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Abstract. The Coefficient of Friction (CoF) is an important parameter affecting
acceleration and braking behavior of trains, and consequently the inter-train dis-
tance and utilization of track. To optimize operation schedules, maximize railway
capacity, and realize automatic train operations, reliable measurements of the CoFs
experienced by in-service trains are desirable. In this study, a train-borne mea-
surement approach is proposed based on a torque modulation concept. It involves
superimposing a small-amplitude sinusoidal signal on the motor torque. Because
the wheel-rail friction force acts as variable damping, it causes a phase difference
between the angular velocity response of the wheelset and the input modulated
torque signal. This phase difference can be used to determine the creep coefficient,
1.e., the slope of the creep curve, and then to estimate the CoF in combination with
the measured Coefficient of Adhesion (CoA), i.e., the ratio between the wheel-rail
friction force and normal load. Simulations of torque modulation with VI-Rail
are conducted. Variation of phase difference with the increase of the modulated
torque is derived theoretically and compared with numerically obtained results
using the VI-Rail multibody dynamics model under different CoF conditions. The
good agreement between the results indicates the effectiveness of the proposed
measurement concept.
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1 Introduction

Characterization of wheel — rail friction is of importance to the railway industry, since
the trains rely on the friction force, or creep force, between the wheel and rail for trac-
tion and braking. The value of the maximum creep force is bounded by the product
of the wheel-rail normal load and Coefficient of Friction (CoF). Therefore, when the
normal force between wheel and rail is known, the CoF affects the train acceleration
behavior and braking distances, and consequently determines the inter-train distance
and utilization of track. Hence, a proper control of CoF value is desirable for the rail
infrastructure managers and operators. However, due to the open nature of the railway
infrastructure, the values of CoF in real-life tracks may vary greatly and depend on a
variety of factors at the wheel-rail interface such as surface roughness, contact pressure,
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rolling velocity, temperature, humidity, characteristics of the interfacial (third body)
layers. To guarantee the safety and punctuality of railway operation, the operators gen-
erally choose a conservative value of CoF for the calculations of braking distances and
scheduling of timetables. For example, the Dutch railway uses a CoF value of 0.15 for
timetable schedule calculations [1], even though some experiments have shown that the
CoF can be as high as 0.25 for wet contact conditions (water) [2]. This, however, causes
an underestimate of railway capacity. To optimize operation schedules, maximize the
track capacity, and realize the automatic train operations in the coming 10 to 20 years,
a better understanding and reliable measurement of the CoFs experienced by in-service
trains are essential.

Measurements of CoF have been conducted in labs under controlled conditions using
a variety of scaled set-ups (twin-disc [3], pin-on-disc [4], etc.) and full-scale roller rigs
[5]. Different wheel-rail contact conditions, including the effects of contaminations, can
be studied in such setups [3-5]. Field measurements of CoF are mostly done with hand-
operated tribometers [2]. By contrast, train-borne measurements [6] are barely conducted
[71, which may, however, provide significantly different results in comparison to the ones
measured using hand-operated tribometers [7]. A reliable train-borne measurement is
thus desired to obtain the actual CoFs that affect railway operation.

Train-borne measurements of CoF can be done in direct or indirect ways. The direct
methods require the measurement of wheel-rail contact force in three directions: normal
load, longitudinal and lateral friction force. The Coefficient of Adhesion (CoA), which
is the ratio of the tangential force (i.e., the vector sum of the longitudinal and lateral
friction force) and the normal load, can then be calculated and is bounded by the CoF.
One way to measure the CoF directly is to achieve friction saturation, by detecting wheel
slip [7], and then take the measured CoA as the CoF. However, wheel slip introduces
large sliding force and creepage, which are detrimental to the train operation and track
health condition. To avoid wheel slip, another direct approach based on the creepage
measurement was proposed: when the measured creepage value is over a certain thresh-
old value close to friction saturation, the CoA is assumed as CoF [8]. However, this
approach relies on the high-precision train-borne measurement of creepage, which is
challenging, especially when the creepage value is low [9].

Indirect methods, mainly developed for wheel slip protection systems, combine vehi-
cle and wheel-rail contact models and measured vehicle responses to estimate the CoF
based on the parameter estimation algorithms such as Kalman filters [10]. Indirect meth-
ods have the advantage in terms of cost and sensor integration into existing vehicle
designs. Their main drawback is that the estimation accuracy is highly dependent on the
vehicle and wheel-rail contact models used to tune them. Furthermore, such systems are
usually optimized for specific CoF values. Hence, ensuring accurate estimation over a
wide range of CoF values is difficult. The indirect methods have been validated in the
lab setups [11] and numerical simulations [12], but, to the best knowledge of the authors,
has not been implemented in the field measurements, because the complexity of the open
railway system brings great uncertainty to the parameters involved in the vehicle and
wheel-rail contact models [12], and challenges the reliability of indirect methods.
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2 Concept of the Torque Modulation Method

