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28. Dynamic simulation of rail vehicles taking into
account flexibility of wheelsets

28.1. General information

Universal Mechanism software (UM) allows dynamic simulating of rail vehicles taking into
account flexibility of wheelsets if the following modules present in the UM configuration: UM
Subsystems, UM Loco, UM FEM and UM Flexible Wheel Set. This manual describes the
rules of creating models of the flexible wheelsets (WS) and analyzing their dynamics.

The following chapters of manual are recommended to study before reading this paper:

— Chapter 2 “Mechanical system as an object for modeling”;

— Chapter 3 “UM Input program”;

— Chapter 4 “UM Simulation program”;

— Chapter 8 “Simulation of rail vehicle dynamics”;

— Chapter 11 “Simulation of dynamics of flexible bodies”.

Besides, it is recommended preliminary study of the documents gs_um, gs_um_loco and
gs_um_fem of series “Getting Started” which consist the lessons describing the actions for
creating and analyzing dynamic models.

28.2. Field of application

Simulation of a wheelset by rigid body interacting with the massless rail is the acceptable
approach for analysis of vehicle dynamics in the frequency range up to 50 Hz. However, many
studies are impossible without taking into account the flexibility of wheelsets and without
detailed models of railway including its inertial and flexible properties. Examples of such
researches are analysis of high-frequency (including sound) vibrations of wheelsets and rails,
calculating stressed-deformed state and durability of wheelsets, study of corrugation of wheels
and rails etc.

Wheel-rail contact force is very stiffness. That is, very small variations of coordinates and
velocities of contact areas points lead to significant changes of contact forces. Therefore,
simulation of the wheelset in the range above 50 Hz taking into account its flexibility can effect
on results of the following kind of studies:
analysis of the lateral stability of a vehicle;
calculation of wheel-rail contact forces;
simulation of wear and changes of wheels and rails profiles;
analysis of high frequency vibrations including sound.

The following researches can be implemented using flexible wheelset model.

1. Specifying of stress loading and calculation of durability of wheel, wheelset axels and
railway components.

2. Dynamic simulation of wheelsets with sliders.

3. Modelling of pass of point switches.

4. Study of wheels and rails corrugation.

5. Study of noises arising with vibrations of wheelsets and rails.
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6. Study of bending of wheelset axels and connected with it changes of clearances in track.

7. Researches of bending and torsions of wheelset axels of traction engines under static and
dynamic loading and associated with them skews in bearings and gears.

8. Simulation of the tensometric wheelset and analysis its stressed-deformed state.

Theoretically, the frequency range of researches using flexible wheelsets can be widen up to
2,5 kHz.

28.3. Approaches and methods

Dynamics of the flexible wheelset are simulated using methods of simulation of the flexible
body dynamics, implemented in UM FEM (Chapter 11 of UM User’s manual), and analysis
methods of rigid wheelsets, implemented in UM Loco (Chapter 8 of the manual).

28.3.1. Flexible wheelset kinematics

In accordance with the underlying approaches of UM FEM, the flexible wheelset can move
arbitrary as a rigid body, but displacements of its points because of deformations are assumed to
be small. Equations of wheelset motion are derived using the finite element method and the
modal approach. Flexible node displacements are approximated by a set of the constraint and
normal modes calculated in accordance with Craig-Bampton method. Finite element models of
wheelsets are created in external FEA programs, the modal analysis is carried out and then
required data is imported in UM. The algorithms of generation and analysis of dynamic models
of flexible bodies as well as the list of FEA programs with which UM have the interfaces are
given in Chapter 11 of User’s manual.

The basic ideas and approaches applied for dynamic simulation of flexible WS are shortly
explained here. WS kinematics is described using the floating frame of reference method.
(Figure 28.1.).

Figure 28.1. Wheelset coordinate system and numeration of degrees of freedom defining it
position and orientation
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Position of an arbitrary point K relative to the global coordinate system 0 (SCO) is the sum of
the radius-vector to the origin of the local SC1 and the radius-vector of the point relative to SC1
(Figure 28.2):

O =+ Apl,
where Ao: is the rotation matrix of SC1 relative to SCO, the vectors are presented in the
coordinate systems marked by upper indices in brackets.

Figure 28.2. Specifying of position of wheelset point K using local SC1

Radius-vector px can be presented as the sum (Figure 28.3)

Py =P +di
where pk is the radius-vector of point K, it is constant relative to SC1 in the undeformed WS
state, dx is the displacement of the point K due to deformation.

Figure 28.3. Definition of position of an arbitrary point K relative to the local SC of wheelset
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Flexible displacements of wheelset points are calculated applying the finite element method
and modal approach. Node displacements in the local reference frame are the product of the
modal matrix and the matrix-column of modal coordinates

H
X=X h,w; =Hw
=

where x is the Nx1 matrix-column of nodal coordinates, N is the number of degrees of freedom
of the FE model, hj is the j-th mode of the flexible wheelset, w; is the j-th modal coordinate, H is
the number of used modes, H is the NxH modal matrix.

Thus, the replacement and considerable decreasing the number of coordinates are carried out.
The nodal coordinates, which number N can be several hundreds of thousand, are substituted by
modal coordinates which number H is relative small. Usually, it does not exceed one hundred.

If a node is placed in point K, its flexible displacements can be presented by the product

d, =Hw,
where H is the part of the modal matrix corresponding to node K.

The flexible modes h; are calculated in accordance with the Craig-Bampton method. At the
beginning, interface nodes are selected in joint points and in points of force elements attachment.
Then the constraint static modes from unit displacements in the interface nodes and the fixed-
interface normal modes are calculated. The number of used normal modes is chosen by a
researcher depending on a necessary frequency range.

The examples of constraint and fixed-interface modes of WS are shown in Figure 28.4. Two
interface nodes are selected in the axle ends.

Ox
Constraint mode from unit rotation Fixed interface normal mode with
around X-axis frequency 874 Hz; multiplicity of the mode

is 4
Figure 28.4. Examples of wheelset Craig-Bampton component modes

In order to exclude rigid body motion relative to the local reference frame, component modes
are transformed using solution of generalized eigenvalue problem with the reduced matrices of
the wheelset.
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Usually, connecting points of force elements and joints placed in the nodes of finite element
mesh. In this case, Craig-Bampton method leads to accurate enough results using relative small
number of the modes.

28.3.2. Kinematics of wheel profile

A wheel-rail contact force is the moving loading. That is, the application point is changed
relative to the local coordinate system during vehicle motion; it does not coincide with any node
of FE mesh. This is one of the main problems for simulation of the flexible wheelset.

In additions, a way of description of wheel profile kinematics should be suggested taking into
account the wheelset flexibility. For rigid wheels, a profile is described with the help of the curve
editor in the coordinate system with the origin on the running circle. (see items 8.1.3.5 “Wheelset
geometry” and 8.5.1.1 “Creation of wheel and rail profiles” of Chapter 8 of User’s manual). The
profile is undeformed during wheelset motion. Position of any point relative to global SCO is
defined by position and orientation of the local SC of the wheelset and by radius-vector of point
K on running circle relative to the local SC. The coordinates defining position and orientation of
profile relative to the rail SC are shown in Figure 28.5. This figure is the copy of figure 8.88. It is
presented here for handy study of this chapter.
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Figure 28.5. Relative position of wheel and rail profiles

Similar to the rigid wheelset, the profile of the flexible wheelset is also assumed to be non-
deformable but its position and orientation are computed taking into account displacements of
nodes on wheel rolling surface applying ordinary least squares.

Let us shortly consider this method. The wheelset FE model is created by rotation of a planar
half-section mesh around the wheelset axis with angle the step Ac.. This mesh must contain some
nodes locating exactly on the wheel profile. Thus, there are nodes belonging to the wheel profile
in each i-th section turned on the angle iAa. Position and orientation of the wheel profile in
contact with the rail are calculated taking into account flexible displacements of the intersection
points of profile with the mesh lines between two sections (Figure 28.6). The point
displacements are computed by interpolation of the corresponding values of the neighboring
nodes.
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At the beginning, let us suppose that the profile contacting with the rail passes through nodes
of the mesh and describe the profile kinematics (Figure 28.6).

The interpolation when the profile is placed between mesh lines will be considered in the
next item.

The following designations are introduced for the description of the calculation algorithm of
current profile position:

p,, Is the position of i-th node on profile in the flexible WS model without deformations;

ar, is the flexible displacement of i-th node;

oX,0Z (AR) is the required displacement of SC of wheel profile;

da is the required rotation angle of SC of wheel profile.

