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MODELING THE DYNAMIC BEHAVIOUR OF THE WHEEL
RAIL INTERFACE USING A NOVEL 3D WHEEL-RAIL
CONTACT MODEL

A. Anyakwo*, C. Pidaru, A. Ball, F. Gu

* Diagnostic Engineering Research Centre, Universfitfuddersfield, U.K, Email: arthur.anyakwo@hudugc.

Keywords. multibody modelling, wheel-rail interface, wheetailway applications [5, 6]. The wheel is assumedhave six

profiles, vehicle dynamics, condition monitoring DOF with respect to the rail. The normal contactés acting
on the wheel-rail contact are defined as a functafn
Abstract indentation using Hertz theory for two surfacescontact.

Methods for multibody modelling and simulation skbu They require look-up tables with the values of Wteeel-rail
accurately replicate the dynamic behaviour of waikel CO-ordinates depending on the lateral displacenyent, and
interface including precise values for wheel-radntact Toll angles. The number of simulated contact pomtimited
positions. This paper studies the development b\l 3-D SO the management of multiple contact points isd hear
wheel-rail contact model which is used for dynamichieve.

simulation of a suspended wheelset with paraméttes! for Nymerical iterative algorithms (such as Simplex and
a typical Mark IV coach. The contact point locaomn the compass methods [7] can be applied to determine the
wheel and rail are determined by the minimum défe® |ocation of contact points by minimizing the diféece
method considering the lateral displacement, yagleaand petween rail and wheel surfaces. These algorithiiosva
the roll angle. The proposed new 3D wheel-rail aonmodel mtiple contact points to be effectively manageetause
can be applied in railway condition monitoring BEfues 10 there are no additional geometrical constraintsiegbor the
estimate the wheel geometry parameters and thasfi@ve \yheel-rail contact model. These methods could tesl der
practical optimised wheel-rail interfaces. real-time applications but they need a startingpand end

1 Introduction point for simulations that are sometimes diffidolichoose.

In this paper the minimum difference method (senahgtic
method) is used to determine the location of wihaibl-
contact points based on the calculated local minj&)z9].
This method reduces the problem to a one dimenisgmadar
problem that can be easily solved numerically witho
iterations. Also the two point contacts can be mada
effectively. These wheel-rail contact co-ordinatsipons are
then used to determine the rolling radius diffeeefinction,
contact angle function, normal and tangential ferce
Dynamic simulations of the wheelset on the track carried
out in MATLAB using numerical differential technigs to
plot the lateral excursion and the yaw angle of weelset
on the track. Figure 1 shows the stages of thelderent for
the proposed 3D wheel-rail contact model represgnthe
dynamic behaviour of the single wheelset on agtitarack.

The dynamic behaviour of railway vehicle on theckras
influenced by wheel-rail interaction. Any slightwuigtion in
the shape of the wheel and rail profiles affecesritovement
of the vehicle on the track. The implementation af
comprehensive rail vehicle dynamic model in the tinatly
simulation software package requires the locatidnalb
contact points on the wheel-rail contact. Two disienal
wheel-rail contact models are limited to the twandnsional
motion of the two surfaces and are thus not veitalsie for
application in steep rail track curves where the gagles are
large. Wickers [1] applied 2D wheel-rail contactthud to
calculate the wheel-rail contact coordinates carsid) the
lateral displacement and the roll angle as inpAitso the 2D
wheel-rail contact method was used to design theelh
profiles considering the contact angle function [#] the
rolling radius difference function [3]. The proposed method could be employed by the real
multibody simulation software packages (such asFAZK,
VAMPIRE, VTSIM) for real time implementation and
ondition monitoring purposes using hardware in kbep
echniques [7]. The condition monitoring systemsdugor
modern railways should include effective measuramen
elements, robust post analysis and decision supaod
estimation in real-time of the wheelset paramdtEd%

The lateral displacement, roll angle and the yaglarare
used to depict the movement of the wheelset onrtok in
three dimensions. Two methods used for 3-D wheakl-r
contact are rigid contact method and semi-elastithod. The
rigid contact method [4,5] comprises a set of algi&b
nonlinear differential equations used to descriteedynamics
of the wheel-rail contact in 3D. Indentation anfi éire not
considered due to the fact that the wheel moverisentade
up of five degrees of freedom (DOF) with respedttorail.