In this paper, a new direct train-borne measurement approach is proposed. Instead of
relying on the challenging creepage measurement, the proposed method estimates the
CoF based on a torque modulation concept [ 13]. This method was originally developed as
a Wheel Slip Protection (WSP) algorithm. It involves superimposing a small-amplitude
sinusoidal signal on the motor torque signal. The wheel-rail creep force acts as a variable
damper, and causes a phase difference between the measured angular velocity response
of the wheelset and the input modulated torque signal. This phase difference determines
the slope of the creep curve, i.e., creep coefficient, at the operating point of the wheelset.
An example is shown in Fig. 1, which considers a half wheelset rolling on a straight track
at constant velocity of v. The rolling radius is R and the angular speed of the wheelset
is 2. The longitudinal suspension force is shown as fx_suspension in Fig. 1 (a), which is
assumed to keep the wheel rolling at a constant velocity. The normal load on the contact
is denoted by N.

oefficent of Adhesion
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Fig. 1. An example of (a) a half-wheelset rolling on a straight track (b) creep coefficient at the
operating point

A modulated torque is then applied given by
M = M. + My sin(wy,t) @))

where M. is the constant torque (DC level) and M is the magnitude of the modulating
torque. The corresponding operating point at the DC level is shown on the creep curve
(Fig. 1 (b)) and labelled “1”. Due to the modulation, the creepage and CoA vary and
accordingly the operating point oscillates along the creep curve between the points
“2” and “3”. When the forced torsional oscillation of the wheelset takes place with a
frequency of w,,, the angular velocity of the wheelset with the modulation torque is
given by

Q = Q¢ + Qo sin(wpt + ¢) 2)

where €2, is the DC level, and €2 is the amplitude of the angular velocity oscillation and
¢ is the phase difference with the modulation torque. Assuming only the longitudinal
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creepage (&) exists, the rotational equation of motion of the half-wheelset can be solved,
which yields the following equation for the phase difference ¢.

Lywn,v

tan ¢ = (3)

NR24Cod) ng‘)
where I,, is the moment of inertia of the half wheelset, and d(dC—OA) is the slope of the
creep curve at the operating point, i.e., the creep coefficient as shown in Fig. 1 (b). Thus,
the measurable phase difference between the modulated torque signal and the response
angular velocity of the wheelset is inversely proportional to the creep coefficient. When
approaching friction saturation, the creep coefficient tends to zero, and the corresponding
phase difference moves towards 90° according to Eq. (3). By setting certain threshold
for the measured phase difference, we can ensure that the operating point is close to
saturation, and not exceed it. Then, the measured CoA can be taken as the CoF.

3 Simulation Methodology

The method proposed in Sect. 2 is derived based on a single half wheelset model (Fig. 1
(a)). Previous studies have simulated stand-alone single wheelset dynamics with torque
modulation for WSP systems [14]. However, the effects of vehicle (including bogie
and car body) dynamics have not been considered. In order to implement the method
in real-world settings of railway vehicles, the modulation-based measurement applied
to a single wagon model travelling on a straight track is simulated with the multibody
dynamics software VI-Rail, as shown in Fig. 2.

Velocity —»
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o9 &8

Rear Bogie Front Bogie

Fig. 2. The ERRI wagon model used for simulation.

The template model “ERRI wagon” is used in the simulation. In order to control the
wheelset torque, a point torque actuator is added to the rear wheelset of the rear bogie. To
maintain the velocity of the wagon as constant as possible under the torque modulation
condition, an equal but opposite point torque actuator is added to the front wheelset of the
same bogie, and a cruise control setting is used which employs a Proportional-Derivative
(PD) controller that takes a certain set point velocity as input, and tries to maintain this
velocity by applying appropriate forces to the car body to cancel out any accelerations.

In order to assess the robustness of the method, simulations are performed with
different CoF values. The simulation results are then analyzed and compared with the
theoretical results/trends predicted by Eq. (3).
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4 Results

4.1 Progression of Phase Difference with Increase of the Modulated Torque

Figure 3 shows an example of the modulated torque signal applied to the VI-Rail model
and the resulting angular speed of the wheelset. The applied torque is gradually increased
from zero to a steady state DC value M., which is 20946 Nm in this case. Then, a
modulation signal is applied, with the amplitudes M and frequency w,, of the modulated
torque being 345 Nm and 5 Hz, respectively. In order to extract the phase difference
between the modulated torque and angular speed signals, the signals are high-pass filtered
to remove the DC component. Then, a sine fitting algorithm [15] is used to estimate the
phase difference of the filtered signals.

nivinnne
=TT ES
A

Time s

Fig. 3. Applied torque modulation signal (blue) and the resulting wheel angular velocity (orange)

The simulations are conducted in VI-Rail with an increase of the DC value of the
modulated torque from 1% of the saturation torque value with a step of 10% until friction
saturation is reached. The step size is made finer towards the saturation torque, with step
size reducing to 5% after 50% of saturation torque, to 3% after 70% of saturation torque,
and to 1% after 90% saturation torque.