The nodes positions can be presented taking into account flexible displacements as the sum:

Pi = Pio + ;..

Zy

Yo
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__,_—F"
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Figure 28.6. Position of i-th profile node in the SC wheel profile

From other side, the nodes positions can be written taking into account changes the position
and orientation of the profile as the following:

R; =pio + R —p,,5a,
where p,, is the skew-symmetric tensor, created on the vector p,,, €, is the unit vector along X-

axis, perpendicular to the picture plane (the direction of vehicle motion).
Let us define the total residual by the following expression:
£(0R, 0a) :Z(RiT _piT)(Ri -pi).
Then, extremum conditions using in the least squares method can be presented by the
following equations:
o€ ~
— =2 (R —p,e,0a—-5r)=0,
8R Z( pIO X I)
ai = 261 zﬁio(éR - Bioexé‘a_ or)=0.
ox
These equations are transformed to following form handy to calculation of required values
OoR, o

(_npz + 2 Pio 2)50”‘91 (npor _ZBiO&i) =0,
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R = i(z o+ (X Bio)ex5a) =or+ 66)(50! :

where n is the number of nodes on the wheel profile.
28.3.3. Simulation of rolling

The wheel profiles contacting with the rail during vehicle motion are placed between the
lines of the finite element mesh. The calculation algorithm of profile kinematics should be
modified taking into account this fact. Besides, a method of calculating generalized force from a
force applied in an arbitrary point on the wheel surface should be proposed. In UM, two
approaches to solution of the problem are implemented. They are conventionally called Lagrange
and Euler approaches.

Speaking by simple words, in accordance with Lagrange approach a researcher observes the
points of an object moving in the space. It is usual approach for multibody system dynamics. It is
applied for derivation of equation of motion in UM.

In accordance with Euler approach, the points of space are observed. That is, the equations of
motion describe behavior of the points of space occupied by the simulated object. In Eulerian
coordinates, the flexible displacements are described by Navier-Stokes equations of motion non-
typical for multibody system dynamics. The finite element mesh not rotate in Eulerian
coordinates. If in the initial time a wheel are oriented so, that line of the contacting profile pass
through nodes, this small set of nodes will define the profile kinematics to the end of numerical
integration of equation. The forces from contact interactions with the rail are applied to the nodes
of this set as well. Thus, it can be suppose that use of Euler approach allows increasing the
simulation effectiveness and makes some researches handier.

In UM, Euler approach is not used as it is described above. That is, Navier-Stokes equations
of motion are not used for description of the flexible displacements. Instead of this, the algorithm
simulating Euler approach is developed and implemented. It is executed on the stage of
numerical integration of equations of motion. Non rotating finite element mesh is the main result
of application of this algorithm. Therefore, fixed set of nodes in a single wheelset section can be
used for calculation of the profile kinematics and the generalized forces from contact
interactions.

Let us describe the proposed approaches in more detail.

28.3.3.1. Lagrange approach

In arbitrary instant, the wheel profile contacting with the rail is placed between nodes of the
finite element mesh (Figure 28.7).

In this case, profile kinematics is computed using characteristics of the corresponding points.
Let us consider the cylindrical coordinate system (p,,z). The axis of this SC coincides with the
rotation axis of the wheelset.

The wheelset FE model is created by rotation of a planar half-section mesh around the
wheelset axis with the angle step Aa.. This mesh must contain some nodes locating exactly on the
wheel profile. Thus, there are nodes belonging to the wheel profile in each i-th section turned on



Universal Mechanism 9 10  Chapter 28. Dynamics of flexible wheelsets

the angle iAa. The rules of making finite element model of a wheelset are given in section 2 of
this manual.

Contact profile
Finite element nodes | 5 o

\\\

Bottom view

: Points of contact
7 profile

Figure 28.7. On description of position and orientation of flexible WS profile

Then, after rotation of the wheelset on angle ¢y, the flexible displacements of each of n
points defining profile kinematics are calculated using two nearest nodes with the equal
cylindrical coordinates p and z (Figure 28.8):

_;(DJ, i=1..n, j=1..m, m is the section

o =adr, ; +bdr, ;,;, where a="1"="F
Pin — P Pin ~ Pj

number of the FE model.

kj kp kj+1

Figure 28.8. On calculation of positions and velocities of the contact profile in the cylindrical SC
Flexible velocity of the points is computed similarly.
28.3.3.1.1. Calculation of generalized forces

The WS model consists of the eight-node hexahedral finite elements. Let us consider the
basic ideas underlying the calculation algorithm for generalized forces from loads applied in an
arbitrary point on a FE face. That is, a way of the load distribution between the nodes of the FE
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face should be applied. After that, the generalized forces are computed using the algorithms for
immovable forces developed before in UM FEM.

In UM, two ways of calculation of nodal forces can be applied: 1) simplified way taking into
account only geometry of polygon on which the force acts and 2) distribution of applied force
using form functions of the finite element.

I the simplified way is used, the external force is distributed between the face nodes in two
stages inversely to the distances from the force to the face nodes. (Figure 28.9).

2 Fr2 Fko2

Loo
Fro

Fro1

L1 l

Figure 28.9. Simplified way of calculation of node forces

Let us consider the isoparametric form of the hexahedral finite element for the description of
algorithm of nodal forces calculation. The auxiliary system of dimensionless coordinates & 7, ¢
with the origin in the FE center is introduced (Figure 28.10).

Figure 28.10. To calculation of nodal forces using form functions of the finite element

Values of the dimensionless coordinates in the nodes are equal to +1. The displacements of
points of the finite element along x, y and z axis are correspondingly designated as u, v, w. Then,
displacement fields are defined by the following expressions:
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u(&,n,8)=N(& 7. o).,
v(&:1,8)=N(&n,0)V,,
W(&,1,4) =N(& 7, )w,,
where U, =[Uy,, Ug ", V, = [V, Vg]' ) W, =Wy, 1T N =[N,y N ],
N, =1/8-(1+ &) A+nn,)@A+ <L), 1=1..8, for example,
N, =18- (- &)(1+m(A-¢).

The nodal forces from the force applied in an arbitrary point K are calculated using the
following relations:

Foo = N (& 770§ ) P
Foy = N" (&7 SRy s
F. =N (&, 77, & )Fe
where F,=[Fu..Fel', F,=[FFel', Fo=[Fi.Fel', &om.& are  the

dimensionless coordinates of point K, F,, F,,F, are the projections of force Fr. The forces

T

applied in the nodes 1-4 are not shown in Figure 28.10. They are very small but, strictly
speaking, not equal to zero in general case. The algorithms of calculation of the dimensionless
coordinates of point K using it Cartesian coordinates are implemented in UM.

28.3.3.2. Euler approach

In this section, the basic ideas of the algorithm simulating Euler approach on the stage of
numerical integration of the equations are explained. The following designates are introduced
(Figure 28.11):

Ary is the flexible displacement in the node with index k on the previous integration step,

Are is the flexible displacement in the point, occupied by node k before current integration
step, after rotation of the wheelset on angle da,

da = éAa, Where A« is the angle step of FE mesh, ¢ €[0,¢,,, ].

Figure 28.11. To description of Euler approach
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The basic idea of the proposed approach is that the flexible displacement of point k' and it
flexible velocity are calculated approximately using kinematic characteristics of nodes k, k+1 and
possibly k+2. The nodes k, k+1 and point k' lie on the single circle. More precisely, their
coordinates p and z are equal in the cylindrical coordinate system if deformations are absent. The
node k+1 are called “next node” relative to node k, that is the next node will fill place of
previous node after rotation of the wheelset on angle Aa..

These calculations are carried out for all nodes of the FE model, after that the mesh is
"turned" backwards on angle -da and calculated flexible displacements and velocities are set for
the corresponding nodes. Besides, the transformations of equations providing their correctness
on every integration step are carried out.

The linear and quadratic interpolations of the flexible displacements are implemented:

Ar,. = aAr, +bAAAr, , +CAA’Ar,
where AA=A (Aa) is the orientation matrix corresponding to the rotation around wheelset

axle on angle Aa., Ark+1, Ari+2 are the flexible displacements of the next nodes.

For the linear interpolation, the following expressions are correct:

Emx =1, a=1-g,b=¢,c=0;
for quadratic interpolation:

Eppy = 2,a=1-156+056% b=2c—¢&% ¢c=-05s+0.5s2.

Note, the coefficients in the defined ranges do not exceed 1 for both cases; it is important for
stability of the numerical integration methods.

The proposed approaches and methods for dynamic simulation of flexible wheelsets are
implemented in program module UM Flexible Wheel Set. In the next sections of this chapter,
creation of models and their analysis with the help of this program module are sequentially
considered.

