, it is convenient to use the Assign from
current macrogeometry pop-up menu command, Figure 33.181.

H] = Hj—l +Z

+ +: i = B8

Nr Weight

1

2

3 60.0 .00 Assign from current marcogeometry

4 112.0 2.00 Clear the list ‘
5 120.0 1.00 ‘

Figure 33.181. Table of weight coefficients of macrogeometry sections

In the wear computation mode, a successful completion of a separate simulation occurs at the
moment when the path traveled by the vehicle coincides with the value of the end of the last section
(120 m in Figure 33.181). For this reason, the macrogeometry file must contain a trajectory which
length is greater than the end position of the last section. The program appends a straight section
to the curve if necessary.
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33.4.8.4.2. Example of accumulated wear computation

Let us look at an example of calculating accumulated wear to explain the methodology.

Consider the vaz21 09 2FEtire model and perform a test calculation of the front left tire wear.
The model directory contains three wear configuration files.

Acc_Dec.twc: the car moves along a horizontal straight line with variable speed. The speed
versus distance graph is shown in Figure 33.182, i.e. the process of accelerated and decelerated
car motion is simulated.

Up_Down.twec: the car moves at a constant speed of 20 m/s along a section with an ascent and
descent, Figure 33.183.

R10left_right.twc: the car moves at a constant speed of 5 m/s along a horizontal section with
two 90-degree turns with a radius of 10 m, Figure 33.184.

Figure 33.183. Vertical road profile

Figure 33.184. Horizontal road profile
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Consider the process of wear calculations using data from three configurations.

XVA Information Road vehide Tools  ANCF bodies XVA Information Road vehide Tools  ANCF bodies
= 8- Y =-8- Y
Toolz  Identification Tests  Tranmsmission Resistance Scanning Units | Tires Flexible tres  Cptions and parameters ~ Testing area

Units  Tires  Flexible res  Qptions and parameters ~ Testing area

Tools  Identification  Tests  Transmission  Resistance  Scannin
Use dynamic control of models Test with driver ~ I
Tire wear process Parameters  Control Variables

Model options  Dynamic activation of models Wear parameters

[use irregularities
|:| Continue wear computation Marco geometry type

Wear fle name O 3 testing ares

Mllmmpm i miess Rl

e Enable the Tire wear process option. In case of road vehicle modeling, the test type
will be set to Test with driver and the macrogeometry type to 2D curve.

XVA Information Road vehicle Tools  ANCF bodies
=B Y

Tools Identification Tests  Transmission Resistance Scanning
Units  Tires  Flexible tires  Options and parameters ~ Testing area

Use dynamic control of models
Tire Wear process
Model options Dynamic activation of models  Wear parameters

|:| Continue wear computation

Wear file name |'I'|re'u“a'ear | I
+ +£ fi r;l A
Nr Distance, m Weight
1 4.0 1.00
2 56.0 1.50

e Assign a name to the wear result file and read the *.twc file corresponding to the first
section of the series. In our case, this will be the Acc_Dec.twc file.

e Run the simulation process.

e After the calculation is automatically completed, enable the Continue wear calcula-
tion option and read the next *.twc file, in our case Up_Down.twc. Run the simulation.
After the calculation is completed, run the third file R10left_right.twc. We will call ‘an
iteration’ the calculation for all files in the series.

e Continue iterations to obtain the required mileage.

e The results of each calculation are saved in a *.twr file with the specified name. This

file can be displayed in the graphics window at any time. The sequence of steps for
reading the result file is as follows:

o open a new graphic window;
o right-click in the Variables window area to open the pop-up menu and select
Load from file command, Fig. 33.4;
o in the standard file opening window, specify or select the *.twr type and open
the required file, Fig. 33.4.
e Assign a name to the calculation file and read the *.twc file corresponding to the first
section of the series. In our case, this will be the file Acc_Dec.twc.
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Variables [
= Options...
Edit. T
Open copy in Wizard of Variables...
Delete Del
Copy as diagram to active M5 Excel book Ctrl+E :
Filter CtieF b
Calculate statistical data
Copy as table to active M5 Excel book Ctrl+T
Copy to clipboard Ctrl+C
Copy as static variables Ctrl+5
.
——— = Load from file... a4
[ I Save to file... [
"L Orkpermue *
4N <« Tests » AMNCFTire » Vaz21_09_2FETire v O Mowck e: Vaz21_09_2FETire 2
¥nopagounte ~ Hogan nanka = - | 0
rus 2 63
Tire P175-70R13
Vaz21 09 2FETire I
Vaz21_09_2FETire
& OneDrive History TireWear.twr TireWearTest
v 2.twr W
HMman anﬁnaI *twr I Tire wear files (*.twr)

