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Abstract

In order to ensure safe travel, railway vehicles must be stable under every condition along
the track. Thus, a vehicle can be certified for operation only when it can fulfil certain criteria
related to the ride stability. The stability of the vehicle is highly dependent on the wheel-rail
friction coefficient: higher friction results in worse ride. So, to ensure a good evaluation of the
stability, the friction should be high enough during tests. The same applies to the risk of wheel
flange climbing. At the present time, the wheel-rail friction can not be measured directly but
there are different procedures utilized to ensure that the conditions are suitable for testing the
stability of the vehicle.

In this study an algorithm is proposed to estimate the wheel-rail friction coefficient by
using quantities which can be measured in reality. The algorithm is tried out in computer
simulations. The algorithm has two parts: in Part 1 the friction coefficient is proposed to be
equal to the ratio of the total creep force divided by the normal force; in Part 2 the total creep
and spin creep are estimated to observe their correlation to the estimated friction. The contact
angle in Part 1 is estimated by a contact point function.

In the simulations, different conditions are tried. There are four horizontal radii: tangent
track, R1300m, R1000m, and R400m. Three friction coefficients are used: 0.5, 0.4 and 0.3. In
addition to this, track irregularities are included. A single vehicle is simulated in two modes:
capable and incapable of passive radial steering.

The track irregularities caused high values of the proposed estimated friction coefficient.
The values in some instances were close or equal to the input friction coefficient of the
simulation. Thus, if the highest values of the estimated friction were taken over a certain
distance or time, the friction of the simulation could be approximated. In most cases, the total
creep was following the trend of the estimated friction. The total creep and spin creep were
used as a quality factor to determine how close the estimated friction was to the simulation’s
input friction. In this study when the total creep was greater than 0.006 and the spin creep was
less than 1.0 m™, the estimated friction was close to the input friction. The closeness was
dependent on the simulation’s friction. Higher input friction resulted in larger deviation
compared to lower friction.

A sensitivity analysis has been performed by deliberately introducing errors in the
position of the contact point and the angle of attack. The analysis shows that the errors are not
critical when the contact point is close to the tread circle. When the contact point is close to
the flange, a good measurement of the wheel profile and the contact point position are
required to obtain accurate results. On the other hand, the errors affect the friction estimate for
high spin and low total creepage. These results are discarded by the algorithm, thus the
influence of the errors is minimized.

Keywords: wheel-rail friction, friction coefficient, estimation of friction, contact point,
vehicle simulation, vehicle certification
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1 Introduction

In many cases the approval of a rail vehicle is performed by tests on a real track. When
testing the vehicle, a crucial variable is the friction between wheel and rail. The friction
should be high enough so that the test is regarded as performed on a “dry track”, cf. EN 14363
[1] and UIC 518 [2]. On a “dry track™ the critical performance of the vehicle can be
examined. Unfortunately, the friction is difficult to measure, especially between the wheel and
the rail as there is no device for direct measurement.

The aim of this work is to establish a relationship between measurable quantities (such as
forces on the wheel, contact point position, and wheelset angle of attack) and the friction
coefficient. The procedure for the estimation of the friction coefficient is governed by an
algorithm (estimator) which should provide a good approximation of the friction in computer
simulations as well as in field measurements.

As mentioned above, one crucial parameter which influences the ride characteristics of a
rail vehicle is the friction coefficient between the wheel of the vehicle and the rail. The
friction coefficient depends on many factors such as: air conditions, surface condition of the
rail and the wheel, wear particles as well as foreign matters. Thus, the coefficient is not
predictable and in service it is altered only on demand, for example, in curves by applying
lubricant and during braking or traction by applying sand. In recent years more and more
products are being tested and used for modification of the friction. These products are known
as friction modifiers. Even though that the friction can be modified, its measurement,
especially in service, is problematic. There are two methods — one uses a test rig and the other
uses a tribometer for field tests. The roller rig is a wheel-rail simulation facility which is used
for studying the wheel-rail interaction and simulating various conditions. The tribometer can
be manufactured as hand-pushed or mechanically driven. The latter has some advantages in
terms of measurement and convenience. Tribometers are appropriate for estimating the effect
of the friction modifiers but are not suitable for providing information in a running vehicle.
Furthermore, they can not provide the friction between the rail and a particular wheel of the
vehicle. Thus, it is desirable to have a method of instantaneous measurement of the friction.
Unfortunately, there is no device which can be mounted on the wheel and measure the friction
directly.

In this report, it is proposed that the friction can be estimated indirectly by measuring the
most common variables: the forces acting on a wheel such as longitudinal X, lateral Y, and
vertical Q force; the contact position; and the angle of attack. This method should first be
validated in computer simulations. In case of a positive outcome, the method can further be
applied in real vehicles.

The estimation of the friction of a running vehicle can have many practical applications.
For example, during validation tests of a rail vehicle, the estimation of the friction can
indicate how close the wheel-rail condition is to “dry track”. Also it can be implemented in
maintenance procedures or even in the propulsion system of locomotives.



2 Measurement of contact parameters

This chapter is concerned with the measurement of the contact parameters such as
wheel/rail forces, contact position and angle of attack. Furthermore, the measurement of
friction coefficient and creep are also presented.

In general, there are two types of measuring methods: “on-board” and “wayside”
measuring. This chapter deals only with the on-board method which provides measurement
along the whole route. The measurement is accomplished by mounting transducers on the
wheelset. Such a wheelset is called instrumented wheelset. On the other hand, some
parameters are not possible to be measured by transducers on the wheelset and additional
devices are utilized (for example, the tribometer for friction conditions).

The chapter starts with an overview of the friction and creep measuring techniques and
then provides description of wheel/rail force, contact position and angle of attack
measurement.

2.1  Friction measurement

Current technology does not provide any technique for obtaining the friction in the wheel-
rail contact patch of an instrumented wheelset. Still, there are different devices for measuring
the friction coefficient in laboratory and field conditions. In general, these devices are suitable
for studying the wheel/rail interaction, observing some phenomena and measuring the
properties of modifiers but they can not provide much information in case of a running train.
In laboratory conditions roller rigs are widely used. The roller rigs can be used to study not
only the friction but also the behaviour of a vehicle or bogie. They are not treated here and the
reader is referred for further information to [3]. The properties of modifying materials are
studied by the use of a rheometer or the Amsler machine [4].