28.4. Creating dynamic model of flexible wheelset

The algorithm of making dynamic model of a flexible body is described in Chapter 11 of UM
User’s manual. Data preparation for the flexible wheelset corresponds completely to this
algorithm. The several additional requirements associated with wheelset construction are
described in the following section.

28.4.1. Creating finite element model

A finite element model of a flexible wheelset must be created via rotation of half of its cross-
section around Y axis with a constant angle step (Figure 28.12). If this requirement is not met,
the model is considered as incorrect. The corresponding message is shown after addition of the
flexible subsystem (see p. 28.5.1).
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Figure 28.12. Finite element model of the flexible wheelset of railcar AS4

Let us consider the main stages of creating the model. At the beginning, the geometry of half
of WS cross-section is described in an external FEA program and planar FE mesh is generated
(Figure 28.13). The main attention should be given to description of the wheel profile.

A node must be in point K defining running circle of the wheel. Its position is specified by
the radius of the running circle r and by the semibase of the wheelset L/2 (see item 8.1.3.5
“Wheelset geometry” of chapter 8 of UM User’s manual).

Point K coincides with the origin of coordinate system intended for description of the wheel
profile with the help of the curve editor of UM. This profile is used in program UMSimul.exe
for simulation of the wheelset dynamics.

If the origin of profile SC is superposed with point K, the nodes of boundary of the cross-
section must be placed on the profile. In the last resort, they must lie near to profile line. That is,
distances between the boundary nodes and the profile must be small after superpose of the
profile SC origin with point K.
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Figure 28.13. Finite element mesh of the half of cross-section of the wheelset

A 3D FE model of the flexible wheelset is created via rotation of the planar FE mesh around
wheelset axle on 360 degrees with some angle step. The selected angle step should ensure
smoothness of the rolling surface. For example, the FE model presented in Figure 28.12 is
created with angle step 2°.

In ANSYS, the described actions are implemented after creating the planar mesh by the
following APDL commands:

ESIZE, SIZE, NDIV
(the menu item is Main Menu>Preprocessor>Meshing>Size Cntrls>ManualSize>Global>Size)

VROTAT, NAL, NA2, NA3, NA4, NA5, NA6, PAX1, PAX2, ARC, NSEG
(the menu item is Main Menu>Preprocessor>Modeling>Operate>Extrude>Areas>About Axis)

The detailed descriptions of these commands can be found in ANSYS help system.

Before executing VROTAT command, type SOLID185 should be added in the list of finite
element types (the menu item Main Menu>Preprocessor>Element type>Add/Edit/Delete). The
plane finite elements should be deleted after generating the 3D model.

Creating the FE model of the wheelset using other FEA programs is carried out by similar
actions. Its descriptions are presented in the corresponding help systems.

The vertical cross-section should be in the FE model when rotation angle equal to zero
(Figure 28.14). It is one more requirement that is satisfied automatically if rotating cross-section
is defined in the plane XZ.
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Vertical cross-section

- 1 1 |

Figure 28.14. Vertical cross-section in the finite element model of the wheelset when rotation
angle around the axle is zero

28.5. Inclusion of flexible wheelset in UM Input program

In this section, inclusion of flexible wheelset to a model of rail vehicle is considered. The
general rules are presented below using the model of railcar AS4 which is included in the
samples list supplied with UM. Creating this model is described in the manual “UM Loco.
Getting started”, file gs_um_loco.

Let us change the front rigid wheelset by the flexible one (Figure 28.15).

| Flexible wheelset | | Rigid wheelset

Figure 28.15. Model of railcar AS4 with the flexible front wheelset

28.5.1. Addition of external flexible subsystem

At the beginning, let us consider addition of the flexible wheelset when a new model of a rail
vehicle is created. The following actions should be carried out (Figure 28.16):
— to select Subsystems in the tree of model elements;

o
— to add a new subsystem by button 2=

—to select the subsystem type wWheelset;
—to select Flexible wheelset in radio group Type of wheelset;


Getting%20started/gs_um_loco.pdf
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— to push Edit subsystem button and to describe a model of a flexible wheelset in the new
opened window of Object constructor (Figure 28.17).

| I | k|
EE Object dh db dL Mame: ISubSl ST T
= : Mame: |SubS1 CUEL Y - ‘ = ==
=, Object I —_ = = Type: |H Wheelset j
Type: | 7 Type: (none) il omments/Text attribute C
omn] ¢ Type: {none) ’_lc
4| N =S st
p, [iTm] Edit subsystem /\i
= external /
Wheelset Identifiers |  Inertia parame]
i - Linear FEM subsystem General | | |
Jl_:"nts Bt Flexible beam Identifier: ISubsl
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""" Calar torques 55 Flexible Railway Track I Testrig
----- E Linear forces Type of wheelset—————
Contact forces " Standards
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Figure 28.16. Addition of the flexible wheelset
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Figure 28.17. Editing FE model of the flexible wheelset in the mode of addition of an included
subsystem

In the simplest case, it includes only flexible subsystem prepared in accordance with
p. 28.4.1. However, there are no limitations on addition of other components to the model. Thus,
the included subsystem is added to the model of rail vehicle. The flexible subsystem modelling
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flexible wheelset is the required component of the added included subsystem. The flexible
subsystem must be the first one in the subsystems list of added subsystem.

If the subsystem does not meet the requirement mentioned above in p. 28.4.1, the message
presented in Figure 28.18 is outputted in the screen and it is suggested to delete the subsystem. A
user can keep it and continue editing the vehicle model. However he must replace the incorrect
model of flexible wheelset by the correct one before start of simulation. Otherwise, the model
cannot be loaded in UM Simulation program.

«

Flexible wheelset must be created via rotation of half of its
cross-section around ¥ axis with constant angle step. Your model does
nod meet this requirement and can nat be used.

Ok

Figure 28.18.

User can test the model of the flexible wheelset included in the vehicle by clicking the
Summary item in the Object tree. The message about the incorrectness of the wheelset is
shown in the panel of Object inspector.

i x|
=& Object Error: Sub51 - Model of flexible wheelset is incorrect
+- %, Object
gﬁé Suli:;stems \arning: Body1; Name=LeftRail - Image is not assigned
..... @ Images Marning: Body2; Name=RightRail - Image is not assigned

% Bodies

Joints

----- & Bipolar forces I:j
----- ¥ Scalar torques
----- E Linear forces
ﬁ Contact forces
T-+arces
Spedial forces
-~ d Connections

----- Summary
~E=] Coordinates

Panel of Object inspector

Figure 28.19. Results of testing object data with incorrect flexible wheelset.

In accordance with the methods presented in Chapter 11, a single body and joint 6 d.o.f. are
introduced for the flexible subsystem. They are not represented in the Tree of elements. The
choice of the sequence of orientation angles (3, 1, 2) is the requirement for the model of the
flexible wheelset (see Figure 28.17).

Note the model of rigid wheelset includes two bodies: the base body WSet having five
degrees of freedom and gyrostat WSetRotat with the single rotational degree of freedom around
axle of the wheelset (see p. 8.1.3.2 of Chapter 8 “Wheelset with six degrees of freedom”). This
approach allows connecting force elements like springs to body WSet. That is, the interaction


11_um_fem.pdf
08_um_loco.pdf

Universal Mechanism 9 19  Chapter 28. Dynamics of flexible wheelsets

with the wheelset can be simulated directly. For the flexible wheelset, intermediate bodies
simulating axle-boxes should be introduced and the force elements are connected to them.

After editing of the subsystem, push button Accept in order to save the changes.

Let us create the model of rail vehicle AS4 with the flexible wheelset by the replacement of
the front rigid wheelset by the flexible one.

Download archive um_samples_fws.zip from website www.universalmechnism.com. This
archive includes directory AS4FlexWSet containing the ready model of railcar AS4 with the
flexible wheelset. It can be used for quick study the rules of creating such models as well as for
comparison with the model and calculation results which will be obtained in this manual.

Directory FlexSSWSetAS4 including subsystem “Flexible wheelset” is placed into
directory AS4FlexWSet.

After unpacking the archive, copy directory {Unpacking directory\AS4Flex\WSet\
FlexSSWSetAS4 to folder Flex in UM examples directory. Here, {Unpacking directory} is the
directory to which the archive is unpacked.

Thus, the model of the flexible wheelset should be placed on the following path: {UM
Data}\SAMPLES\Flex\FlexSSWsetAS4.

