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Abstract: In mobility of people and cargo, three main factors are used to help the customer chose which mean of
transportation to use: cost, speed and reliability. In the Railway industry, known for good statistics in operational
safety and environmental impact, there is still space to improve the range of speeds achieved by the rolling stock,
while reducing the costs of train operations. Although small in number, incidents still occur during routine
operations, requiring new solutions to help to avoid the occurrence of derailments and collisions. This dissertation
presents an implementation of a system which helps prevent accidents in situations of low adhesion in the wheel-
rail interface, with the purpose of evaluating its performance. A Wheel Slide Protection (WSP) System module
was implemented in Fortran and with the help of a commercial software of railway dynamics (VAMPIRE Pro)
simulations of braking procedures were conducted. This dissertation presents innovative ways of simulating
sanding systems and recovery of the adhesion by wheel conditioning. As a solution, the implemented module
allows better braking performances on low adhesion conditions. The analysis shows that the controller can reduce
up to 19% the braking time and improve the wear index by more than 75% when compared to a train without the
controlling system. The system’s performance respects the requirements set on all the scenarios simulated. The
WSP has an important role in the train braking system under low adhesion, and computational simulation can

support the creation of improved braking systems.
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1. Introduction

Trains have been a historically efficient way to
provide the population with their mobility needs for
medium to long distances. With the development of
modern society, the new distribution of people and
growing need for resources present new challenges
to the political leaders and transportation companies.
According to the European Commission [1], “Rising
traffic demand, congestion, security of energy
supply and climate change are some of the major
issues that the European Union and the wider world
are facing. Tackling these challenges will require the
railway sector to take on a larger share of the
transport demand (...)”. Changes are taking place to
turn this ecological option more attractive. Much
financing is being provided to create a safer and
unified European Railway Area.

Accidents are the cause of the biggest concerns of
any kind of transportation system, as unsafety
options do not attract investment. So, a great effort
is being made to avoid accidents like the one that
happened in Portugal, at the entrance of Alfarelos’
station in 2013. Two trains crossed a red signal
(SPAD, Signal Passed at Danger) and collided.
Around 20 passengers suffered minor injuries and
the cost of reparation was very high (estimated
around 4.1 million euros). The accident report
cleared the drivers, the braking and velocity control
systems. The trains’ braking distance was increased
by degraded conditions of adhesion of the rails (as
stated by both drivers).

In the literature [2,3], the degradation of the adhesion
is said to cause punctual events of safety problems

and delays, being responsible by SPADS, platform
overruns and collisions. A braking force consistently
beyond a limit can lead to the locking of the wheels,
which increases braking distances and cause
abnormal wear rates.

The present extended abstract is focused on
behaviour of the modules of the braking system, like
the Wheel Slide Protection (WSP) system and the
sanding system, which help prevent accidents caused
by degraded adhesion values.

1.1. Problem statement

The objective of this research is to develop and
implement the model of a braking vehicle capable of
handling degraded adhesion conditions; specifically,
the goal is to reproduce an existing WSP system,
integrating its behaviour into the braking system in
challenging adhesion conditions of the track. The
developed model is then applied to a model of a
high-speed passenger to test its performance. The
following secondary objectives should be
investigated to answer the previous aim: i) Model
degraded adhesion conditions and adhesion
recovery; ii) Model the influence of the braking
system in longitudinal train dynamics; iii)
Evaluation of track parameters’ influence in braking
performance; iv) Evaluation of the damage caused to
the wheel-rail system’s elements;

1.2. Document Structure

This document is structured as follows:

Section 2 provides a brief review of some of the
works carried out in the fields of interest to this
project. Section 3 presents the mathematical and
implemented model. Section 4 analyses the results
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and finally section 5 provides the main conclusions
and future developments of the research.

2. Related Literature

Longitudinal train dynamics define the motions of
rail vehicles in the direction along the track [4]. This
behaviour is a function of several inputs: brake and
traction control commands, track conditions, vehicle
connections and weather. The dynamic behaviour
can be described by a system of differential
equations and is normally solved resorting to
simplifications of a generic 3D multi-body dynamic
model with fewer Degrees of Freedom (DoF) and
simplifications regarding the inter-wagon coupling.
A review of the longitudinal dynamics research can
be found in [4]. There, a number of references to
calculate the various resistances to the vehicle’s
movement are presented, as well as models to
simulate the behaviour of couplers and studies
regarding derailments and energy efficiency. For
example, to calculate the aerodynamic resistance, an
approach using the ‘Davis equation’ can be found in
[5], or in [6] can be found empirical formulae for
curving resistance.