When it comes to field tests, probably the most widely utilized device for estimation of
the friction conditions is the tribometer, which can be manually pushed, see Figure 1, or
propelled by a companion vehicle [4]. Tribometers can differ in the principle of operation,
measurement and some other features. One main drawback of the tribometer is the provision
of measurement between its own wheel and the rail, not the vehicle wheel, but this may in
some cases be sufficient.

Ly =

Figure 1. Demonstration of hand-pushed tribometer. (Adapted from [4])



2.2 Creep measurement

Currently, the measurement of the creep is conducted only in laboratory conditions. The
purpose of these tests is to improve the methods for calculation of creep forces in simulations
and also to study the interaction between a wheel and rail in different conditions. In [5] some
new advancement in the field of creep measurement is presented.

2.3  Force and contact position measurement

As the friction can not be obtained simultaneously with measured contact parameters, it is
advisable to evaluate the friction by using the contact angle and forces. The forces of interest
are Y, O (shown in Figure 2) and the longitudinal force X. If the contact position is known,
then the contact angle can be estimated thus providing the quantity of the normal and
tangential forces relative to the contact plane. Further down in the text, the measurement of
the contact forces is presented with the aim to acquaint the reader with the used methods.

F—J L—H
—|° .\
Y; \l—i S Y,
j —= - Y,
-
S=Y,-Y,
o 0

Figure 2. Track forces: vertical forces 0, and Q,, lateral forces ¥; and Y,, and track shift
force §; subscripts / and r stand for “left and “right”. (Adapted from [6])

The present-day measuring technology does not provide a direct method of measuring the
contact forces during the wheel-rail interaction. The force evaluation, in many cases, is
conducted by measuring the strains in the wheel in “on-board” measurements. In some
countries (for example, Sweden) an ordinary wheel is used and in other places (for example,
Japan) special wheel is produced. The special wheel possesses a bit different shape of the
web, mainly being straight, compared to the ordinary wheels and can have some additional
features, for example, holes in the web. The validation of the wheel’s shape and the
calibration of the transducers are performed in static experiments.

The Y force creates a bending moment causing tensile and compressive strains on the web
surface of the wheel. Thus strain gauges are mounted on the web surface as Figure 3 shows.
In the middle, between the two surfaces of the web as shown in Figure 4, a neutral axis exists
on which the strain from bending is zero. As described in [7], if a strain gauge is mounted on
the neutral axis, the strain caused by the O force can be measured without the interference of
the Y force, see Figure 5. The strain gauge is attached to the neutral axis by drilling a hole



which makes the axis accessible. When the Q force is measured, it is assumed that the contact
position does not change. In reality, it changes and thus is a source of error.

The contact position is more difficult to detect. According to [7], its measurement can be
accomplished by measuring the lateral distribution of the compressive strain which changes
with the contact position as shown in Figure 6. A key aspect in this method is obtaining an
area on the wheel which is unaffected by the lateral force.

Strain gauges to
detect lateral force

Strain gauges to
detect wheel load

Figure 3. Typical location of strain gauges for measuring vertical and lateral forces.
(Adapted from [7])

™ / | _~Neutral axis

\

Figure 4. Neutral axis of a wheel.
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Figure 5. Schematic distribution of strain in the cross-section of a wheel under vertical
and lateral forces. (Modified from [7])

Strain gauge to detect

/ wheel load

Q at Q at Q at
tread side center flange side

Figure 6. Schematic distribution of strain under vertical force. (Adapted from [7])

Another interesting method for measuring forces is presented in [8], see Figure 7. In this
case, the Y-force is evaluated by a non-contact gap sensor which measures the deflection of
the wheel. Several more sensors are used to measure the movement of the axle box in order to
compensate it. The Q force can be measured by the deflection of the suspension system or by
the deflection of the bogie frame. The X force is measured by strain gauges mounted on the
traction rods. The method is distinguished for being cheaper and the absence of sensors on

rotating parts but some errors arise due to the movement of the contact position.
For further information on force measurement methods see [3].
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Figure 7. Non-contact measurement. (Adapted from [8])

2.4  Wheelset angle of attack

The measurement of the wheelset angle of attack is still at experimental stage and there is no
standard procedure for its measurement. One way to overcome this problem is by assuming
the position of the carbody of the vehicle as tangent relative to the track curve. Thus,
measuring the yaw rotations of the bogie and wheelset relative to the car body of the vehicle,
the wheelset angle of attack relative to the track can be approximated.



3 Algorithm

As discussed so far, the algorithm for the estimation of the wheel-rail friction should use
measurable variables. In this study, the proposed algorithm is divided into two parts based on
simplicity. The first part uses less approximations and variables compared to the second part.
The main assumption in this report that must be outlined is that the results from the
simulations are regarded as being the reality. This is due to the good correlation between
measured results and simulation results. Consequently, what is applicable in the post
processing of the simulation results should be applicable in reality too.

In the first part of the algorithm, see Figure 8, the X, ¥ and Q forces as well as the contact
position for every wheel are obtained from the results of the simulation. Then the contact
angle is obtained by providing the contact position. The contact angle along the wheel profile
can be obtained by providing the wheel and rail geometry into a contact point function or it
can be estimated by using the undeformed profile of the wheel. The latter method is
considered less accurate but can be sufficient for contact positions close to the running circle,
i.e. for a vehicle running on a tangent track. The obtained contact angle is then used for
calculation of the lateral creep force 7, and the normal force N. The longitudinal creep force
T is considered to be equal to the longitudinal force X. The total creep force T is calculated
by using the lateral creep force 7, and the longitudinal creep force 7. The estimated friction
Uest 1S equal to the ratio of 7/N. Finally, the estimated friction is compared to the input friction
of the simulation .