Let us pass to creating the railcar model. Run UMInput program, load the model of AS4
from directory {UM Data}\SAMPLES\Rail_Vehicles\ac4 (Figure 28.20) and save it to the new

working directory by button on the tool panel. The new model of railcar is called
AS4Flex\WSet.

Z Object AC4 8=
—_—_——— H lIrell
=& Object ;5”'0\ LQJQ‘{.’? @W'E‘ % ‘@ 9@ 1‘®‘ ®v|ﬁq’|® F[."}" Variables | Curves | Atmibutes |
%, Object Genersl | optons | Sensorsisc |
-~ Curves
P14 Variables Transform into subsystem
abc Attributes Path  E:\Simulation'\samplesirail_vehicles\AC4
L4
-y Subsystems bject identifier
G- § Images IAC4 |
[ Bodies
(-2 Joints omments:
B # Bipolar forces l—
B Scalar torques
~ B Unear forces eneration of equations
ﬂ Contact forces 1 Symbolic
- TForces ¥ Numeric-iterative
2] @ Spedial forces
R4 Connec tions e =il ravity force direcion——————————————
-4 Indices — I ex: | C
Summar, ¥
= . T
R Crerdinabas | e |
] = 2 ez |10 B
AR e
Characteristic size: 1.00 "Z

Whole list |

Name Expression Value =
20

11 3.29
12 )1
bfic_damper 10 0.7

bfic_damperr  0.07

Scene image: (n) -

iy_axlebox 3

mbody 3.8300000E +4
ibodyx 1.4000000E+5
ibodyy 6,2600000E+5

ibodyz 5.9900000E+5 =
KT _’d

Figure 28.20. Model of railcar AS4 from the set of models supplied with UM
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saveas

Path (induding object name):
IE: \Simulation \samplesiAsaFlexwset] @E‘

Save Cancel |

Figure 28.21. Saving of the model AS4 in the new directory for the following editing

Let us select the front wheelset Wheelsetl in the list of subsystems, change it type on
Flexible wheelset and start of its editing by button Edit subsystem. In the opened window of

Object constructor, select Subsystem in Tree of elements, add new subsystem by button —,
select subsystem type Linear FEM subsystem and load it from directory {UM
Data}\SAMPLES\Flex\FlexWSetAS4 (Figure 28.22). Set name FlexWSet for the subsystem.

= |
F-&3 Object “ _
EEGRJ Object — Mame: ISubSl f E}’ =
..... :h Curves Type: | 7 Type: (none) j

----- Fl) Wariables omm| ¥ Type: (none)

i-i-]--abc Attributes I_ induded
% Subsystems % external

Images H wheelset
- Bl:l.l:lIES sk Linear FEM subsystem
- Joints _.| Flexible beam
----- Bipolar forces %Y Ballast

----- B Scalar torques
----- E Linear forces

ﬁ Contact forces
T-Farces

[+~ Spedal forces
- # Connections

vﬁ Indices 1=
----- Summary ;I

L Panrdinatas

~ Read FEM model of object ﬂ

Scan the forder:
IC:'l,I_Isers'l.F‘uhIic'l,Dncuments'lJ_lM Software LabYJniversal Mechanism3\SAMPLES Flex @

w Flewible Railway Tradk

Bl Cr\Users\Public\Documents\UM So | Data imported from program: MX NAS ;I

[ £ slider_crank_all Mame of solution: AS4
56 slider crank fem 26.02.2016,19:48:53, AS4
i _ta d - Modes: 56561

vibrostan Finite elements: 45442

- B flexbeam Degrees of freedom: 339366

L e Mormal modes: 35

Static modes: 0

Computation with lumped mass matrix
Min. natural frequency: 29,65

Max. natural frequency: 5456.63
ﬂ Generalized mass matrix: Mo

Generalized stiffness matrix: No
IC: \Wsers\Public\Documents UM Software L

x| .
Ok Cancel | P | | .

Figure 28.22. Addition of a new flexible wheelset



../SAMPLES/Flex/FlexSSWSetAS4
../SAMPLES/Flex/FlexSSWSetAS4

Universal Mechanism 9 21  Chapter 28. Dynamics of flexible wheelsets

28.5.2. Introduction of auxiliary coordinate systems

Let us introduce auxiliary coordinate systems for calculation of radial and tangential stresses
of the wheels. Let us select nodes-sensors on the circle with radius 0.3756 meters with the angle
step 30°. Zero angle value corresponding to the vertical radius directed down from rotation axis.
Axis Z of introduced SC will coincide with the radial direction from wheel rim to the rotation
axis; axis X will correspond to tangential direction; axis Y is parallel to Y of the local SC of
wheelset. Every auxiliary SC is defined by an origin and by three orientation angles relative to
the local SC. Let us use the visual way of defining the auxiliary SC with the subsequent
correction of the orientation angles.

Select Coordinate systems tab on the form of flexible subsystem. Press button a’l"‘“ and
sequentially select nodes specifying the origin, X axis and XY plane of the coordinate system.

Note visual choice of the nodes is possible only if button ’T of animation window is pressed.
It state should be checked. After selecting the nodes shown in Figure 28.23, the form fields are
filled by the values presented on the left of Figure 28.24. Set name SCO to added SC and edit the
fields of Orientation group as it is shown on the right of Figure 28.24.

Eleven remaining SC are introduced similar. Their names, origin coordinates and rotation
angle around Y axis are presented in table 28.1. Two other rotation angles are zero. All
introduced SC are shown in Figure 28.25.

—~ Object AS4FlexWSet _|_ _|I:I ﬂ
= 2 ) A
S e o SRR SR S Y N A NN TR RN A WA R
Hﬂ Object Name: |Flexiset = = =z
Sy Curves Type: |BE Linear FEM subsystem -
L.-Fp4 Variables omments/Text attribute C
t.-abc Attributes
= g Subsystems I
. MR Flexwiset - =
4 General | Poston | Image |
.3 Images Coordinate systems
[ Bodies Solution oordinate syst
2] Joints W Coordinate systems are visible
Bipolar forces
B Scalar torques [ R,
i SERE S L.
8 Linear forces == =
g4y Contact forces
T-Forces
(-8 Special forces I
#£48 Connections
4B Indices
- A =l
|
N . =
AR L le
Whole list |
Name Expression Value il
20
mlefirail 50
ixdefirail 0.24328
mrightrail 50
hrail 0.18
ixrightrail 0.24828
cyleftrail 1.8000000E+7
cyrightrail 1.8000000E+7
cleftrail 4.4000000E+7
czrightrail 4.4000000E+7
cangleftrail 6.6000000E+5
cangrightrail 6.5000000E+5 - | system of coord WEEE RN ﬂ
dissyleftrail 1.0000000E+5 elett orign - "
dissyrightrail 1.0000000E+5 elect a paint on the X-axis -tE Lo
cisszlefirail 2,0000000E+5 Selecta point on the XY-plane
disszrightrail 4,0000000E+5 - |
Ll L4 [ |

Figure 28.23. Visual input of the auxiliary SC for the flexible wheelset
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| |
Mame: |F|Ex"-"-"5Et f LJ'E? o= || Name: IFlex'LﬁJ'Set A B T
Type: ﬁ Linear FEM subsystem j Type: ﬂ Linear FEM subsystem j
’—Cummentsﬂ'ext attribute C ’—Cummentsﬁext attribute C
" General I Position | Image I " General | Position | Image I
Saolution Coordinate systems Solution Coordinate systems
¥ Coordinate systems are visible ¥ Coordinate systems are visible
I OPointl | I S0 |
FEE s e FERE a2 L
Mame: IOF‘Dintl Mame: ISCEI
—Coordinates —Coordinates
fo £ Jo.1 C |-0.375563C |o c Jo.81 © |0.3755631%
—Orientation —Orientation
[x  =]js0.00000000 A [x  =]lo.00000000 A
[y =]|o.00000000 A [v  =]]o.0o000000 M
|z =]|100095359 A |z =|Jo.0o000000 A

Figure 28.24. Editing of orientation of auxiliary SC for flexible wheelset:
state after visual input is on the left, after editing is on the right

Table 28.1.
The auxiliary coordinate systems of flexible wheelset FlexWSet
Ne | Name | Node index X Y z @y
1 |SCO 14372 0.0000 0.8100 -0.3756 0
2 | SC30 16742 -0.1878 0.8100 -0.3252 30
3 | SC60 19112 -0.3252 0.8100 -0.1878 60
4 | SC90 21482 -0.3756 0.8100 0.0000 90
5 | SC120 23852 -0.3252 0.8100 0.1878 120
6 | SC150 26222 -0.1878 0.8100 0.3252 150
7 | SC180 55 0.0000 0.8100 0.3756 180
8 |SC210 2522 0.1878 0.8100 0.3252 -150
9 | SC240 4892 0.3252 0.8100 0.1878 -120
10 | SC 270 7262 0.3756 0.8100 0.0000 -90
11 | SC 300 9632 0.3252 0.8100 -0.1878 -60
12 | SC 330 12002 0.1878 0.8100 -0.3252 -30
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B |
12