One of the most challenging effects to be model in a
computer simulation is the available adhesion for
rolling motion of the wheel on the rails. In [7], it is
presented a model of degraded adhesion conditions.
The model makes the available adhesion vary
between two extreme values calculated following the
approach developed by Polach [8,9], just depending
on the dissipated energy on the rolling contact. The
simple approach includes adhesion loss and
recovery, the hysteretic behaviour found in previous
works of the same team. One parameter is present to
fit the method to existing experimental data.

A team of researchers, in [3,10,11], performed
several tests to understand the influence of using
sand to help in the recovery of normal adhesion
conditions. Firstly, laboratory studies of some
sanding parameters’ when dealing with leaf-
contaminated rails were performed. The investigated
parameters were: the number of sanding injectors,
the sand particles size and the wheelset creepage.
The results suggest that the increase in the number
of sanding distributers promotes faster adhesion
recovery, as well as the use of medium-sized sand
and an optimum (non-calculated) level of creepage.
It was concluded that the use of sand can reduce the
number of cycles for adhesion recovery by 70 to
93%, with the measured values for the adhesion
coefficient ranging between 0.01 and 0.04. After the
laboratory investigation, field experiments were
conducted to validate the results obtained from the
laboratory tests. Several runs were performed by a
locomotive with an axle load of 21.5 tonnes over
sections of contaminated track with leaves. The
study concluded that after 4 passages of the
locomotive with the sand mainly used by the Dutch
railway the rail recovers completely from the

degraded conditions. The results can be used as a
good quantitative base for modelling the adhesion
after the passage of successive vehicles in a train, as
results are expressed for the passage of all the vehicle
and not a per axle value.

The British Rail Research, in [12], introduced the
definition of the wear number (T,/A). This
parameter equates the Energy dissipated in the
contact patch per unit of distance travelled. It can be
calculated from the dot product of creep forces and
creepages divided by the contact patch area.
Posterior research [13], based on laboratory work,
found out a proportional relation between the wear
number and the wear index (equation (1)), and with
the amount of material removed. This allows the use
of the wear number to predict the profile and
dimension of the rolling contact damage caused on
the wheel-rail interface. This is an important
parameter to quantify wear damage.
T,.0.005 forT, <160
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In [14], Barna presents the requirements for the
approval of WSP systems in accordance with the
standards EN 15595 and UIC 541-05. The standards
control the behaviour of the system certifying its
application. In [2], it is presented a MATLAB
Simulink implementation from a system developed
by Knorr-Bremse. The fuzzy system, from the input
measures of the wheelset absolute slide and wheelset
acceleration, optimizes the braking performance by
adapting the braking effort to the available adhesion.
The model respected the requirements previously
presented while decreasing the braking distance
comparing to a reference controller.

In [15], a modular package to simulate low adhesion
braking is presented. The implementation in
MATLAB Simulink models the braking vehicles
with the possibility to test three WSP controllers: i)
a simple on-off controller whose state changes
according to time and creepage thresholds; ii) a
system rooted on the previous one, where an
additional measure of sliding is present. The axle
deceleration is measured and if it exceeds 40% of the
gravitational acceleration, the braking is stopped on
the axle until the corresponding creepage reaches
zero and iii) the system implemented by Barna in [2].
The program was able to simulate with good
accuracy the braking distances of single cars and 2-
car multiple units (UK diesel series 153 and 158).

3. Mathematical Model

In this chapter, it is described the methodology and
the associated implementation. The focus is put on
the description of the mathematical models used in
the software simulation and the dynamics of the
braking vehicle. Finally, the tested model is
described.

A vehicle dynamics simulation is a study of the
dynamic phenomena of a vehicle under certain



conditions and in a given scenario. In this research,
a framework of a multibody formulation was used
through VAMPIRE Pro® software to simulate the
vehicle’s behaviour on a transient analysis. The use
of the User Subroutine is needed to simulate the
braking system, extra controls over the program’s
execution and result output. This routine is written in
Fortran 77.

| Open Input Files |
v
USERTITLE USEREND

| Static Load Calculation

Figure 3.1 Program Process sequence, based on [13]

The axis system used is present in Figure 3.2. The
linear directions are: X (longitudinal), Y (lateral) and
Z (vertical); while the rotations: T (roll, around X),
P (pitch, around Y) and W (yaw).