The second part of the algorithm is focused on the estimation of total creep and spin creep.
In order to accomplish this task, in addition to the variables in Part 1, the following variables
should be supplemented: wheelset angle of attack a, horizontal curve radius R, speed of the
vehicle v, and radius difference for each wheel Ar (the radius difference can be obtained in the
same way as the contact angle; in Part 1 the radius difference is not used). Then the estimated
creep can be used as a quality factor to suggest whether 7/N is close to the maximum
available friction. Another way to use the creep is to curve fit the creep against 7/N to get the
maximum available friction.

Chapter 3.1 and 3.2 describe the two parts of the algorithm in details.

Simulation ‘ Contact Point Function
_|forces X, Y, O, v =1 (cpw);
contact position on Ar = f(cpw);
_ wheel (cpw),
=
o
[al ;
total creep force 7 B Comparison of
normal force N; —|Uest=TIN —= Usim and Hepgr
o _| quality factor for
wheelset angle of attack a, ) Hest
E = curve radius R; — ]:1))?1]11 g::z:g,’
vehicle's speed v, ’

= curve fitting

Figure 8. Flow chart of the algorithm.



3.1 Partl

In Part 1, the forces X, Y and O, as well as the contact point position on the wheel, are
obtained as an output result from the simulation. The wheel and rail profiles are processed by
the contact point function and as a result the contact angle along the wheel profile is obtained.
Then for every instance of the contact position from the simulation the contact angle is taken
and the lateral creep force 7, and the normal force N are calculated using the equations:

T,=Qsiny+Ycosy (1)

N =Qcosy—Ysiny (2)

These two equations are valid for the left and right wheels providing a correct angle for
left and right wheels. The signs of these two equations and the following equations are valid
for the coupling model which was used in the software GENSYS. For more information see
Chapter 4.

The longitudinal creep force 7k is considered equal to the measured longitudinal force X:

Ir,=X €)

The total creep force T is calculated as:

2 2
T=\T}+T; (4)
Finally, the estimated friction is:
T
Y 5
Mot = ()

Further in the text the estimated ratio of 7/N will be denoted as estimated friction. In
addition to this, the input friction coefficient of the simulation can be read just as input
friction or friction limit.

If it is not possible to use a contact point function to obtain the contact angle in the
deformed state of the wheel, the contact angle can be estimated by using the undeformed
profile of the wheel. In order to do this, the profile of the wheel should be measured (in this
report it was taken from the input files for the simulations). Then for every contact position
two neighbouring points on each side are taken, as shown on Figure 9. The curve formed by
these four points is approximated by a second order polynomial. Calculating the tangent of the
polynomial, the contact angle for the given contact position is estimated. Consequently, the
radius difference Ar can also be estimated. Probably, a higher order polynomial can also be
used, but in this study it was determined that a second order polynomial was sufficient for the
unworn wheel with profile S1002.



Contact Angle Estimation
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Figure 9. Estimation of the contact angle by using the undeformed profile of the wheel.

3.2 Part2

Part 2 of the algorithm is a continuation of Part 1. In Part 2 the creep and spin are
estimated. The spin creep ¢ is approximated by the following equation, which is valid for the

left and right wheels of the vehicle:

sin ¥

(6)

p=
VO
where 7, is the nominal radius of the wheel.
The lateral creep is approximated by the following equations which are taken from [6] but
some of the terms are eliminated because they can not be measured in reality. The subscripts

“I” and “r” denote again left and right wheel respectively:

1 \% .
o z; —vpcosy, +| §——& 7 |siny, (7)
U?]l’ R — _VWCOSJ/}’_ ér__grl Slnj/r

v r

where v is the speed of the vehicle, y is the yaw angle of the wheelset relative to the track, &
is the longitudinal displacement of the contact patch, and 7 is the deviation of the pitch

velocity of the wheelset relative to the nominal one.
The longitudinal creep is:

An b, ri+by

U, = —
d r, R Y ©)
v, ~- e Lo LZOY (10)
r R Y

o

where R is the radius of the transition and circular curve and b, is half the distance between
the nominal running circles of left and right wheels.



The longitudinal displacements &, and &, can be approximated as:
& =-rytany, (11)
& =rytany, (12)
The deviation 7 of the pitch velocity is approximated by the following equation [9]:

w1421 )
P R R (13)

T N,r,+N.,r,

o

where N is the normal force.
The total creep is estimated as:

v, & Uy + 0] (14)

In this report, a curve fitting was also performed by using the following equation [10]:

Ol 12
T/N = pu,—exp|1 (15)
) Uy

where v, is the total creep, and g, and v, are constants which should be optimized for the
curve fitting. The constant g, is the maximum of the curve and represent the maximum

available friction while v, is the creep at which the friction attains its maximum value. The

curve fit was performed using the Levenberg-Marquardt algorithm [11], which is
implemented in MatLab, for nonlinear least squares to compute non-robust fits.

10



4 Simulation model

This chapter provides information about the track, vehicle and conditions which have been

used in the simulations. The simulations were performed by the multi-body simulation
software GENSYS [12].

4.1 Track model

The coupling function between wheel and rail used here is wr_coupl pel, which includes
track flexibility. The track model which is used in this function is shown in Figure 10. The

rails in the model are weightless. The used properties of the track model are summarized in
Table 1.

axl

kytg

w oy L
O O e

gnd

Figure 10. Track model. (Adapted from [13])

Table 1. Properties of the track model.

Property Notation Value
Track gauge - 1435 mm
Rail profile - UIC60E1
Rail inclination - 1:30

Track mass m; 1000 kg
Contact stiffness | knwr = knfr 2400 MN/m
Track stiffness kyrt 42 MN/m
Track damping cyrt 400 kNs/m
Rail stiffness kzrt 75 MN/m
Rail damping czrt 1600 kNs/m
Ground stiffness | kytg 30 MN/m
Ground damping | cytg 173 kNs/m

11



4.2  Vehicle model

A model of the vehicle used, with some main dimensions, is shown in Figure 11. The only
parameter which was changed during the simulations was the primary suspension in order to
simulate a vehicle capable of passive steering (soft bogie) and one without this ability (stiff
bogie). The total mass of the vehicle was 80 tons. In the simulations, neither traction nor
braking was applied. Some more properties of the vehicle are provided in Appendix A.

Note: Dimensions in [m]. Not scaled.