B [y |
Mame: IFIE}(WSet S e T

Type: Ii Linear FEM subsystem j
’—Commtsﬁ extattribute C———————————

General | Positon | Image |
Solution Coordinate systems

¥ Coordinate systems are visible
oo |[6@ | sco0 | 500 o]
A S Ao

Name: |CK30
—Coordinates
[-0.187781C Jo.81 € |0.325247/%
—Orientation
|\r j|30.nnnnnnnu |
[y =]Jo.0o000000 pA
|z =]|o.00000000 B

Figure 28.25. Image of the added SC in the animation window

28.5.3. Editing of model AS4 after introduction of flexible
wheelset

The descriptions of the rotational joints connecting wheelset become incomplete after change
the rigid wheelset by the flexible one because the first body is not defined (see Figure 28.26 on
the left). Let us consider the left axle-box as the example. In the source model of AS4, the
rotational joint jAxle-box LF was the single one introduced for the axle-box. It specified the
path from the axle box through wheelset to basic body BaseO in the kinematic graph of the
model (see Chapter 2 of User’s manual, p. 2.2.1 “Connectivity of systems and definition of a
joint ™).

In fact, change of the wheelset type means deletion of included subsystem Standards
wheelset and addition of subsystem Flexible wheelset including external subsystem type of
Linear FEM subsystem. The axle-boxes should be connected with this FEM subsystem via
rotating joints. In this case, the path from axle-box to basic body cannot be found automatically.
That is, the program “does not see” the axle-box. Therefore, only choice of body
AS4FlexWSet.FlexWSet.AS4 as the first body of rotational joints jAxle-box LF (Figure 28.26
on the right) and jWSet_Axle-box RF is not enough for correct description of railcar kinematics.
The joints 6 d.o.f. must be introduced for each axle-box for connection them with the base
(Figure 28.27). Coordinates of the joint points in the local SC of axle-boxes are (0,0,0).
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| 1 %]
Mame: Ij.ﬁ.xle-bnx LF f d'i = = || Mame: Ij.ﬁ.xle-bnx LF = i i -
Body1: Body2: Body1: BodyZ:
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Figure 28.26. Editing of rotational joint connecting the flexible wheelset and left axle-box

| | |
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Figure 28.27. Adding the joint 6 d.o.f. for bodies Axle-box LF and Axle-box RF

Creating of AS4 model is finished. Save the changes and pass to the simulation.
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28.6. Simulation of wheelset dynamics in UM Simul program

Preparation of numerical experiments with rail vehicles is described in p. 8.4 of Chapter 8
“Simulation of rail vehicle dynamics”. If a flexible wheelset is included in a vehicle model, tab
Flexible wheelsets is added onto tab Rail/Wheel of Object simulation inspector. With the help
of this tab, the approach to simulation of flexible wheelsets can be selected in accordance with
the description presented in pp. 28.3.3.1, 28.3.3.2 as well as the interpolation order for Euler
approach (Figure 28.28).

Solver | Identifiers I Initial conditions | Object variables
Rail \Wheel I XVA I Information | FEM subsystems | Toals
=B|%\9 2

Track | Profiles | Contact | Forces | Speed Flexible wheelsets |

Type of model
{” Rotating mesh (Lagrange description)

¥ Non-rotating mesh (Euler description)

oo (O {2

"Interpolatinn arder

Figure 28.28. Tab Flexible wheelsets of Object simulation inspector

28.6.1. Wizard of variables

Flexible wheelset dynamics is analyzed via variables which are created on tab
Flexible wheelset of Wizard of variables (Figure 28.31). Flexible wheelsets are presented by
the simple list without tree structure. A name of each element is formed using the following rule:

Element name = 'Wheelset '+ wheelset index +' (' + subsystem name +)',
where wheelset index is wheelset index in a single vehicle or train taking into account all
wheelsets independently from their type, subsystem name is wheelset subsystem name defined in
UM Input program.

Field Sensor contains the node selected for the analysis by the button or the popup menu.
The form of selection of the node-sensor is shown in Figure 28.32.

The following kinds of analysis are available:

e Kinematics;
e Stresses;
e Drawing.

The form contains three tabs of the same name corresponding to each kind of analysis.

The sequence of creating and use of variables is described below.

Kinematics.

With the help of this tab, variables for calculation of flexible kinematic characteristics of the
nodes are created. The flexible characteristics are displacements, velocities and accelerations
occurring due to flexible deformations:

re =Hw, v, =HW, a, =HWw,
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where Kk is the node index, f means the flexible term of the value i.e. the motion of wheelset as
rigid body is not taken into account.

A variable is defined by the following parameters (Figure 28.31):

° type;

e component;

e approach to calculation;

e coordinate system relative to which the value of variable will be presented.

The list of coordinate systems includes elements “Local SC of subsystem”, “Cylindrical” and
all auxiliary SC introduced for the subsystem in UMInput program (p. 28.5.2).

If “Cylindrical” SC is chosen, components correspond to the following directions: X is
tangential direction, Y is lateral one coinciding with Y axis of the local SC, Z is radial direction
(Figure 28.30).

Option Calculation approach is explained below. It can have one of two values: Lagrange
and Euler.

Let intermediate coordinate system xcyczc is connected with the wheelset. The orientation of
this SC. relative to the global SCO is defined by the rotation angles around Z and X axis (the first
and the second angles in the angle sequence (3, 1, 2) of the wheelset), the rotation angle around
Y is zero (the third angle of the sequence). That is, the intermediate SC moves with the wheelset
but does not rotate around Y axis.

Let us suppose that in the initial instant t = 0, an analyzed node was placed in point Ko, and
its position is in point K, in the current time after rotation of the wheelset on angle a. If
Lagrange approach is applied, the variable is calculated in point K. If Euler approach is used,
the value is computed in point Ko. Its coordinates are constant in the intermediate coordinate
system SC.. In other words, we observe the material point of the wheelset in the case of
Lagrange approach and the point of space moving together with the wheelset if Euler approach is
applied.

Note the settings Calculation approach for variables and Type of model defined in Object
inspector should be distinguished (Figure 28.28). These settings are defined independently.
Their combination defines the calculation method of variable: either using modal matrix of the
node-sensor or via interpolation of values in the nodes nearest to point Ko in the presented
instant. The all possible settings are presented in table 28.2.

Table 28.2.
The calculation method of variables in the dependence of the settings
Type of model Calculation approach | Calculation method for variable
Rotating mesh (Lagrange) Lagrange Node matrix
Rotating mesh (Lagrange) Euler Interpolation
Nonrotating mesh (Euler) Lagrange Interpolation

Nonrotating mesh (Euler) Euler Node matrix
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Lagrange \ Euler
!

=

Figure 28.29. The explanation of option Calculation approach of a variable

Figure 28.30. The components of kinematic characteristics of node K.
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Wizard of variables ﬂ
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Figure 28.31. Tab Flexible wheelset of Wizard of variables

Searching node of finite-elements ﬂ

—Subsystem: FlexWWSet
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MNode coordinates:

. JE—
.o 1I_I I -, 350

—Selected node
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Apply | Cancel | Search |

Figure 28.32. Form for searching node

An identifier of variable are formed using the following rule:
Identifier = 'FlexWSet' + wheelset index + ' ' + subsystem name + "' + type of the variable +
index of node-sensor + component + '-' + calculation approach. For example,

FlexWSetl AS4FlexWSet:r14372z-L.
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The designation of variable type can be the following: r is displacement, v is velocity, a is
acceleration; designation of calculation approach: L is Lagrange approach, E is Euler one.

The comment to variable contains additional information about coordinate system relative to
which the value is calculated. For example:

FlexWSetl AS4FlexWSet: Flexible displacement, Node=14372, projection Z (Lagrange),
relative to SC "Local SC of subsystem ".

Stresses.

Using this tab, variables for calculation of stresses are created after defining the following
parameters (Figure 28.33):

e group of elements;

e component;

e approach to calculation;

e coordinate system relative to which the value of variable will be presented.

