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Abstract

The estimation of railway friction level requires an accurate determination of the
wheel-rail contact force. This study developed an extended Kalman filter to estimate
the normal wheel-rail contact force. The filter is based on a dynamic system, taking
both the axlebox acceleration and vertical primary suspension force as the main input
variables. The multi-body dynamics simulation results, including the simulated axle-
box acceleration, primary suspension force and wheel-rail contact force, were then
used to tune and validate the extended Kalman filter. The study indicates the extended
Kalman filter, is reliable for estimating the normal wheel-rail contact force. To deter-
mine the sensitivity of the filter, the effect of the vehicle speed was examined. The
study shows the accuracy of the extended Kalman filter may decrease with the increase
in the running speed of the vehicle. By tuning the filter based on a high running speed,
the proposed extended Kalman filter is promising for the determination of the normal
wheel-rail contact force in practice.
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1 Introduction

The interaction between wheel and rail is a critical factor for the operation of rail traf-
fic. Since trains heavily rely on the friction between wheel and rail for acceleration
and braking, the coefficient of friction (CoF) is a crucial aspect of this interaction.
The CoF has several correlations to the safety and reliability of rail traffic operation,
including affecting the acceleration and braking performance of a rail vehicle, and
wear of the wheel and rail which causes derailment risk and temporary speed reduc-
tions. Therefore, infrastructure managers and train operators aim to control the CoF
appropriately. Before being able to control the CoF it is important to know the CoF.
This has proven to be a challenge since this value depends on factors like humidity,
surface roughness and rolling velocity. In the past, different devices have been used to
measure the CoF, like a hand-pushed tribometer [1] or low-speed vehicle [2]. One of
the first attempts at train-borne measurements was performed by British Rail in 1972.
Despite having the advantage of not having to scale the wheel-rail contact forces, it
was only possible to compute the CoF at the point of wheel sliding [3, 4]. Popovici
[3] showed experimentally using a simple sliding sensor can be successful for the de-
tection of friction levels, but the system is sensitive to abrasion and developed heat
during long-term use. It is thus crucial to develop an accurate and reliable device for
determining the CoF that can account for various scenarios in rail traffic operation.

The CoF can be determined by measuring the wheel-rail contact forces. Since
the adhesion coefficient (AC) is bounded by the CoF, the CoF can be represented as
the maximum AC. The AC(u,) represents the ratio between the magnitudes of the
tangential wheel-rail contact forces(F7) and the normal wheel-rail contact force(Fy)
[5].

Fr

=y )

Ha

To calculate the AC, it is necessary to determine the tangential and normal wheel-
rail contact forces. Direct methods, such as using strain gauges on instrumented
wheelsets, can be used to measure these forces [6]. However, these methods are often
expensive and complicated to implement on in-service passenger vehicles. Therefore,
using an indirect method for determining the normal wheel-rail contact force may be
a more promising approach.

One possible indirect method for determining wheel-rail contact forces is to use
vehicle responses. Several approaches exist for processing the vehicle responses and
obtaining the contact forces, such as using an inverse wagon model [7] or applying a
Kalman filter (KF). This method has been proposed in several papers, including Zhang
et al. [8],Mal et al. [9], and Strano and Terzo [10]. However, these papers only de-
termine the creep forces or calculate the CoF. In these papers, the CoF is calculated
based on a given normal wheel-rail contact force, which either comes from multi-
body dynamics simulation (MBS) or the vertical primary suspension force. However,



an inaccurate normal wheel-rail contact force has an impact on the CoF and AC calcu-
lation. The accurate determination of the normal wheel-rail contact force should thus
be investigated.

This paper develops an indirect method for the determination of the normal contact
force. The indirect methods can be split into two categories, namely forward wagon
models and inverse wagon models. A forward wagon model uses track irregularities
and vehicle speed to get the vehicle responses [7]. Naeimi et al. [11], proposed a 3D
dynamic model to obtain the wheel-rail contact forces. It considered multiple track
irregularity cases, whereby the irregularities were the input for the numerical model
of the vehicle. Meli et al. [12] developed a similar model for real-time application. It
was found that although the model works, and can be validated against available MBS
models, the development of the real-time model has to find a compromise between
accuracy and efficiency due to the complexity of the numerical models and their in-
tegration times. The forward wagon model is often built up in MBS software, like
VI-Rail, SIMPACK or Vampire.