Figure 33.185. Open file with tire wear results

Figure 33.186. Example of wear accumulation with increasing mileage

Figure 33.186 shows an example of performing three iterations with three wear calculations in
each.
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33.4.9. Examples of simulation of dynamics of wheeled vehicles with
elastic tires

33.4.9.1. Road vehicle simulation examples

Consider examples of modeling the dynamics of a passenger car with FE tires using the
vaz21 09 2fetire model. Since the number of FE tires is less than the number of wheels, the mod-
eling uses dynamic activation of FE tires and reassigning FE tires to wheels, Sect. 33.4.5 Dynamic
activation of FE tires. Before modeling, load the car model in the UMSimul program. The car
model is located in the directory

{Data UM}\Samples\FETire\vaz21 09 _2fetire

33.4.9.1.1. Driving over speed bump

Figure 33.187. Drive over speed bump

Load the full configuration Speed bump in curve. In this test, the car moves at a constant
speed of 1.5 m/s in a curve with a radius of 11 m. The speed bump is located at a distance of about


../SAMPLES/FETire/vaz21_09_2fetire/input.dat
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11 m from the start of the movement. The control of the FE tire activation is close to that described
in Sect. 33.4.5 Dynamic activation of FE tires.

33.4.9.1.2. Driving over damaged road

Figure 33.188. Drive over road damage

Download the full Road hole configuration. In this test, the car moves at a constant speed of
1.5 m/s through a 7 cm deep hole in the road.

33.4.9.1.3. Driving over road curb

Load the full Road curb configuration. In this test, the car moves at a constant speed of 1.5
m/s and drives its front and rear wheels over a curb 11 cm high.

Figure 33.189. Drive over curb
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33.4.9.2. Monorail vehicle simulation examples

w [ Ofwext
~ -} OfbexT

(I8 MopckcTems!
- El Bogie1

‘fff FETire FFL

i {Ff FETire FFR

‘{5 FETire FRL
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N |
-5 Tena
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Thil

Figure 33.190. Model of monorail vehicle with four FE tires in UMInput program

An example of a monorail vehicle with FE tires is located in the directory

{UM Data}\Samples\Monorail\Monorail vehicle 4FETire

In the monorail vehicle model, the FE tires can only be assigned to the traction wheels. In the
model under consideration, the FE tires are pre-assigned to all four traction wheels of the first

bogie.

33.4.9.2.1. Driving over steps

Information Tools Monarail train AMNCF bodies
= A | 3;‘3
Resistance Speed Flexible track
Tires Flexible tires Geometry, irregularities Options and parameters Tools Identification

[Juse irregularities

Macro-geometry
4] |cr\Wsers\Public\pocuments UM Software LabYUniversal Mechanism 10\Monorail\Macrogeometry\streight. meg |G
el

Irregularities:

Driving (Jeft) | -
Driving {right) | -
Guiding (eft) | -
Guiding (right) | ==
Stahilizing (eft) | =5
Stabilizing (right) | =5 |
e

Coherent right irreqularities

File with special track deviations

Use special track deviations

’i‘_ﬂ |C:‘UJsers1lPub|ic1l.Documents‘\lJM Software Lab\Jniversal Mechanism',10YMonorail{Tools\Gap S0mm. trp -

Figure 33.191. Assignment of file with special track deviations


../Samples/Monorail/Monorail%20vehicle%204FETire/input.dat
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Figure 33.192. Graph of deviation in file ‘Step S0mm.trp’

Open the model in UMSimul program and load the full Steps configuration. In this configura-
tion, the car travels along a straight section, enters a 50mm high step and leaves it. The step geom-
etry is specified in the special deviation file ‘Step 50mm.trp’, Figure 33.191. Track roughness is
not taken into account. The car enters the step at a distance of 10 m from the origin of the track
coordinate system, and leaves at a distance of 30m, Figure 33.192. The Tools tab is used to create
and modify special deviation files, Figure 33.193.