The semi-elastic methods allow the management dfipteu
contact points and are generally used for autoraotind



2 Development of mathematical 3D wheel-rail
contact model

Generative functions for P8 wheel profiles and BSA rail
profile are applied as inputs. The contact positimations on
the wheelset and rail are obtained by using theepwse
cubic interpolation polynomial and the calculateatetal
displacement, roll angle and yaw angle (their ahitialues are
assumed to be zero). The variation between the ladteand
rail positions is applied to the minimum differencethod
algorithm. The rolling radius difference functiomda the
contact angle function are determined when theritadi®n is
negative. The block ‘Normal contact problem’ (seg. )
represents the calculation of the normal contantef® and Fig. 2 Reference framesfor the wheel-rail contact model
contact patch dimensions by using Hertz theoryséhalues

and the rolling radii of left and right wheel furunis are used The unit normal vectors obtained from the auxiliagstem
to evaluate the tangential contact forces. Thedeuleaed can be defined as follows [8, 9];

values and the primary suspension parameters pomdsig L —Tis is <

to BR MK IV coach [11] are included in the diffetéi e Jo Kol =lles Jar KalAcane @)
equations describing the wheelset dynamic behavibbhe where A,y is the rotation matrix defined as a function af th

equations are solved using Runge-Kutta method. cant angle3. The cant angle for the rail is 1/20 radians
@ Lateral displacement 1 0 0
v v Yaw angle A (B =|0 cosf —sing (2)
Rail Contact Positior| 0 .
G i - - Wheelset | Sll’lﬂ COSﬂ
fuim:iranlve +—p| Piecewise Auxillary frame ¥ . . .
o Img:‘;;gm =Y The local reference system in,®&,YwZy is defined
Mhealse > pojynomial g whereby Y, is rigidly fixed to the wheelset axle. The origih
enerative o . .
function Auxilary frame Wheelset the wheelset Qcorresponds with the centre of gravity G of
gvhnamic the wheelset. Le¥* and V" represent the position of a point
m enaviour . . .
onoreSalitons iy in the auxiliary and reference local frame respetyi then
Re-calculats METHOD the kinematic equation is generally expressed lasfs:
Yes Rolling Radius a_ na w
Whealrall contact Difference Function| Tangential v OW + [AZ]V (3)
eel-rail contac . .
contact || Normal | gfon;f:,; where 0%, is the wheelset centre coordinates of mass

Angle Function g::';f:r'n expressed with respect to the auxiliary system [#3d is a
function of the yaw angley and the roll anglen

Fig. 1 Development of 3D Wheel-rail contact model cos -sinycosg sinysing
— [A2] = [sin  coswcosp —cosysing 4)
21 Reference Frame Definitions for the Track 0 sing cosd
Three frames of reference are used to define wiadel- 0
contact geometry. They include the fixed refereiname, the 0e = |u (5)
auxiliary reference frame and the local referenmeené. The v uy
Z

track reference frames are shown in Fig. 2.
whereu, andu, are the lateral and vertical displacement of

. The fixed reference system{Q;, Y;, Z;) defines the track the wheelset respectively.

as a three dimensional curve. The auxiliary refegesystem
(00X, YaZy) follows the wheelset during programin the local reference system the wheelset fundétaterived
simulations. It is defined on the rail tracks. THg axis is by a generative function that represents half efwheelset
tangential to the track centreline in the longihadidirection axle. The generative profile of the wheeldéty,,) with P8
of point Q.. Y, is the lateral direction with respect to the raiwheel profiles on each wheel is shown in Fig. 3.

plane while Z is in the normal direction with respect to th

plane of the rail The position of a point on the axle local referefregne can

be represented as follows

The unit normal vectors obtained from the auxiliagstem X
can be defined as follows; VY (X, Y,) = Y, (6)

lia Jo Kpl=lias Joo Kas]Acane (1) —JW(,)? - Xﬁ/
where A, IS the rotation matrix defined as a function of th
cant anglg3. The cant angle for the rail is 1/20 radians
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Similarly, the position of the same generic point the
wheelset with respect to the auxiliary referencgtey is;

this method is that the contact points in the whad rail
surfaces minimize the difference between the whaikl-
contacts in the direction of the unit normal ved@gr

z,

A

Fig. 6 Minimum difference (right whedl-rail contact)

X . . N :
Va(X,,Y,) = 0% + [A,]V¥ (X, Y,) = |8 (7) The minimum difference method definition is illusted in
W v 2w MW w Zg Fig. 7 where C ¥2 and D =lj2
The generative rail function is plotted in Fig. #mBS 113A DX Y.) = (VAKX Vo) — VAKX Y., C 9
rail profiles on both rails. Also a zoomed in portiof the K, o) = (B K, Vo) = Va* (X Y))- Ca 9)
wheel-rail profile is shown in Fig. 5. X
w
Wherel* (X, Y) = | W (10)
o b(yw)
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In the auxiliary system, the coordinates of thenpon the rai
can be expressed as:

Xa
Y,
R(Ya)

Vo' (Xq, Ya) = ®

2.2 Minimum Difference M ethod

The minimum difference method is used in orderinaptify
and further improve the computational burden asgediwith
the minimum distance method. The main motivatianufsing

For each wheel-rail contact the differenbéX,,,Y,,) is a
function of two variables(,, andY,,. The contact points can
thus be found by solving synchronously for the waoiables
using numerical optimization technique such as &wmp
method. For real-time simulations it is preferatdereduce
Equation (9) to one dimensional form in one vaeak)
which can easily be solved numerically. Introducitige
definitions of the contact positions for the whaet the rail
in the respective frames in Equation (9) it yidei®];

D(Xw' Yw) =u, + as. Vaa(pr Yw) - R(uy + a,. VWW(XW' Yw))

(11)

Whereay; to &3 is equivalent to the rotation matrix variables
defined in Equation (5) anef, al andal are the transpose of
the row vectors of colummp].

T
a a1 Q12 Qi3
al| =[a21 22 a3 (12)
asT, 0 az as;

Taking the partial derivatives of Equation (11)hwiespect to
aD

| the variablegX,,,Y,,), that —— and 22 and equating it to

Xy %y
zero we will have two different representative dipres.

Carrying out further reductions of these equatilaagls to a
guadratic solution of the variabl&l,, with two roots.
Substituting the roots of the quadratic equatkp as a
function ofY,, and substituting into the second component of
the partial derivative of the difference, we havattthe
following expression

aD(Xy,1,2)
E1,2 (Yw) =—"=

Yy

0 (13)



Equation (13) has now been reduced to a simpletieguacontact angle. The wheelset is assumed to be draighg

with variable Y,, ranging from (69X Y,, < 815) mm for the
right wheel-rail contact geometry part and fromlg& —Y;,
< -692) mm for the left wheel-rail contact geometithe

track with the axle load (W) of 110kN. The mass (m) of
the wheelset is based on parameters for the BrifishlV
vehicle [11]. The roll angle has very little effeon the

equation has two real values Xf andY,, corresponding to contact angle function since the values are resill and

the twenty-one specified numerical points. The tsmfuof the

variables must satisfy Equation (13).

indentation condition must be considered:
L =D ni(VE)<0 (14)

Note that from Equation (11) the vertical displaesu,
adds to the difference equation. Taking the padialvatives

of Equation (11) eliminates,. Hence the only parameters

used in determining minimum of the contact poirgpehd on
three variables;p roll angle, yaw angle) and lateral
displacementy,. (see Table 1)

Input Range Step
parameter
¢ (rad) -0.01 -0.01 0.0005
Y (rad) -0.01 -0.01 0.0005
u, (mm) -10-10 0.5

Table 1 Parametersfor wheelset degree of freedom

The rolling radius difference function can be obéai from
the numerical simulations by substituting the valuef
variables (X,,,Y,,) into Equation (7). The constant from
the wheel-rail geometry description in Fig. 3 and.H is
491mm. Extracting the third component of Equat{@hin
the vertical direction and subtracting the resolitained from
the nominal rolling radius given for the simulatias 460
mm, the rolling radius difference is realized irgFB. For
simulation purposes, a look-up table showing th#ing
radius difference function and the contact anglacfion
which is a function is shown below. A distance db nm
spacing was chosen and then piecewise cubic irlttipo
was used to interpolate between the functions destr
From the simulations carried out for the BS 113Afie and
P8 wheel profile, 0.5 mm increments was sufficembugh to
carry out dynamic simulations. Due to the conformature
of the P8 profile the contact angle function [2}ided was
found by substituting values of the lateral co-nade
function into the derivative of the wheelset getieea
function as follows

6 = arctan (ZTV:V) (15)

The rolling radius difference function and the @mttangle
function is shown in Fig. 4 and Fig. 5. Note thatce the
wheelset is symmetrical, hence the same calculdtiorthe
contact angle occurs at the left wheel-rail contalere the
lateral co-ordinateY;, is negative.

2.3 Normal contact problem

The normal contact forces [12] acting on the wiradl-
contact patch depend on the axle load, wheelset rand

they depend on the rolling radius difference fumtti

The following

25
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Fig. 7 Rolling radius difference function
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Fig. 8 Contact angle function (Right wheel-rail contact)

Anyakwo et al [12] determined the normal contaatcés

acting on the wheel-rail contact patch. These fo@® used
to estimate the contact patch size dimensions basddertz
contact theory [4]. The simulated values for theeeltrail

contact patch dimensions considering the wheetseentral
position is shown in Fig. 9.