Selected Selected
Iwheelset 1 I'l.f'.n'heelset 1

Sensor: INn:nde 7262 (0,375, 0.810, 0.000) | Sensor: |N-:u:|e 7262 (0,376, 0,810, 0.000) |

‘Kinematics Stresses | prawing | ‘Kinematics | Stresses Drawing |
Element groups: Component: i

UL o —Kind of solution Component:
| 1. CHEXA (4771,4772,4878,4873) x| |s« || | © Flexible displacements

SEQV i
{* Siresses

—Calculation approach

{* Lagrange {~ Euler

—Calculation approach
™ Modal = UM FEA

—Resolved in SC of body

—Area
¥ Min: IIZI.? *EI Max: |1.1EIIZI ‘Zi
Angle Min: ||:| EI Max: |35|:| 'le

Figure 28.33. Tabs Stresess and Drawing

Drop-down list Finite elements consists the single element with a type name and indices of
finite elements including selected node-sensor. This list does not give a choice because the
wheelset model includes finite elements of the single hexahedral type (except prisms placed
around Y axis).

Drop-down list Component consists the six components of the stress tensor, principal and
equivalent stresses: SX, SY, SZ, TXY, TYZ, TXZ, P1, P2, P3, PEQV. The symbols correspond
to designations in the FEA program from which data was imported. The names of stresses
component used in NX NASTRAN are presented above.

The value of Calculation approach defines analyzed point and method of calculation of
stresses as it is described for kinematic variables.

Values of variables created with the help of this tab are computed applying the internal
library of UM without use of imported stresses data (see p. 11.1.2 of Chapter 11 “Calculation of
stresses and strains). For analysis of stresses using imported data, variables should be created
with the help of FE Sensors tab of Wizard of variables (see p 11.5.3.3 of of Chapter 11
“Stresses and strains”).
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For calculation of stresses applying UM procedures, the material properties must be
specified. In general case, they are not imported from FEA programs. The material of the
flexible wheelsets is assumed to be isotropic. Thus, Young modulus and Poisson ratio are
required for stresses calculation. Their values are set on tab FEM subsystems —> Solution —
> Materials of Object simulation inspector Figure 28.34. They must be equal to the
corresponded material properties inputted in the external FEA program from which the data is
imported.

Solver I Identifiers I Initial conditions | Object variables I RailWheel I XVA | Information FEM subsystems |Tno|s |
Subsystern:  Flex\WSet

General I Simulation I Image Solution |

Modes I Rigid body I Interface nodes | Sensors  Materials I

arameters of isotropic material

Young modulus: | 2. 10E+11 TIL|

Poisson ratio: | 0,30 TIL|

Figure 28.34. Input properties of wheelset material

Drawing.

On this tab, the variables of type drawing are created for display of calculation results in an
animation window. The colors corresponding to the calculated values and selected scale are set
to each node on the painted area of the wheelset surface.

A drawing variable is defined by the following parameters (Figure 28.33):
kind of solution;
component;
calculation approach, it is available for solution kind Stresses only;

e painted area.

Components defining the directions of Flexible displacements are the same ones as
described above for Kinematics tab: X is tangential direction, Y is lateral one, Z is radial
displacement (Figure 28.30).

Calculation approach can take the values Modal and UM FEA. Modal approach means
stresses calculation using imported data. In order to use this approach, the sensors must be
created in whole drawing area in the stage of preparing the model in external FEA program.

The internal library of finite elements is used if UM FEA option is selected. Therefore whole
surface of the wheelset can be drawn. However, calculation of the solution and painting the
results require much computer resources and can slow down the simulation noticeably. From
other side, it can be enough information about state of the part of the surface for estimation of
loading because of symmetry of the wheelset.

Group Area of the form elements allows defining the drawn part of the wheelset surface. It
specified by the fourth parameters: minimal and maximal Y values (Ymin, Ymax), minimal and
maximal values of the angle defining painted sector (@min, @max). These parameters are presented
in Figure 28.35. The angle is measured from vertical lower radius; it can take values from 0 to
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360 degrees. If the sector designated o should be drawn, ¢max should be inputted in filed
Angle Min and ¢min in filed Angle Max.

An identifier of variable is formed using the following rule:

Identifier ='PS _' + subsystem name + ' '+ component.

For example, PS_AS4FlexWSet_SEQV. PS is the abbreviation of “Painted Solution”.

A created variable should be drag and drop on an animation window in which drawn
wheelset will be displayed. The variable is added to the list of drawing variables. Visibility and
position of this list is specified via popup menu (Figure 28.36).

ymin

I ——

ymax

0 @Pmin |

Figure 28.35. Example of defining painted area of wheelset

D Background color. ..
Coordinate system

") Perspective

v Smoothing
Window parameters...

ifj Simplified drawing

¥ Orientation ¥
Grid r
Rotation style »
Modes of body images »

Save animation...

Camera follows Basel

Vector scales
Position of vectar list L
Position of the paint list v Left
ight
30 contact g Rig
T
Z-surface » o
Bottom
Select nodes of finite element mesh. .. Hide

Figure 28.36. Choice of position of the paint list in the animation window
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A variable can be “switched on/off” by the check box of the list element. If the variable is
switched off, the calculation of solution is stopped and the wheelset is drawn in accordance with
its graphical object options.

The tuning of the variable is carried out with the help of the screen form that is called by
double click on the element of drawing list (Figure 28.37). The drawing scale is specified by
three colors which are set to the minimal, mean and maximal values. The values range can be
selected automatically or set by user. If the automatic choice is applied, the color assigned to
field Maximal value will be set to node with the maximal value of the solution. If Upper bound
is specified “manually” then “maximal” color will be assigned to all values exceeding upper
bound. The similar rule is set for the minimal value.

Animation window

3 P
@la - k| WSk x| T W/
Draw
PS_AS4FlexWSet SEQV Painting parameters x|
—Values
alues range
i Automatically {* Define range
Upper boundary value . 3.50E+008 ™
Lower boundary value 0,000/

—Color options

. Maximal value
. Mean value
. Minimal value

Apply Cancel

Figure 28.37. List of variables and form for setting of drawing parameters

Note if the list includes several variables drawing the same wheelset area, the solution
calculated by last variable will be shown in the animation window. Such situation is senseless
and even adverse because of all variables are calculated; the computer resources are expended
and the simulation can slow down sharply. Therefore in the similar cases, it is recommended to
switch off all variables except the variable observed in the current time.

28.6.2. Simulation example

In this section, the example of dynamic simulation of railcar AS4 with the flexible wheelset
is considered.

The following numerical experiments are executed:

- moving in the straight track without irregularities with the speed 80 km/h;

- moving in the curve taking into account irregularities with the speed 80 km/h.
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The flexible displacements, accelerations and stresses in the radial and tangential directions
are analyzed in three nodes which are placed in the origins of auxiliary coordinate systems SCO,
SC120 and SC240 (Figure 28.38, see also p. 28.5.2). Besides, the stress state of the left wheel is
estimated via painting in the animation window in accordance with the equivalent stresses in the
nodes.

At the beginning, equilibrium position should be calculated.

28.6.2.1. Creating variables

Use of the variables for analysis of the flexible wheelset dynamics will be considered below
in the simulation example of railcar AS4. Creating the model is described in p 28.5.

The examples of creating the variables are shown in Figure 28.39 and Figure 28.40. Let us
make the pairs of variables applying Lagrange and Euler approaches for each characteristic
shown in graphical windows.

It is recommended to form the variable list and save it in the task directory for the further
use. (Figure 28.41., see also p. 4.3.3 of Chapter 4 “List of variables”). The graphical windows
should be created and tuned for each type of the calculated variables (see also p.4.3.4 of
Chapter 4 “Graphical window”). All settings are recommended to save in icf-file using item of
main menu File->Save configuration->All options.... The example of graphical window is
presented in Figure 28.42.

Node 4892, SC240 Node 23852, SC120

Node 14372, SCO

Figure 28.38. The nodes-sensors for creating variables in the simulation example
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Selected

I'l.f'.n'heelset 1

Senzor: |Nc..:|e 23852 {-0.325, 0.810, 0.188)

Kinematics |5tresses | Drawing |

—Type of variable

% Coordinate Velocty

 Acceleration

—Companent

X - v Z vl v
—Calculation approach

{~ Lagrange {* Euler

—Resolved in 5C of body

IL-:u:aI SC of subsystem

=~

I'l."u'heelset 1

Sensor: IND::IE 23852 (-0.325, 0.810, 0.188)

Kinematics  Stresses |Drawing|

Element groups:

Component:

| 1. cHEXA (15006, 16007, 16113, 1611 ¥ | |m -]

—Calculation approach

{+ Lagrange

" Euler

—Resolved in 5C of body

|sc120

Figure 28.39. Variable settings for analysis of the radial flexible displacements in node 23852
applying Euler approach (on the left) and for analysis of radial stresses in node 23852 using
Lagrange approach (on the right).