Tires Flexible tires Geometry, irregularities Options and parameters
Tools Identification Resistance Speed Flexible track
= B |Spedaltrack deviations ~
Mame |Ee3 HMEHK

Abscissa type

Time Distance

Ordinate unit: m

Figure 33.193. Tool for specifying the special track deviations

Any test with the FE tire models enabled must start with the assignment of the FE tire models
(see Sect. 33.4.4.1 Assignment of FE tire models from database) and the corresponding simplified
massless tire models (33.4.4.5 Consistent models of massless and FE tires). After that, the initial
conditions should be calculated in the situation when all FE tires are active, Sect. 33.4.4.6.2 Cal-
culation of initial conditions for FE tires as part of the equilibrium test. These actions have already
been performed in the loaded configuration.

To simulate the run over the deviations by all eight traction wheels with FE tires, the test im-
plements dynamic control of the FE tire enabling and disabling. Let us explain the creation of the
activation schedule using the example of an FE tire assigned in the initial state to the front left
traction wheel of the front bogie, Figure 33.194. The positions in which the tire should be enabled
and disabled should be determined. The positions are determined by the tire distance travelled
from the moment it started moving.
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Tools Identification Resistance Speed Flexible track
Tires Flexible tires Geometry, irregularities Options and parameters
I Use dynamic control of models I

[ Tire wear process
Model options  Dynamic activation of models  wWear parameters

FETire FFL{+) FETire FFR(+) FETire FRL(+) FETire FRR(+)

+ @

Mr Start (m); Transition (m); Tire off {m); Assign to wheel

1 3.40 0.40 7.40

2 13.00 0.40 17.00 monorail vehide 4fetire.Bogie2.DriveTire_FL
3 23.40 0.40 27.40 monorail vehice 4fetire.Bogie 1.DriveTire_FL
4 33.00 0.40 37.00 monorail vehide 4fetire.Bogie2.DriveTire_FL

Figure 33.194. Activation section for tire FETire FFL

Let us plot the graphs of vertical tire/road interaction forces for all tires depending on the dis-
tance traveled using simplified massless tire models. For this purpose, we deactivate all traction
wheels (Figure 33.195). Note that when deactivating a traction wheel, information about its coor-
dinates is lost, and when re-activated, zero values are assigned to tire coordinates.

Run the simulation process. Graphs of vertical forces of all traction wheels depending on the
distance traveled are plotted in the graphics window. After finishing the simulation, in the pause
mode, we hide the graphs of all forces, except for the front left traction wheels of both bogies,
Figure 33.196. Hitting and leaving a step for these wheels will be simulated by the same flexible
tire FETire FFL.

The first section of the FETire FFL corresponds to enabling the tire in position 3.4m, the length
of the transition section is 0.4m, i.e. in the 3.8m position the FE tire replaces the simplified one
and is included in the dynamic process as the tire of the front left wheel of the first bogie, to which
FE tire is assigned by default. In the 7.4m position the FE tire is disabled and replaced by the
massless one.

In the second section the FETire FFL is assigned to the front left wheel of the second bogie, in
the third - to the first bogie and in the last section - again to the second one.