/ Carbody \

‘ |_ 8 L5

= |
- i l=—DBogie frame 2 Bogle frame 1 ——--| i : I :
o G {5

1 |
\\Vheclsct 4 \thclsct 3 / \_ROS5
Wheelset 2

Wheelset 1

0.?

Direction of travel s

Figure 11. Vehicle model.
4.3  Coordinate system

In the coupling function wr_coupl pel the forces and creepages are expressed with
positive signs on the rail as shown in Figure 12. The contact angle y is positive when rotating
around the X-axis of the left wheel and negative when rotating around the X-axis of the right
wheel.

v
Figure 12. Coordinate system with y defined for the left wheel.
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4.4

Operating conditions

Different combinations of input friction coefficient, curve radius and irregularities were
simulated. Based on the curve radii, the conditions can be summarized as follows:

Tangent track with irregularities S22, S11, and nominal track (no irregularities). Three
different friction coefficients for every case of irregularities were used: 0.5, 0.4, and
0.3. The speed of the vehicle was 160 km/h and both types of primary suspension were
used (soft and stiff).

A curve with radius of 1300 m with irregularities S22, S11, and nominal track. The
friction coefficients for every case of irregularities were 0.5, 0.4, and 0.3. The speed of
the vehicle was 160 km/h and the cant of the track was 150 mm. Only a vehicle with
soft suspension was simulated.

A curve with radius of 1000 m with irregularities S22, S11, and nominal track. The
friction coefficients for every case of irregularities were 0.5, 0.4, and 0.3. The speed of
the vehicle was 160 km/h and the cant of the track was 150 mm. Only a vehicle with
soft suspension was simulated.

A curve with radius of 400 m with irregularities S22, S11, and nominal track. The
friction coefficients for every case of irregularities were 0.5, 0.4, and 0.3. The speed of
the vehicle was 100 km/h and the cant of the track was 145 mm. Both types (soft and
stiff) of suspension were used for the vehicle.

In total there were 48 different simulations run, see Appendix B. The duration of each
simulation was 8 seconds.

The horizontal layout of the curves is shown in Figure 13, where the layout of the curve
R1000m is given as an example. In the beginning, there is a short tangent section (length of
10 m for the leading wheelset) which is followed by a linear transition curve with length of
120 m. After the transition curve is the circular curve whose utilized length depends on the
speed of the vehicle.

The track irregularities S22 are regarded as normal for the Swedish mainline track and are
shown in Figure 14. The irregularities S11, shown in Figure 15, are a down-scaled version of
S22. The scale factor is 0.5. The mean gauge in S11 and S22 is 1438.1 mm.

Curvature, 1/m

< 10" Horizontal track layout for curve R1000m

‘ T S
-20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
distance, m

Figure 13. Horizontal track layout as seen from the leading wheelset.
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Lateral and vertical irregularities 522, left and right rail
-26 | | T | T | T | | | | | ' '
: : : : | : 3 : | : : : : : i | ——lateral left
— lateral right |
—vertical left
vertical right |

deviation, mm

1 i i i i i i i i i i i i i i i i i i
-%0 0 20 40 80 80 100 120 140 160 180 200 220 240 280 280 300 320 340
distance, m

Figure 14. Track irregularities S22.

Lateral and vertical irregularities S11, left and right rail

-12 I I T I T I T I I I I I ' '

: : : : : : : : : : : : : : V| lateral left
-10 — lateral right ||
-8 —vertical left ||

vertical right

deviation, mm

: : ‘ | !
-%0 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
distance, m

Figure 15. Track irregularities S11.
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5 Simulation results

This chapter presents the results from both parts of the algorithm. The chapter doesn’t
contain all case studies but only the most significant (illustrative) ones.

The variables were low-pass filtered at a cut-off frequency of 20 Hz in accordance with
EN 14363 [1] and UIC 518 [2]. The sampling frequency was 100 Hz, hence the output time
step was # = 0.01 s.

5.1 Partl

The key parameter in this part is the contact angle y which can be obtained from a contact
point function (in this study the programme KPF part of GENSYS) or be roughly estimated
by using the profile of the wheel as described in Chapter 3.1. Figure 16 shows a comparison
between the contact angle obtained from the output of a simulation and the estimated contact
angle using the undeformed profile of the wheel. Also the range of comparison is provided on
Figure 16 in the upper half. As can be seen, there are obvious discrepancies in the range 17-29
mm and after 32 mm. The discrepancy will inevitably affect the subsequent estimations but
the estimated contact angle up to 32 mm can be used, giving diminutive deviations. In order
to obtain better results, the contact angle estimated by a contact point function (programme
KPF) was used. A comparison between the contact angles from a simulation and KPF is
shown in Figure 17 for the same range as in Figure 16. In this case, both angles match almost
exactly. There is some discrepancy due to the interpolation of the results from KPF. The
discrepancy is most prominent after 32 mm and thus the contact position after 32 mm is
indicated on the subsequent figures.

Furthermore, KPF can provide the radius difference Ar from the nominal wheel radius r,.
Using Ar the deformed wheel profile as seen by KPF can be drawn. This deformed profile is
shown in Figure 18. As can be seen, the deformed profile is above the undeformed. This is
due to the fact that the contact patch possesses some area and KPF calculates a resulting
radius difference [9]. In the subsequent estimations, the radius difference from KPF is used.

Comparison of contact angles

1 ! ! ! ! ! ! T ! I !

Gensys
-| m— Estimated [

— : t I i i i i i i ]
-%0 -15 -10 -5 o] 5 10 15 20 25 30 35
postion on wheel, mm

Figure 16. Comparison of contact angles from a simulation and an estimated one using
the undeformed profile of the wheel.
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Comparison of contact angles
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Figure 17. Comparison of contact angles from a simulation and KPF.
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Figure 18. Comparison of the undeformed and deformed profiles.