The computed phase difference values for a CoF of 0.4 is shown in Fig. 4 as a function
of the applied torque, represented by a percentage of the saturation torque. The normal
load N is set as 100 kN. The simulated modulation frequency w,, is 5 Hz, and the train
speed v is10 m/s.

According to Eq. (3), when the operating point approaches the saturation, the phase
difference tends to 90°. The variation is highly non-linear with a rapid increase after
94% of saturation torque as plotted in Fig. 5, which is in line with the simulation results
presented in Fig. 4. The moment of inertia /,, is set as 116 kg m?, and the rolling radius
R is 0.46 m.

However, a major difference between the theoretical result and simulation result
is noticeable: at torque values before 94% saturation torque, Eq. (3) predicts a phase

difference close to zero, as the product of creep coefficient d([%OXA) and the normal load N
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Fig. 4. Phase difference progression for the simulation case CoF = 0.4

-
D @ o
= (=] o
1 1
1 1

N
o
T
1

Phase Difference deg

20 -1

1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Percentage Saturation Torque %

Fig. 5. Theoretically predicted progression of phase difference as per Eq. (3)

are much higher than the numerator /,,w,,v, due to the large slope of the creep curve at
low creepage, whereas in the simulation results, a negative phase difference is observed
at these torque values. This difference is believed to be due to the velocity profile of the
wagon.

The theoretical model defined by Eq. (3) assumes that the train speed is constant, and
thus the creepage and the angular velocity of the wheelset are in phase. This is, however,
not the case for the VI-Rail simulation. Due to the cruise control simulated in VI-Rail,
the train travel velocity exhibits oscillations. The amplitude of the oscillation is so small
that the speed magnitude can be considered constant in the cruise control simulation.
However, the oscillation introduces an additional phase component to the longitudinal
creepage &y, resulting in that the longitudinal creepage and the wheelset angular velocity
2 simulated with VI-Rail are out of phase, as shown in Fig. 6.
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Fig. 6. The longitudinal Creepage (orange) and wheelset angular velocity (blue) signal

If we consider this phase difference between &, and 2 to be ¢,, then Eq. (3) can be
modified to

I,y

NR2 d(dc—;xA) cos(¢y)

— tan(¢,) 4)

tangp =

Now, we can see that at low torque values, the first term vanishes, and the phase
difference between the torque and wheelset angular velocity is equal to the additional
phase difference introduced. Figure 7 plots Eq. (4) and the simulated phase difference
(as shown in Fig. 4). The good agreement between the theoretical and simulation results
validates the effectiveness of the modulation-based measurement method.
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Fig. 7. Theoretical phase difference progression as per Eq. (4) (blue) and simulated phase
difference progression (orange)

4.2 Variation with CoFs

Simulations are then repeated for different CoF values from 0.1 to 0.5 with a step of
0.1. The CoF is not involved in Eq. (4), and thus, should not affect the phase difference
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progression. As shown in Fig. 8, the results simulated with different CoFs exhibit the
same trend, with some differences in the low torque region. The differences are attributed
to the difference in the velocity controller action, which changes the second term in
Eq. (4). Figure 8 also shows that almost all curves of phase difference progression
cross zero phase difference at around 94-95% saturation torque. This can be a potential
threshold value to estimate CoF. Namely if we increase the DC component of the applied
modulation torque in steps, when the measured phase difference has become positive,
the measured CoA can be taken as the CoF, with an expected error of 5%.

Phase Difference deg

0 10 20 30 40 50 60 70 80 90 100
Percentage Saturation Torque %

Fig. 8. Phase difference progression for different CoFs

5 Conclusions and Outlook

The torque-modulation based method was proposed as an alternative to the challenging
creepage measurement-based methods for the direct measurement of CoF. Application
of torque modulation on a single half wheelset was first analyzed to demonstrate the
variation of the phase difference between the modulated torque and the wheelset angular
velocity, and the creep coefficient at the operating point. The effectiveness of the concept
was then numerically validated with a VI-Rail wagon model. The simulation results
indicate that the CoA can be taken as the CoF, with an expected error of 5%, when the
phase difference transitions from negative to positive with an increase of the modulated
torque value.

To put the method to the practical application, the following challenges needs to be
responded to: constant train velocity, traction motor control, potential discomfort to the
passengers, and a reliable measurement of the wheel-rail contact forces. In addition, the
present study focused on the development a CoF measurement algorithm on straight
tracks and thus neglected lateral creepage at the wheel-rail contact, which can be signifi-
cant in curves. Further research will address the effect of curving behavior and parameter
(such as wheel torque, angular velocity and phase difference) resolutions on the measure-
ment algorithm, and for practical implementation, a train-borne instantaneous contact
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force measurement system will be developed. As an alternative to sinusoidal torques,
other interrogation signals will be explored, which can potentially be used to estimate
CoF at lower magnitudes of applied torque. Experimental validation of the principle
applied to a single half wheelset will also be conducted using the V-Track test rig at TU
Delft [16].
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