For the tire used for assignment to the front right traction wheels, the section parameters are
the same, so you can use the tool for copying a set of sections using the pop-up menu by right-
clicking, Figure 33.197.
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Tools Identification Resistance
Tires Flexible tires Geometry, irreqularities

IJse dynamic control of models
[ Tire wear process

Model options  Dynamic activation of models  Wear parameters
FE tire models
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Speed Flexible tradk
Options and parameters

+ tire t295-75r22,5\TRD_7,6_50_13{TRD_7,5_50_13.tire

U]

Setting model type

Full Upper reduction Side reduction Correct
Activation aj EETies Assigned models
] FETiIre FRL tire t295-75r22,5\TRD_7,5_50_13\
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] FETire FRL fire t295-75r22,5\TRD_7,5_50_13\
] FETire FRR. tire t295-75r22,5\TRD_7,6_50_13\
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Figure 33.196. Graphs of vertical forces for the front left traction wheels depending on the dis-

tance traveled

1 0,40 7.40
5 13.00 Set to tire » FETire FFL
FETire FFR.
3 23.40 0.40 27.40
FETire FRL
4 33.00 0.40 37.00 FETire FRR

Nr  Start{m);  Transiton {m);  Tire off (m); Assign to wheel

re.Bogie2.DriveTire_FL
re.Bogiel.DriveTire_FL

re.Bogie2.DriveTire_FL

Figure 33.197. Assigning sections to another FE tire

After entering all sections, the user should

« reload the full Steps configuration or activate all the FE Tires and read the initial conditions
from the last.xv file, since when the FE tires are deactivated, information about their coordinates
is lost, and when they are reactivated, zero values are assigned to them;
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* run the simulation of the dynamics of driving through special irregularities using the FE tires.
The result of simulation at a speed of 10 m/s is shown in Figure 33.198.

Comparison of the results for different FE tire models (full, reduced) shows a very good agree-
ment in this test (Figure 33.199), and the integration of equations using reduced FE tire models
occurs approximately twice as fast as using the full model.

In conclusion, we note that the use of an unmodified FE tire model with sidewall reduction
leads to a significant difference in the results due to the increased rigidity of the reduced part under
large elastic displacements, Figure 33.200, 33.3.13.4.4 Evaluation of the parameters of a modified
tire model with a reduced sidewall .

Figure 33.198. Run over steps with FE tires

T T 1 20 T Pt T = E:Y AT L

Figure 33.199. Comparison of the vertical force on the front left tire of the first bogie for the full
and reduced models of the FE Tire. The results are almost identical.
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Figure 33.200. Comparison of vertical force on the front left tire of the first bogie for the full FE
tire model and unmodified model with sidewall reduction
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33.4.9.2.2. Driving through a narrow gap in a track structure

Tires Flexible tires Geometry, irregularities Options and parameters Tools Identification

[ Use irregularities
Macro-geometry
li\_ﬂ |C:'|,I_Isers'|Puinc'|D0cuments'|,UM Software Lab\Universal Mechanism10\Monorail\Macrogeometry\streight.mcg |G |

Irregularities:
Driving {(Jeft) -
Driving (right) -

|
|
@ding (left) | -
|
|
|

Guiding {right) -
Stabilizing (eft) -
Stabilizing (right) =
Coherent right irregularities

lle with speqal rack deviatons
Use special track deviations
E] |C:'|,Users'|Puinc'|,Documents'|,l_lM Software LabUniversal Mechanism\ 10Monorail \Tools\Gap 50mm. trp - |

Figure 33.201. Assignment of file with track deviation ‘Gap S0mm.trp’

" Profile.m i
i

Figure 33.202. Special track deviation ‘Gap 50mm.trp’

Open the model in UMSimul program and load the full Gap configuration. In this configura-
tion, the vehicle travels along a straight section and runs over a gap in the track structure with a
width of 50 mm. The gap geometry is specified in the special track deviation file ‘Gap S0mm.trp’,
Figure 33.201. Micro-roughness is not taken into account. The gap is located at a distance of 6.5
m from the track coordinate system origin, Figure 33.202, Figure 33.203.

To speed up the simulation of motion over the gab by four traction wheels of the front bogie
with the FE tires, the test implements the dynamic control of activation the FE tires. The graphs of
the vertical forces acting on the wheels when passing the gap are shown in Figure 33.204.

To obtain smoother graphs in this test, the number of bristles in the longitudinal direction was
doubled compared to the previous one, Figure 33.205.
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Figure 33.203. Vertical contact pressures
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Figure 33.205. Comparison of vertical force for the front left wheel with 5 and 10 bristles in the
longitudinal direction for one finite element
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