Figure 3.2 Axis System Used

During the development of the model some
simplifications were imposed to it: 1) the vehicle
being symmetric in terms of axle loads and
suspension stiffness; 2) wheel-rail forces assume a
behaviour modelled by the Kalker approach; 3) in
the method of pseudo-speed, the maximum
acceleration of the vehicle is constant for all its
speeds; 4) wheel-rail contact does not improve
adhesion for subsequent wheels; 5) brakes used are
only pneumatic and traction is not simulated; 6) the
pneumatic system is not modelled directly, the WSP
controls the braking torque, not actions on the
pneumatic assemblage.

3.1. Transient Simulation

The program starts analysing the input files and the
model of the vehicle. Every mass gets simplified in
the number of Degrees of Freedom (DoF), from the
starting 6 (3 for translation, plus 3 for rotation, only
the wheelsets have one more as the pitch of one
wheel can be different from the other in the
assembly) only constrained DoF are considered on
the calculations. The detailing of Figure 3.1 follows.
The simulation is started by a static load simulation,
where the internal suspension displacements are
computed to equal the external forces applied on the
vehicle. Forces are infinitesimally increased
according to:

dFinternat = — [K]*dD )
Where dD is an infinitesimal displacement, and [K]
is the corresponding entrance in the stiffness matrix.
The displacements are corrected until the
equilibrium is reached, using equation (3) to
calculate the next value.
dD =E = [K]™?! 3)
The inversion of the stiffness matrix is the most
resource-consuming part of the routine, so the
program does not explicitly calculate [K]. Instead,
equation (4)(4) is used to approximate it. In the
equation (4), 5" represents a small change, &, in the
ht" degree of freedom.
F(D + &™), — F(D);
I
With the equilibrium reached, the simulations steps
into the integration loop:
1) The loop starts with the displacements and
velocities of all DoF of the vehicle calculated in the
previous timestep. For the first timestep, the initial
conditions are considered.
2) Track inputs for the vehicle system and wheelset
positions are taken from the input files or linearly
interpolated from existing values.
3) With the displacements and velocities of rail and
wheels, wheel-rail contact forces can be calculated
as detailed in section 3.2.2.
4) Suspension forces are calculated, given the
displacements and velocities of the masses they link.
External forces are added to the appropriate DoF. In
this simulation, all the external forces, except for
gravity and the contact forces of the wheel/rail
contact, are calculated by the User Subroutine.
5) All the forces corresponding to a DoF are summed
and divided by the mass or inertia of the mass to
calculate the linear or rotational acceleration,
accordingly.
6) Results are output, before the displacements for
the next timestep are calculated, using equations (5).
don+1) = Gy + Gmy-dt
. (®)
qn+1) = 9y T q(n+1)-dt
7) The integration loop continues until a stopping
criterion is reached.

3.2. Braking Vehicle

Some considerations and simplifications that are
intrinsic to this kind of experiment can be found in
this formulation.

From all the DoF of the model, 2 quantities are of
special importance, along with its time derivatives.
1) The vehicle and wheelsets’ positions (in meters),
if the vehicle’s position, x(t), is considered at his
centre of gravity, the wheelsets’ position can be
found according to equation set (6), Bs is the bogie
spacing, while Ws is the wheelset spacing; 2) The
wheelsets rotations (in radians), considered 6;(t),
where j is the number of the wheelset. Figure 3.3
displays these quantities in a schematic of the model
in black.
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Figure 3.3 Vehicle DoF and forces

3.2.1. Equations of Motion
The values of x(t) and 6;(t) are computed through
numerical integration as described in section 3.1.
The initial conditions are x(¢t,) = initial braking
speed and éj(to) = x(ty)/R. The next equations
rule the longitudinal and rotational dynamics.
a) In the longitudinal direction there are 3 kinds of
forces: i) the wheel-rail contact forces due to the
friction on the contact patch (Ffb,-(t)), which are

calculated in detail in section 3.2.2 ii) drag forces
(Fy,(t)) iii) the longitudinal component of the
weight due to the track gradient (Fyqq(t)).
Figure 3.3 displays these forces in a schematic of
the model in grey. In it, the F,,,4(t) has both
directions as the gradient can be positive or
negative, changing the direction of the force.
Using equation (7) the longitudinal acceleration
of the vehicle can be computed, where M is the
total mass of the vehicle.
b)

40 = 50 = (-F () ~ e - Frp©

- Ffb4(t) -F,(0) - Fgrad(t))
¢) In the rotational direction there are 2 kinds of
forces: i) The torque due to the wheel-rail contact
forces Ffb,-(t) applied in the contact between.