Obtaining the contact angle, the total creep force 7 and the normal force N can be
estimated in accordance with equation (1) and (2). Figure 19 shows a comparison of estimated
T/N and the one obtained from the simulation for case 7, in which no irregularities were used
(nominal track). Furthermore, 7/N can be compared with the input friction coefficient
(indicated by the red thick line) of the simulation. The blue line indicates the instances when
the contact position exceeds a certain limit, in this study 32 mm. Also, the period when the
wheelset is in the transition and circular curve are indicated. As we can see, the estimated 7/N
matches the one from the simulation. Furthermore, the maximum 7/N is far below the input
friction and remains relatively low during the whole simulation.
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T/N comparison, R=1000m, Nominal, ”’sim=0'5’ left{outer) wheel

I I
| transition curve | i i circular curve i — Gensys

— Estimated I
— Position =32

05

Oaf e e e — o 1

D s E— e s T— e — .

TN

time, s

Figure 19. Comparison of estimated 7/ and 7/N from GENSYS, case 7.

Figure 20 shows the comparison for case 10, which is the same as case 7 except that track
irregularities S22 were introduced. As can be seen, 7/N is much higher compared to case 7. In
addition to this, there are instances when 7/N is very close to the input friction coefficient.
When the position exceeds 32 mm, some discrepancy can be observed. The discrepancy is
due to the interpolation of the contact angle from KPF.

Figure 21 shows a comparison for case 12, where the simulation friction is 0.3. In this
case we can observe that much more instances are close to the friction limit compared to case
10 (Figure 20).

Figure 22 shows a comparison for case 1110, where the track irregularities are lower, the
friction is 0.5 and the curve radius is 1000 m. Compared to case 10 (Figure 20), the peak
values are lower and the peak duration shorter.

Figure 23 shows the comparison for case 28, where the tangent track and irregularities
S22 were used. Even though that the track is tangent, the estimated friction is high and can be
compared with the cases of 1000 m curve radius.

Figure 24 shows the case of tangent track with irregularities S11. The peaks are lower and
the duration shorter than in case 1110.

Figure 25 shows the results for case 25 where a stiff bogie was used. If this case is
compared with case 28 (Figure 23), it can be noticed that the estimated friction of the stiff
bogie is relatively the same like the estimated friction of the soft bogie. In some instances the
estimated friction of the stiff bogie is lower compared to the soft bogie. This is primarily due
to lower values of the total creep force in this case of stiff bogie.

Figure 26 shows the comparison for case 18, where the curve R400m, irregularities S22
and friction of 0.3 were used. As we can see, even in this case both 7/N fit together and there
are instances when 7/N is close to the limit.

Figure 27 shows case 24 where stiff bogies were used. Compared to the soft bogies
(Figure 26), the estimated friction is a bit higher due to higher creep force. The estimated
friction fits relatively well 7/N from the simulation.
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T/N comparison, R=1000m, 822, “sim=0'5’ left{outer) wheel
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Figure 20. Comparison of estimated 7/V and 7/N from GENSYS, case 10.

T/N comparison, R=1000m, 522, “’sim=0'3’ left{outer) wheel
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Figure 21. Comparison of estimated 7/N and 7/N from GENSYS, case 12.
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T/N comparison, R=1000m, 511, “sim:0'5’ left{outer) wheel
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Figure 22. Comparison of estimated 7/ and 7/N from GENSYS, case 1110.
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Figure 23. Comparison of estimated 7/V and 7/N from GENSYS, case 28.
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T/N comparison, Tangent, 511, “sim:0'5’ left wheel
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Figure 24. Comparison of estimated 7/N and 7/N from GENSYS, case 1128.
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Figure 25. Comparison of estimated 7/N and 7/N from GENSYS, case 25 (stiff bogie).
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T/N comparison, R=400m, S22, “sim=0'3’ left(outer) wheel
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Figure 26. Comparison of estimated 7/V and 7/N from GENSYS, case 18.
T/N comparison, R=400m, S22, “sim=0'3’ left(outer) wheel
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Figure 27. Comparison of estimated 7/V and 7/N from GENSY', case 24 (stiff bogie).
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5.2 Part2

In Part 2 the lateral, longitudinal and spin creepages are estimated as suggested in Chapter 3.

Figure 28 shows a comparison between the estimated spin creep and the one obtained from
the simulation. As can be seen, the estimated creep is almost the same as the one from the
simulation. The discrepancy arises from the discrepancy of the contact angle.

Comparison of Spin creep, R=1000m, S22, “sim=0'5’ left(outer) wheel
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Figure 28. Comparison of spin creep, case 10.

Figure 29 shows the comparison for the lateral creep. The estimated lateral creep does not
fit completely to the creep from the simulation. This is due to the eliminated dynamic terms in
the equation. In addition to this, the used equation assumes rigid track. This assumption can
bring some discrepancy in reality. Nevertheless, the estimated lateral creep follows the trend
of the simulation creep and can be used further.

Figure 30 shows the comparison of the longitudinal creep. The estimated creep follows
the trend of the creep from the simulation but there are some severe discrepancies. An
improvement in the estimation of the longitudinal creep is desirable.

Figure 31 to Figure 38 illustrate the comparisons of the total creep for a number of cases.
The comparison of the ratio of 7/N like in Part 1 is also provided. In this second part, the
focus is on the comparison of the total creep and the correlation of the total creep in
conjunction with the spin to the estimated friction.
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Figure 30. Comparison of longitudinal creep, case 10.
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Figure 31 shows the result for case 10. As can be expected, the discrepancy in total creep
occurs when the longitudinal creep deviates from the simulation’s creep. As we can see from
the figure, these instances occur primarily when the spin is higher than 1.0 m™ which can be
observed in the subsequent figures.

Total creep and T/N comparison, R=1000m, 522, “’sim=0'5’ left{outer) wheel
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Figure 31. Comparison of total creep and estimated friction coefficient, case 10.

Figure 32 shows the result for case 12 where the input friction is lower compared to case
10. As we can see, in case 12 there are more instances when the estimated friction is close to
the simulation’s friction. We can still observe that when the spin is high, the discrepancy in
the total creep is appreciable.

Figure 33 shows the result case of 1111, where the track irregularities are S11. Now, the
spin creep is lower compared to that of irregularities S22, the discrepancy of the total creep
too. Again, there are instances when the estimated friction coefficient is close to the limit
friction.