Another indirect method is called the inverse wagon model. This model uses the
vehicle dynamic responses, like the acceleration of the car body or bogie, to deter-
mine the wheel-rail contact forces. Xia, Bleakley, and Wolf [13] developed an inverse
wagon model which determined the lateral and vertical contact forces only using the
measurements of the car body responses ([7]). Sun, Cole, and Spiryagin [14] also
used a two-dimensional inverse wagon model to determine the secondary suspension,
primary suspension and wheel-rail contact forces based on wagon components and
bogie side-frame accelerations. The model was simplified to support an online appli-
cation. Zhu et al. [15] proposed a different technique by using a time-domain inversion
method. Instead of the vehicle body accelerations, the axleBox acceleration (ABA)
is used as input conditions to determine the vertical and horizontal wheel-rail contact
forces. The model was then implemented in SIMPACK for a high-speed train. A
laboratory test verified the inversion model. The simulation results from SIMPACK
showed a high relative precision for the operation of high-speed vehicle.

Wei et al. [16] used an inverse model for the evaluation of derailment by measuring
the displacement of the primary suspension and the accelerations of the bearing box
and using the relative velocities of the primary dampers and distance between nominal
running cycles. Moment-balanced equations are used to identify the wheel-rail contact
forces. The indirect method was verified by comparing the wheel-rail contact forces
with the forces from SIMPACK. When testing the method on a high-speed passenger
car, running at 60 km/h, the error was not higher than 10%. Ronasi and Nielsen
[17] concluded using an inverse method, although accurate, comes with a significant
computational cost. This makes the inverse method less suitable for processing in
real-time.

To accurately calculate the AC, an accurate estimation of this normal wheel-rail



contact force needs to be considered. Combining the use of the primary suspension
force and ABA, with an extended Kalman filter (EKF), could give an accurate estima-
tion of the normal wheel-rail contact force. This paper proposes an indirect train-borne
measurement of the normal wheel-rail contact force, using the vertical primary sus-
pension force (VPSF) and the vertical ABA. These vehicle responses are processed by
an EKF to predict the normal wheel-rail contact force.

2 Methodology

To evaluate the accuracy of the EKF its output is compared with the output of MBS.
The EKF is built up based on a force determination model.

2.1 Force determination model

This force determination model is based on a vehicle model consisting of a car body
and two bogies. For the EKF the normal wheel-rail contact force, adjusted from
Knothe and Stichel [18], is expressed as:

Fy =my*x ABA+my x g+ Fpg 2)
Whereby:
Fy = Normal wheel-rail contact force
My = Mass of wheel
ABA = Axlebox acceleration in vertical direction
g = Gravitational acceleration
Fpg = Vertical primary suspension force

2.2 Extended Kalman filter

The system defined in the previous section is then used as the input for the EKF.
The EKEF is, in the railway field, used as an estimator of unknown variables of a
state-space model [19, 10]. The state-space model defines the force determination
model as a set of inputs, outputs, and variables which are related by a differential
equation. The EKF is defined into two steps, namely the prediction and update steps.
The prediction step predicts the unknown variable at the next time step, based on the
force determination model, and the current variable estimate. The update step updates
the predicted unknown variable by evaluating the error between the estimate and the
measurement.



2.3 Multi-body dynamics simulation & validation

The output of the EKF is compared with the normal wheel-rail contact force output of
the MBS. For the simulations, the benchmark Manchester vehicle[20] of VI-Rail has
been used. To evaluate the performance of the EKF effect of different vehicle speeds
is compared. Before the comparison, the filter first has been tuned to get the most
optimal result. This tuning is performed by adjusting the process and measurement
noise, which are an input of the EKF. This tuning is performed for the vehicle running
on a straight track with track irregularities with a speed of 100 km/h.

The study compares the effect of the vehicle’s running speed on the performance of
the EKF. It is important to evaluate the effect of the speed, since the EKF is tuned for a
running speed of 100 km/h. However, in the operational phase, a vehicle does not only
run at 100 km/h. Therefore, different speed inputs have been compared, ranging from
60 to 140 km/h. The speeds are tested for both a straight and curved track section.
The curved section has a radius of 690 metres and an installed cant of 75 millimetres.