Selected

I'l."u'heelset 1

Sensor: IN::u:IE 23852 (-0,325, 0,810, 0.188)

Kinematics I Stresses Drawing |

Kind of salution

{* Siresses

" Flexible displacements

Component:

X i

=

rCalculation approach
{~ Modal

—Area

¥ Min:

||:|.r5|:|n EI Max:
Angle Min: ||:| EI Max: |3EEI ﬁl

n.9s0 %

—Walues

alues range
 Automatically

Painting parameters

X

{* Define range

pper boundary value
Lower boundary value

3.50E+005!™
0.0000m

—Color options

. Maximal value
. Mean value
. Minimal value

Cancel

Apply

Figure 28.40. Variable settings for painting of the left wheel in accordance with the equivalent
stresses in the nodes.
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= as4flexwset.var - E:\Simulation\Samples\rail_vehicles\AS4FlexWSet) - list o -||:||ﬂ

H—%@@Jl Button for storing variable list to file

Flexible displacements I Flexible accelerations SUESSES

MName | Comment

FlexWsetl_AS4FlexWSet:5214372L  FlexWsetl _AS4FlexWSet: Stress 52, Mode=14372, (Lagrange), relative to 5C "SC0"
FlexWSetl_AS4FlexWSet:SK143721L  FlexWSet1l_AS4Flex\WWSet: Stress 5X, Mode=14372, (Lagrange), relative to 5C "5C0°
Flex\WSetl_AS4FlexWSet:5214372E  FlexWSet1 AS4FlexWWSet: Stress 57, Mode=14372, (Euler), relative to 5C "SC0"°
Flex\WSetl AS4FlexWSet:SX14372E  FlexWSetl AS4FlexWSet: Stress 5X, Mode=14372, (Euler), relative to SC "SC0"
Flex\Wsetl AS4FlexWSet:S223852-1L FlexWsSetl AS4Flex\WSet: Stress 52, Mode=235852, (Lagrange), relative to SC "SC120"
FlexWsetl AS4FlexWsSet:SK23852-1L FlexWsSetl AS9FlexWWSet: Stress SX, Mode=23552, (Lagrange), relative to SC "SC120"
FlexWSetl AS4FlexWSet:S223852-E  FlexWSetl AS4Flex\WSet: Stress 52, Mode=23852, (Euler), relative to SC "SC1207
FlexWsetl_AS4FlexWSet:SX23852E  FlexWsetl_AS4Flex'WSet: Stress 5X, Mode=23352, (Euler), relative to 5C "SC120"
FlexWsetl_AS4FlexWSet: 5745921 FlexWsetl_AS4FlexWSet: Stress 52, Mode=4332, (Lagrange), relative to 5C "5C2407
Flex\WSetl AS4FlexWSet:SK48921 FlexiWSetl AS4Flex\WSet: Stress 5X, Mode=4832, (Lagrange], relative to 5C "SC240°
Flex\WSetl_AS4FlexWSet:574392-E Flex'WSetl_AS4Flex\WSet: Stress 57, Mode=4832, (Euler), relative to 5C "SC240°
Flex\WSetl AS4FlexWSet:SK4392-E Flex\WSetl_AS4FlexWSet: Stress 5X, Mode=4832, (Euler), relative to 5C "SC2407

Figure 28.41. Variables list for the analysis of the flexible wheelset dynamics

Plots - Flexible displacements of WS - o x|
Variables
(A [ Fexwset 1_asalevwsetr 1437224.... 0.6 5
O P eexcwset 1_asalexwsetr 193721, E 0.4F . :
B Wrecwset1_asslexwsetr 1437226, = : : :
D .Flnck‘.'Sctl_.ﬁSﬁxlr‘JSct;r 1437 2%-... a 0.2 o esmsssmennaas e T L T DT TP T R e
Weecvset_asseawsenr23sz... 2 3 ; ; i i i ; ; ; :
O W rexwset1_ASFlexWSetir 23852xL... % of i 7 3 4 5 [ 7 8 q i
.HEKI"‘.'SEI l_ﬁﬁxﬁ"‘ﬁtl:rlﬂsﬂ E... E_ 02p----rerm e ................................................
O W rexwset1_aselexWsetr23852c-... O 2 :
O MFexwset_ASFlexWsetr 489224 ... 5 0.4p :
O Fexwset1 As#Flexwsetirad92L... B .0.6p :
O .Hems.gn_ﬁﬁ:u&t:r-tagzze e |
O Il Flexwset 1_ASFlevWsekr 43920 ... Time, s
| . Ey=3 | y

Figure 28.42. Example of the adjustment of the graphical window for presentation of
displacement graphs

28.6.2.2. Calculation of equilibrium

Before calculation of an equilibrium position, the values of parameters should be set in the
form of Object simulation inspector as it is shown in the figures below.

Solver parameters are presented in Figure 28.43.

Specifying of the internal damping of the flexible wheelset is shown in Figure 28.44
Damping ratio for each mode is chosen for Type of definition and the value 0.02 is inputted
for the whole frequency range using the screen form called from the popup menu (see Figure
28.44).

Choice of the Track model and parameters is presented in Figure 28.45; Massless rail is
chosen.

Some parameter settings of wheel-rail interaction are presented in Figure 28.46: Mueller is
selected for the Model of creep forces, Block wheelset shift a¥Y (v=0) and Rotating mesh
(Lagrange approach) for Type of model of flexible wheelset are chosen.
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On tab Rail/Wheel—>Profiles the wheel profile from file newlocow.wpf is set for all wheels
of railcar AS4; the rail profile is set from file r65new.rpf.

Choice of other parameters of the wheel-rail interaction model is described in detail in
Chapter 8.

The equilibrium test is launched by button Integration. After the finish, the calculation
results should be accepted as the initial conditions (Figure 28.47).

Rail fWheel I VA I Information | FEM subsystems | Tools

Solver | Identifiers I Initial conditions I Chject variables
Solver options I Type of coordinates for bodies I
Simulation process parameters
—Solver —Type of solution
{~ BDF
= ABM ™ Null space method (MSM)
{+ Park
" Gear 2
" RK4 {* Range space method (RSM)
" Park Parallel
[rime A >= ]
Step size for animation and data storage |0.001
Error tolerance

[ Delay to real time simulation
[~ Keep system matrix decomposition
¥ Computation of Jacobian

[ Blodk-diagonal Jacobian

[T Jacobian for wheeljrail forces

[~ Stop simulation on wheel derailment

Figure 28.43. Settings simulation parameters of railcar AS4 with the flexible wheelset
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"General Simulation |Image I Solution I

"Options  Damping |Railway bridge |

Tools

Damping
v Internal dissipation

rType of definition
™ Linear model

¥ Damping ratio for each mode

rLinear model
D=aC +hM

a: |0,0003 | b |

rDamping ratio for each mode

Calculate
M Frequency [Hz] [ramping ratio il
1 0.0z
2 40,9582 0.0z
3 40,3582 0.02
4 754013 0.02
b 74013 0.0z
& 180.452 0.0z
7 234.089 0.0z -
4| | *
Set to all
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=

@ Dam ping ratio

’—Frna»::mv?_ru:!,-I interval

& hyindex i~ by value

Min. number: | 1 1"L|
Max. number: | 1000 1"L|
Damping ratio: | 0.02 1'l|

[+ set for all flexible subsystems

QK Cancel |

Figure 28.44. Input of parameters of internal damping of the flexible wheelset
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Object simulation inspector

Solver | Identifiers I Initial conditions I Object variables
Rail Wheel |)WA I Information I FEM subsyztems I Tools

=B8|YwT|2
Track IPTﬂﬁ|ESI Eon13ct| For::esl Speed I Flexible wheelsetsl
Model and parameters | Macrogeometry | Irregularities | Image |

iaeometry
Rail indination (rad)
SCR-SCW distance (mm) 3.000
—Track model
i+ Massless rail
" Inertial rai
) Flexible brack
—Parameters
—Type of stiffness parameter definition
* MNumber i~ Curve
—Stiffness per one rail
Vertical stiffness (M/m) 44 000 000
Lateral stiffness (M/m) 13 000 000
Torsional stiffness (Mm)rad) 5.6E25

[T Torsional stiffness is taken into account

—Damping per one rail
Vertical damping (Ms/m) 400 000
Lateral damping (Ms/m) 100 000

Integration Message Close

Figure 28.45. Choice of the model and parameters of the rail way
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Track I Profiles Contact IFor::es | Speed | Flexible wheelsets I

Contact forces |Fricﬁnn | static loads |

ndel of creep forces

* Mueller i~ Minov

{~ FASTSIM = MNon-elliptical
{~ FASTSIM_A i~ External

Track I Profiles I Cunbctl Forces Speed | Flexible wheelsets

—Mode of longitudinal motion
{~ Meutral " Profile

" w=const % v=0

—Block wheelset shift
[ x ¥ ¥ ar [ az

¥ Finish test automatically

Track I Profiles I Cuniactl Forces I Speed Flexible wheelsets

Type of model
* Rotating mesh (Lagrange description)

™ Mon-rotating mesh {(Euler description)

L] i oo

"Interpclaﬁun order

Figure 28.46. Settings parameters of the wheel-rail interaction

5

:l Test succeed, Accept results?