The results for the tangent track with irregularities S22 and S11 are shown in Figure 34
and Figure 35 respectively. It can be noticed that in the case of lower irregularities, the total
creep and spin creep are lower than in the case of irregularities S22. Furthermore, at higher
values of the spin, the discrepancy of the total creep is noticeable.

Figure 36 and Figure 37 show the result for case 17 and 1117 respectively, where the
friction coefficient is 0.4. It can be noticed that in the first case the contact point is closer to
the flange compared to the second case. In addition to this, even in the tight curve the
discrepancy of the total creep is more prominent when the spin creep is high.

Figure 38 shows the results for case 23. In this case stiff bogies were used. Compared to
the soft bogie for the tight curve (Figure 36), in the case of stiff bogie the spin creep is higher
in average and as an absolute value. In addition to this, the total creep is higher and there are
more instances when the contact point is close to the flange.
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Total creep and T/N comparison, R=1000m, 522, “sim:0'3’ left{outer) wheel
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Figure 32. Comparison of total creep and estimated friction coefficient, case 12.

Total creep and T/N comparison, R=1000m, S11, “sim:0'3’ left{outer) wheel
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Figure 33. Comparison of total creep and estimated friction coefficient, case 1112.
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Figure 34. Comparison of total creep and estimated friction coefficient, case 28.
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Figure 35. Comparison of total creep and estimated friction coefficient, case 1128.
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Total creep and T/N comparison, R=400m, S22, psim=0.4, left(outer) wheel
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Figure 36. Comparison of total creep and estimated friction coefficient, case 17.

Total creep and T/N comparison, R=400m, 511, psim=0.4, left(outer) wheel
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Figure 37. Comparison of total creep and estimated friction coefficient, case 1117.
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Total creep and T/N comparison, R=400m, S22, psim=0.4, left(outer) wheel
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Figure 38. Comparison of total creep and estimated friction coefficient, case 23 (stiff
bogie).

Figure 39 shows a plot of the total creep versus estimated friction for case 10, 11 and 12.
The results were taken from the simulation to ensure the accuracy of the curves. The spin was
used as a filter. The instances when the spin was less than 0.05 m™ were included. Based on
the result of the plot, a curve fitting was tried when the values for the input variables were low
(see next paragraph). The curve fitting was performed using equation (15), where x, and v,
had to be optimized.

Figure 40 shows the curve fitting for case 1128. Only the values in the range t = 0 to 2.5 s
were taken. In this time range the values of the estimated friction are low and thus preferable
for curve fitting in order to prove the ability of the method to estimate the correct friction
coefficient. Also the spin creep was used as a filter. As we can see, the curve fitting
overestimated the friction. Figure 41 shows underestimation of the friction for another case
and time range. Even though, these results look close to the friction of the simulation, the
overestimation can be large and the underestimation can be half of the real friction. No pattern
was observed when estimation was higher or lower than the expected value. Another problem
with the curve fitting was the number of samples which influenced the results.
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T/N vs. Total creep, R1000m, 522, left wheel, Gensys output
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Figure 39. Total creep versus 7T/N, case 10, 11, and 12.
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Figure 40. Curve fitting, case 1128, t = 0-2.5s.
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Curve fit T/N vs Total creep at spin<0.05 1/m, R=1000m, 522, “’sim=0'5’ t=3-6s, Gensys output

05

04

03

0.2

01

I I I I I

i | i i +  Gensys

i | —fitted

o

5 < . T 7]
VA i
& : i
i \ i i i

0.002 0.004 0.006 0.008 0.01 0.012

Total creep

Figure 41. Curve fitting, case 10, t = 3-6 s.
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6  Sensitivity analysis

In the previous chapter, the 7/N results have been obtained by using output variables from
simulation thus representing ideal measurement. In reality, every measurement goes along
with some deviation of the result from what should be the real value. This chapter focuses on
the effect of deliberately introduced “measurement” errors to study what can be expected in
reality.

The errors are introduced in case 10 (R1000, S22, p=0.5). Five cases are studied:

- error in the lateral location of the contact point of -1 mm (away from the flange);

- error in the lateral location of the contact point of +1 mm (towards the flange);
- error in the angle of attack and the velocity of the angle of attack by -20%;
- error in the angle of attack and the velocity of the angle of attack by +20%;

- error in the location of the contact point of +1 mm as well as angle of attack and
the velocity of the angle of attack by +20%.

Only the contact angle, the angle of attack and the velocity of the angle of attack are
chosen because for these three variables we can expect errors due to the difficulties of their
measurement.

Figure 42 shows how an error in the contact point location affects the estimation of 7/N
for the outer wheel. We can notice that the error of +1 mm causes high deviation of 7/N when
the contact point position is closer to the flange. In the case of -1 mm error, 7/N is
underestimated when the contact point is close to the flange. The deviation is completely due
to the poorer approximation of the contact angle. Consequently, the wheel profile in a real
measurement should be measured accurately to minimize the error in the estimation of the
contact angle; cf. Figure 20 which does not account for any “measurement” error.

The contact angle is also used in the estimation of the spin, longitudinal and lateral
creepages thus; we can expect errors also in the estimation of these variables. Figure 43 shows
the spin creep and total creep when an error in the contact point is present. As we can see, the
estimated total creep still undulates around the total creep from the simulation when the spin
creep is low. When the spin is high, the deviation of the total creep is noticeable. On the other
hand, the instances when 7/N is overestimated are anyway excluded from the results by the
proposal to take into account only results when the spin creep is less than 1 m™. When the
spin creep is lower than the one from the simulation, 7/N is underestimated, as shown on the
bottom of the figure. But total creep is also smaller than 0.006 which will discard the 7/N
estimate in these cases.

In the second set of cases, an error was introduced in the angle of attack and the velocity
of the angle of attack. The presented results are for the right (inner) wheel because the
deviation is more noticeable compared to the left wheel due to the higher values of the total
creep. The effect from the introduced error is shown in Figure 44. As we can see, at some
instances, for example =2.2 s, the deviation of the total creep is noticeable compared to the
estimated one without errors.