@ B

n

Lateral direction (mm)

&

L L L i H L L L L
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Longistuc_;in_él éirection (mm)

Fig. 9 Whedl-rail contact patch at central position

In these cases it is necessary to calculate thé& Hadii of

curvature in order to determine the rolling radid. minimize

the errors, the longitudinal radius of curvatureassidered to
be a function of the contact angle and rolling uadiifference
function as follows:



_ ( R ) (16) creepage increases. For large creepages, theforeep must
* cos () be limited by applying Coulomb’s maximal saturatlew. At
WhereR, is the longitudinal radius of curvature of the wheéhis region the creep/creepage ratio is highly Ioear. This
and R is the rolling radius of the left and right whealtr Occurs at flange contact. Kalker’s linear theorlcutation at
contact [14]. The normal contact pressure actingtiom the saturation region is generally non-linear. litiar non-
contact patch is semi-ellipsoidal in shape with immasm linear creep force model can be used to calcuteedimiting
contact pressure occuring at the centre of thptie#il contact values that occur at the wheel-rail contact patcthis case.

patch. It can be calculated as thus; The saturation constadi{13] is used to limit the creep forces
calculated via Kalker’s contact theory:
3N 2\ 2 7\ 2 0.5
Pzzm(l_(z> _(Z> ) (7 1[(,7_1772+i,73)] n<3
. . _ ) 3 27 (25)
Wherex andy are the co-ordinates of the wheel-rail contact L n>3
patch in the longitudinal and lateral directionspectively n
and N is the normal contact force. where
0.5
2.3 Tangential Contact Problem n= (%) (26)
n

The tangential contact problem involves calculatimg creep . - i
forces that are developed in the wheel-rail intfas a result Where H represents the coefficient of friction (0.3) andisN
of braking, traction and acceleration. The creepagmieral, the normal contact force acting on the contactfpatds the
longitudinal and spin) are used to calculate treepriorces Unlimited normalized creep force ratio whiteandF, are the
acting on the contact patch using Kalker's lineaeficient longitudinal and lateral creep forces developethatwheel-

tables [15]. The creepages for a dynamic wheelawiltact 'ail interface. Normalized re-calculated creep ésrat the
can be calculated as follows: saturation region can be defined as thus:

Lateral creepage (right/left wheel-rail contact) Ft = dF; (27)
n —

Viae = 5=y (18) E = dF, (28)

MP = dM, (29)

Longitudinal creepage
whereF,, F, represent the longitudinal, lateral creep forces.

ld A

Viong(righty = —V—d':— R—z (19) M, is the spin creep moment. All the creep forces depm
. the Kalker's linear creep coefficient, shear modulaf

Viong(ieft) = —% + R_Z (20) rigidity and Kalker’s linear coefficients [12].

Spin creepage 24 Wheelset dynamic behaviour
Vspin(right) = _A_a (21) The wheelset dynamic behaviour of a straight treak be
Ro var investigated by summing all the creep forces antmab
1 -rai .

Vepin(iest) = e (22) contact forces generated at the wheel-rail corpatth. The

summation of the total creep forces plus the fogmserated

Where } is the effective conicity of the wheel profile. FoRS @ result of longitudinal shift variation of théeelset as it
new P8 wheel profile the equivalent conicity is Amear due Moves on the track [13]. Details of calculationtio¢ normal
to the wheel profile design. The effective conicitgn be contact vertical forces and moments as a resultthef
expressed as a function of the lateral displacemeditcan be longitudinal variation can be found in [12]. Fomsilation

calculated as follows; purposes the following parameters based on Bridsik IV
RRD coach is displayed in [11], [13]. The suspendedapeters
Aly) = > (23) used for the simulation can be found in [13].

WhereRRD is the rolling radius difference function expresseg Numerical Simulation results
as;
The two degree of freedom differential equations solved
RRD(Y) = R, (¥) — Ri(¥) (24) using numerical differentiation. Runge Kutta's ftiurother

R andR represent the rolling radius of the right wheel ariethod was used to solve the equations for infille inputs
left wheel-rail contact respectively and y is thatetal Of the lateral displacement and the yaw angleialnibput

displacementV is the forward velocity of the wheelset aRgl parameter for the lateral displacement is givey as7.5mm
is the nominal rolling radius difference. thats just at flange contact. The yaw angle inguiable from

_ _ the wheelset geometry is given as 0.00125 radians.
The creep forces are determined using Kalker's riheleor

small creepage values, the creep force/creepagesdinear. g jjjystrate dynamic simulation of the wheelsetastraight
This implies that the creep forces increase liyeas the (4ck forward velocity/ = 2.5m/s was used. The response of
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