Figure 28.47. Calculation results are accepted as the initial conditions.
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28.6.2.3. Moving in straight track without irregularities
In this item, the simulation of moving railcar AS4 with the speed 80 km/h (22.222 m/s) in the

straight track without irregularities is considered. Corresponding settings in Object simulation
inspector are shown in Figure 28.48. The simulation during 10 seconds is executed.

VA I Information I FEM subsystems I Tools
Solver Identifiers I Initial conditions I Object variables I Railfwheel
List of identifiers |Ider|1jﬁer T |
= A % |as4ﬂestet |
Whole list I
MName |Expressinr1 Value Comment =
w0 | 22.222227
11 3.29
|2 371
Track |F‘rnﬁles I Conmctl Forces I Speed I Flexible wheelsets I
Model and parameters Macrogeometry IIrreguIarities I Image I
Track type
{* Tangent ™ 5-Curve ™ From file
™ Curve ™ Switch
Model and parameters I Macrogeometry  Irregularities |Image I
Track type
&% Even " Uneven

Track I Profiles I Cumﬁctl Forces Speed |Flexible wheelsets
nde of longitudinal motion
{+ Meutral = Profie

" w=const " w=0

Figure 28.48. Settings for moving railcar in straight track with the speed 80 km/h

Let us consider the results. The graphs of the flexible displacements in the nodes 14372 u
23852 are presented in Figure 28.49.: all integration period and the two fragments. The first
fragment includes the results in period 5.8...8.2 seconds. In the second one, the rotation angle of
the wheelset around Y axis (it is coordinate 2.6 i.e. the sixth coordinate in joint
jBase0_flexwsetas4) is use as abscissa of the graph. In order to use the rotation angle as
abscissa, the variable should be created as it is shown in Figure 28.50. It should be dragged and
dropped to the graphical window and then selected as abscissa with the help of popup menu (see
p. 4.3.4 “Graphical window” of Chapter 4).

The last fragment demonstrates graphically the differences in the approaches of variable
calculations.
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The displacement field is constant relative to global SC (as well as relative to SC connected
to the wheelset and non-rotating with it) because of irregularities is absent and there are no
disturbances from the rails.

The values of Euler variables are constant after short transient process. The graphs of
Lagrange variables have the appearance like sinusoid. For each node, the values of Lagrange and
Euler variables are equal when the node coincides with the point in which it was at the initial
time t=0. The graph of Lagrange variable for node 14372 “touches” to the graph of Euler
variable one time per revolution of the wheelset because it was on vertical radiuses in the lowest
point of the trajectory at the initial instant. The similar graphs for node 23852 are intersected
twice per revolution because of symmetry of the displacement field relative to the vertical axis.
That is the radial flexible displacements in node 23852 and 4892 are identical (see Figure
28.38.). Note one more relationship confirming the correctness of the obtained results. The graph
of Lagrange variable for node 23852 is shifted relative to the graph of node 14372, i.c. “lags”, on
240 degrees. It corresponds to the nodes relative positions on the wheel. The distances between
the maximums or minimums of the graphs are equal to 240° u 120° when the rotation angle is
the abscissa. In order to understand which graph “in front” the initial instant should be
considered. When t=0, node 14372 was in the lowest point, node 23852 is placed in this point
after rotation on 240° and the new turn of the wheelset starts after rotation on 120°.

The graphs of accelerations and stresses in the nodes-sensors look like displacement graphs
(see Figure 28.51 — Figure 28.53).

The example of painting the wheel is shown in Figure 28.54.



auh\n T MMMWMMM filn MWMMMWMHM i h‘ i

§|lu"|ﬂ|l||ﬁ‘1i|'\'||\|W||H‘|| i Bl ik O

il
g%ﬂmmmmmm mmmmmmp

8888888888888888888888888



Universal Mechanism 9 43  Chapter 28. Dynamics of flexible wheelsets

B Wizard of variables ﬂ

Variables for group of bodies | T-Forces | Joint forces
Bipolar forces I Angular variables I Linear variables | Expression I Rail fvheel
Track coordinate system I Railway vehide I FE Sensors I Flexible wheelsetl |Iser variables I Reactions
Coordinates | Solver parameters I All forces I Identifiers | Bushing | Spring I User vectors
' :_"-l-:|_1.23 a| Selected
O L |26
Eli‘ FlexWset Type of variable
B Baseo_flcxowsetass |7F Coordinate ¢ Velocity " Acceleration
-7 2.1
-7 2.2
Bz
=[] 2.4
-] 2.5
-] 286
-] 2.7 Modal
- [] 2.8 Medal
~[] 2.9 Modal
-] 2.10 Modal |

W26 "IC::u:uru:Iinate 6, subsystem 2

X2.0

Figure 28.50. Creating the variable for calculation of the rotation angle of the wheelset around
the axle
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Figure 28.53. Radial flexible accelerations in the nodes-sensors when the railcar moves in
straight track with the speed 80 km/h. Graphs colors are similar to Figure 28.49.
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Figure 28.54. Painting the left wheel in accordance with the equivalent stresses
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28.6.2.4. Motion in curvilinear track taking into account irregularities

The motion trajectory of the railcar in curvilinear track sections is specified after the choice
Curve for Track type on tab Rail/Wheel->Track->Macrogeometry of Object simulation
inspector. The curve parameters using in this numerical experiment are presented in Figure
28.55. The description of the curve geometry and used designations are presented in p. 8.2.1.2
“Geometry of curve” of Chapter 8.

Model and parameters Macrogeometry |Irregularities I Image I Model and parameters | Macrogeometry  Irregularities |Image I
Track type rTrack type
" Tangent " 5-Curve ™ From file " Even
o Curve: " Switch Type of irregularities
—First section & From file " Deterministic
L1 Files |Determir1isﬁc Listofgroupsl
=3
o B
= o Wertical irregularities _
Left rail UIC_bad_1000m_7_Left.wa
H1 0.09 | — — Y =
P12 R.ightrail IUIC_haI:I_IDDDm_Z_Right.way ﬂ
Factaor
L — rLateral irregularities
Left rail UIC_bad_1000m_Y_Left.way @
v 12,947557 L
Right rail UIC_bad_1000m_Y_Right.way ﬂ
Smoothing  [3.00 %] Factor T ]

Figure 28.55. Settings curvilinear track and irregularities

The track irregularities are defined on Irregularities tab. File \rw\uic_bad_1000m.tig
describing the horizontal and vertical irregularities is chosen by button ke (Figure 28.55). This
file is included in UM installation package. In this case, the irregularities correspond to the track
of bad quality according to UIC standard.

In accordance with the selected parameters, the end of the curvilinear section with the
constant radius R1=300 meters is placed approximately on 260 meters of track length. It takes
about 11.7 seconds to pass this way moving with the speed 80 km/h. Let us set 13 seconds for
simulation time and run the numerical integration.

The simulation results are presented in the figures below.

It is proposed to analyze wheelset dynamics using inertial and flexible tracks as well as Euler
model type without assistant.
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Figure 28.56. Flexible radial displacements of nodes-sensors when the railcar moves in
curvilinear irregular track with the speed 80 km/h
B - Node 14372, Lagrange approach; [l — Node 14372, Euler approach;
B - Node 23852, Lagrange approach; [l — Node 23852, Euler approach.
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Figure 28.58. Tangential stresses

Time, 5

in the nodes-sensors when the railcar moves in curvilinear

irregular track with the speed 80 km/h. Graphs colors are similar to Figure 28.56.
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Figure 28.59. Tangential accelerations in the nodes-sensors when the railcar moves in curvilinear
irregular track with the speed 80 km/h. Graphs colors are similar to Figure 28.56.