As we can see from above, when the error is +1 mm for the contact point or +20% for the
angle of attack, the results are overestimated. Thus, an error of +1 mm and + 20% are
introduced in the results for left and right wheels. The effect of this is shown in Figure 45 and
Figure 46. We can notice that for time instance /=2.5 s in Figure 45 the proposal to include the
results when the spin is less than 1 m™ and the total creep is higher than 0.006 gives for T/N
an overestimation which is higher than the input friction.
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T/N comparison, R=1000m, S22, psim=0.5, left{outer) wheel
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Figure 42. Consequence of 7/N due to error in the contact point position for case 10.
Top: no error; middle: +1 mm; bottom: -1mm. Outer wheel.
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Total creep and T/N comparison, R=1000m, 522, psim=0.5, left{outer) wheel
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Figure 43. Comparing 7/N and creep. Error in the contact point position for case 10.

Top: no error; middle: +1 mm; bottom: -1mm. Outer wheel.
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Total creep and T/N comparison, R=1000m, 522, p'sim=0'5’ right(inner) wheel
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Figure 44. Comparing 7/N and creep. Error in the angle of attack for case 10. Top: no
error; middle: +20%; bottom: -20% mm. Inner wheel.
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Total creep and T/N comparison, R=1000m, 522, “sim=0'5’ left{outer) wheel
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Figure 45. Comparison of 7/NV and creep for the outer wheel in case 10 when the error
is: +1 mm in contact point position and +20% in angle of attack.

Total creep and T/N comparison, R=1000m, 522, “sim=0'5’ right{inner) wheel
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Figure 46. Comparison of 7/NV and creep for the inner wheel in case 10 when the error

is: +1 mm in contact point position and +20% in angle of attack.
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7 Conclusions

Assuming that simulation represents fairly well the reality, the use of contact point
functions to obtain the contact angle as a function of the contact position on the wheel
provides a good estimation of the lateral creep and normal force in the contact patch. In
reality, the rail can slightly roll which can cause some discrepancy. As we can see, the track
irregularities cause high forces and high values of 7/N which can be close to the input friction
coefficient of the simulation. The estimated 7/N matched relatively well the 7/N from the
simulation. One way to use the estimated friction is to extract the highest value in a certain
time window or distance. Obviously, if irregularities are low the estimated friction will be low
and thus the discrepancy between the estimated and real friction will be significant.
Furthermore, the estimated friction alone can not provide any evidence how close it is to the
limit.

In Part 2, we saw that the estimated spin creep corresponds well to the simulation spin
even though there were some minor discrepancies due to the interpolation of the contact
angle. The estimated lateral creep was deprived from some of the dynamic terms, which can
not be measured or approximated in reality, and thus it did not fit exactly into the lateral creep
of the simulation. Despite this fact, the estimated lateral creep followed the trend of the
simulation’s creep and was like a mean value in some instances.

The estimated longitudinal creep followed the trend of the simulation’s creep but at some
instances the discrepancy was high which caused further discrepancy in the estimation of the
total creep. One way to improve the estimated longitudinal creep is to include the longitudinal
displacement of the wheelset. Depending on the method of measuring the yaw angle of the
wheelset, the longitudinal displacement of the wheelset can be measured, too.

The discrepancies in the estimation of the lateral and longitudinal creepages caused
discrepancy in the estimation of the total creep. Despite the discrepancy, the total creep can be
used as a quality factor for the estimated friction. High values of the total creep indicate high
values of the estimated friction which are close to the limit. The obverse statement is incorrect
(high values of the estimated friction do not correspond to high values of the total creep). In
addition to the total creep, the spin creep should also be used as a filter of the total creep. So,
when the spin creep is higher than some limiting value, the total creep should not be regarded
as a quality factor anymore. In this study, when the estimated total creep was higher than
0.006 and the spin creep was lower than 1.0 m™ the estimated friction was regarded as close
to the limit. At lower frictions, the estimated friction is very close to the limit and the
deviation is less than 5%. The proposed limits for the creep can be used also for the
simulation’s creep.

The method of curve fitting is regarded as erroneous in this report as it can not provide
any consistent results. In most cases it underestimated or overestimated severely the friction
without any definite pattern. The deviation can also be very high and values of 2 or 3 for the
friction can be obtained. The number of samples can be another parameter which influences
the final result. In addition to this, the friction along the track can be different so that the
samples will belong to different friction coefficients.

The sensitivity analysis of the influences of errors in the measurements reveals that the
estimation of 7/N can still be accurate when the contact point is around the tread. When the
contact point is close to the flange, the deviation gets higher, thus accurate measurements of
the wheel profile and the position of the contact point are required in these cases. The errors
in the angle of attack cause deviation of the total creep. This deviation in conjunction with the
deviation of 7/N can result in overestimation of the friction coefficient. On the other hand, the
errors affect the friction estimate for high spin and low total creepage. These results are
discarded by the algorithm, thus the influence of the errors is minimized.
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8 Future work

In this study it was described how the ratio of the tangential to normal force can be used as an
estimation of the wheel-rail friction and the creep as a quality factor. The friction of the
simulation was constant along the track in the simulations. So, the next step should be focused
on applying different friction coefficient on left and right wheel as well as along the track.
The obtained results will be helpful in determining whether the creep can be used as a quality
factor and how 7/N behaves. Further improvement in the estimation of the lateral creep can be
accomplished if the lateral wheel velocity is measured. The accuracy of the estimated lateral
creep in this report was regarded as sufficient and any further effort should be directed to
improvement of the estimated longitudinal creep. The sensitivity analysis can be expanded
introducing errors in the other variables. Furthermore, different vehicles can be used, for
example, different mass, suspension, wheel radius, wheel profile and speeds. Last but not
least, different track conditions should be applied, for example, different mean gauge
deviation, mean cant deviation, and rail profiles.
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Appendix A Vehicle data (in GENSYS format)

## Vehicle data

## Basic vehicle geometry
H#
func const acb= 8.0 # half bogie pivot distance (longitudinal)
func const aba= 1.5 # half wheelset distance within a bogie (long.)
H#
## Vehicle bodies