3 Results

In this section, the effect of the different vehicle speeds are evaluated. The evaluation
is performed with a normalised histogram and statistical values, i.e. mean, median,
minimum, and maximum. The histograms display the relative probability of the error
and show the minimum 5% percentile (PO5) and maximum 95" percentile (P95). For
the evaluation, a PO5 and P95 a value close to zero, e.g. -1 kN or 1 kN, has a better
performance than a value further from zero, e.g. -10 kN or 10 kN.

Figure 1 illustrates a significant effect of the train speed on the accuracy of the EKF.
Since the EKF is tuned for straight track with 100 km/h, both deviations above and
under the 100 km line are shown. The figure illustrates a difference between the two
minimum zero probability points. At 140 km/h, there is an error of about -4 kN, while
at 60 km/h, the error is -2.5 kN. The difference between the maximum zero probability
points is slightly smaller, with almost 4 kN and 3 kN respectively. Additionally, the
figure illustrates the 140 km/h having both the lowest PO5 and the highest P95. Both
percentiles show a roughly 0.7 kN difference between the 60 km/h and 140 km/h.
The 140 km/h shows an POS5 error of -1.86 kN and a P95 percentile error of 2.12 kN.
The error percentage at POS and P95 from the normal wheel-rail contact force is then
-2.23% and 2.53% respectively. Table 1 shows other statistic values for the speed
impact on straight track.
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Figure 1: Distribution of normal contact force error for different running speeds -
straight track.

Speed [km/h] | Mean[%] | Median[%] | Minimum[ %] | Maximum[ %]

60 0.21 0.12 -4.26 5.80
80 0.21 0.13 -4.29 6.28
100 0.22 0.15 -4.88 6.87
120 0.23 0.12 -5.35 7.33
140 0.22 0.03 -5.61 7.68

Table 1: Normal wheel-rail contact force error percentages for speed effect on straight
track

On a curved track, speed has an even greater effect on the performance of the EKF.
Figure 2 shows the relative probability of an error occurring. The figure shows a
significantly wider distribution, roughly 10 kN, for 140 km/h than for 60 km/h, and
a higher probability for most of the error values. In contrast to the straight track, the
140 km/h simulation does not have the highest P95, but the 60 km/h simulation has
the highest P95 with a value of 2.85 kN. The error percentages at PO5 and P95 from
the normal wheel-rail contact force are then -15.96% and 5.26%, respectively. Table
2 shows other statistic values for the speed impact on a curved track.
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Figure 2: Distribution of normal contact force error for different running speeds -
curved track.

Speed [km/h] | Mean [%] | Median [%] | Minimum [%] | Maximum [%]

60 1.86 1.77 -5.12 16.49
80 0.39 0.31 -6.64 13.57
100 -1.26 -0.96 -8.39 10.75
120 -3.07 -2.69 -11.97 7.02
140 -5.07 -4.77 -15.96 7.40

Table 2: Normal wheel-rail contact force error percentages for speed impact on curved
track

It is, however, important to note that the radius and cant of the curved section have
not been adjusted based on the speed. As a result, the speed effect in a curve can
show higher errors than in a real curve. This is because an equilibrium force is often
designed in curves by adjusting the design speed and installed cant and matching it to
the curve radius.

4 Concluding remarks

This study proposed an EKF and assessed its effectiveness for the determination of
the normal wheel-rail contact force. To evaluate how the EKF performs, the vehicle
running speed was adjusted. The running speed has a significant effect on the perfor-
mance of the EKF. Since the speed effects the performance of the EKF, it is important
to tune the filter to the correct speed. For the straight track, it would be best to tune the
EKF for the maximum speed of the vehicle, as lower speed cases generally perform



better than the higher speed cases. This principle can also be applied to the curved
section.

To further determine the effectiveness and accuracy of the EKF a more detailed param-
eter study will be conducted to examine its sensitivity to other vehicle-track interaction
parameters, e.g. applied traction, track stiffness, vehicle loading, and curve radius.
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