## Carbody (c)
func const hccg= 2.0  # centre of gravity position, vertical
func const mc= 52000 # mass
func const Jfc= 80e3 # moment of inertia, roll
func const Jkc= 1800e3 # moment of inertia, pitch
func const Jpc=1800e3 # moment of inertia, yaw
func const hfloor=1.3  # floor level
#t
## Bogie frames (b)
func const hbcg= 0.7 # centre of gravity position, vertical
func const mb= 10000 # mass
func const Jfb= 3000 # moment of inertia, roll
func const Jkb= 10000 # moment of inertia, pitch
func const Jpb= 15000 # moment of inertia, yaw
H##
## Axles (a)
func constro= 0.50 # centre of gravity pos., vert. (wheel radius)
func const ma= 2000 # mass
func const Jfa= 1200 # moment of inertia, roll
func const Jka= 200 # moment of inertia, pitch
func const Jpa= 1200 # moment of inertia, yaw
H#
## Secondary suspension
H#
## Secondary springs (kzcb) per bogie side
func const bkzcb= 1.0 # half distance between springs, lateral
func const hkzcb= 1.0 # top of spring position, vertical
func const hs= 0.32  # height of spring
func const rf= 0.65 # factor for radial spring behaviour
func const kxcb=300e3 # stiffness, longitudinal
func const kycb=300e3 # stiffness, lateral
func const kzcb=500e3 # stiffness, vertical
H#
## Anti-roll bars (kfcb) per bogie
func const hkfcb= 1.0 # bar position, vertical
func const kfcb=2.5e6 # stiffness (roll)
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H#

## Traction rods (ktr) per bogie
func const acktr= 9.8 # rod position in carbody, longitudinal
func const hcktr= 0.4  # rod position in carbody, vertical
func const hbktr= 0.3  # rod position in bogie frame, vertical
func const ktr= 25e6  # stiffness
func const cktr= 4e3  # viscous damping

H#

## Lateral bumpstops (kycbs, symmetric) per bogie
func const hkycbs= 1.0 # bumpstop position, vertical
func const ykycbs1=0.030 # displacement 1 (play)
func const ykycbs2=0.040 # displacement 2
func const Fkycbs2= 15e3 # force 2
func const ykycbs3=0.090 # displacement 3
func const Fkycbs3= 2e6 # force 3

H

## Lateral dampers (cycb) per bogie side
func const bcycbc=1.1 # damper position in carbody, lateral
func const bcycbb=0.5 # damper position in bogie, lateral
func const hcycb= 0.7 # damper position, vertical
func const cycb=3*30e3 # viscous damping

H#

## Vertical dampers (czcb) per bogie side
func const bczcb= 1.2 # damper position, lateral
func const hczcbc= 1.0 # damper position in carbody, vertical
func const hczcbb= 0.4 # damper position in bogie, vertical
func const czcb=3*30e3 # viscous damping

H#

## Yaw dampers (cccb, nonlinear symmetric characteristics, series stiffness) per bogie side
func const acccbc=7.3  # damper position in carbody, longitudinal
func const bcccb= 1.3 # damper position, lateral
func const hcccbe= 0.7  # damper position in carbody, vertical
func const hcccbb=0.6  # damper position in bogie, vertical
func const vcccb1=0.032 # velocity 1
func const Fcccbl= 16e3 # force 1
func const vcccb2=1.032 # velocity 2
func const Fcccb2= 26e3 # force 2
func const kcccb= 25e6 # series stiffness

H#

## Primary suspension

## Primary springs (kzba) per axle box

func const bkzba= 1.0 # spring position, lateral

func const hkzba= 0.43 # spring position, vertical (for lateral stif.)

func const kxba= 2000e3 # stiffness, longitudinal (multiplied by a factor of 5 for stiff
bogie)

func const kyba= 750e3 # stiffness, lateral (multiplied by a factor of 5 for stiff bogie)
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func const kzba= 1200e3 # stiffness, vertical
func const cxba= 2e3 # viscous damping in springs, longitudinal
func const cyba= 2e3 # viscous damping in springs, lateral
H#
## Lateral bumpstops (kybas, symmetric) per axle
func const hkybas= 0.4 # bumpstop position, vertical
func const ykybas1=0.025 # displacement 1 (play)
func const ykybas2=0.050 # displacement 2
func const Fkybas2= 1e6 # force 2
H#
## Primary dampers (czba, hydraulic, vertical) per axle box
func const bczba= 1.0 # damper position, lateral
func const hczbab= 1.0 # damper position, vertical in bogie
func const hczbaa= 0.5 # damper position, vertical in wheelset
func const czba=3*30e3 # viscous damping
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Appendix B Simulation cases

. Track Friction .
Numb?r(;)f Radius of curve, m Slfe‘/er?' irregularities coefficient Bogie
case S 'r1300 [ R1000 [R400 | “™" [Nom [sS22[S11]| 0.5 | 0.4 | 0.3 | soft | stiff
1 X 160 X X X
2 X 160 X X X
3 X 160 X X X
4 X 160 X X X
5 X 160 X X X
6 X 160 X X X
7 X 160 X X X
8 X 160 X X X
9 X 160 X X X
10 X 160 X X X
11 X 160 X X X
12 X 160 X X X
13 X 100 X X X
14 X 100 X X X
15 X 100 X X X
16 X 100 X X X
17 X 100 X X X
18 X 100 X X X
19 X 100 X X X
20 X 100 X X X
21 X 100 X X X
22 X 100 X X X
23 X 100 X X X
24 X 100 X X X
25 Tangent track 160 X X X
26 Tangent track 160 X X X
27 Tangent track 160 X X X
28 Tangent track 160 X X X
29 Tangent track 160 X X X
30 Tangent track 160 X X X
114 X 160 X X X
115 X 160 X X X
116 X 160 X X X
1110 X 160 X X X
1111 X 160 X X X
1112 X 160 X X X
1116 X 100 X X X
1117 X 100 X X X
1118 X 100 X X X
1122 X 100 X X X
1123 X 100 X X X
1124 X 100 X X X
1125 Tangent track 160 X X X
1126 Tangent track 160 X X X
1127 Tangent track 160 X X X
1128 Tangent track 160 X X X
1129 Tangent track 160 X X X
1130 Tangent track 160 X X X
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