The moment arm can be calculated multiplying
by the nominal wheel radius. ii) The braking
torque T, ;(t). Figure 3.3 displays these forces in
a schematic of the model in grey. Using equation
(8) the rotational acceleration of the wheelsets
can be computed, where Iy is the rotational inertia
of the wheelset.

.. 1
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Figure 3.4 Wheel Forces

3.2.2. Friction Model
The model used corresponds to one for non-linear
analyses available with the software.

As an input file, a look-up table with contact
information relative to the specific rail and wheel
profile must be calculated. At every timestep the
model starts with the displacements of wheel and
rail, plus the speed of the wheel, the first step is to
calculate the full non-linear creepages using
equations (9) to (11) and the pre-calculated contact
information.

— 1 4 Wt miP | lon | X
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(11)

P\ W
V3R =\ sin(6g) +7C05(6R)

Equations (9) are for longitudinal creepage on the
left and right wheels, (10) for lateral creepage and
(11) for spin creepage. In these equations:
e I/ is the vehicle speed;
e X, Y, W, P are displacements of the wheelset in the
wheelset axis;
o . (dot) is the derivate of a variable in order to time;
o 1, 1z the rolling radii of the left or right wheels;
e R is the curve radius of the track;
o [, lor are the distances from the centre of the
wheelset to the left and right contact patch;
® 5, , 85 are the contact angles at the left and right
contacts.
With the creepages computed, the creep forces are
calculated next with the area, shape and curvature
function for each contact patch, computed from the
contact information look-up table for the normal
load of the wheel at the current timestep.
The inputs are made non-dimensional and from these
values, a non-dimensional creep force can be
obtained from a look-up Kalker table. This force is
converted back to dimensional and each contribution
is set to the corresponding DoF of the wheelset. The
available Kalker table has been calculated for dry
uncontaminated rail conditions. To represent other
levels of adhesion, the table can be adapted using
two factors: Coefficient of Friction (COF) and
Kalker factors. The value of COF is responsible for
the saturation value of the available adhesion, and
the Kalker Factor rules the initial curve slope.
The model to simulate the track flexibility is present
in Figure 3.5. Masses not linked through a flexible
system are considered attached together. In it, ALO
is half the track gauge, plus the horizontal distance
between the inner face of the rail and the top point.
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Figure 3.5 Track flexibility of the friction model

3.2.3. External Forces
The ‘Davis equation’ (equation (12)) is used to
calculate train drag forces as a second-order
polynomial function of the vehicle’s velocity.

F () = A+ B.x(0) + C.((0)) (12)
The values of the constants for the vehicle were
calculated: A= 250.24 N; B=8.038 Ns/m; C= 6.347
Ns?/m2. However, this force was not implemented at
this state of the model.
The gradients of the track introduce components of
the weight of the vehicle in the longitudinal
dynamics. The component of the weight in the
longitudinal direction is given by equation (13),
where M is the total mass of the vehicle; g is the
gravity acceleration and i(t) the track gradient at the
centre of mass (the height gained divided by the
distance travelled). Figure 3.6 presents a schematic
example.

Fgrad () =M.g.i(t) (13)

-

Figure 3.6 Vehicle on inclined tracks

3.2.4. Braking System

The braking demand in this model can be expressed
as the maximum braking torque available. For all the
simulations this value was of 10 KN.m, with a linear
decrease to zero for wheelset linear speeds smaller
than 10 km/h. The brakes are activated automatically
after the first wheelset crosses the 20-meter marker
for flat tracks, and the 100-meter marker for tracks
with gradient. These initial meters allow the model
to dissipate any transient from the beginning of the
simulation to the brakes applied at a steady state of
the vehicle.

The effect of the braking system is not immediate,
some delays and response times are present when
applying and releasing the brakes, as air needs to
enter and leave the cylinder, even when considering
the driver’s delay time. This effect was modelled
using a linear system of order two, with critical
damping and constant k=0.5. The value can be
changed to better simulate the behaviour of a given
pneumatic system. Two step responses were
calculated to simulate the application and release of

the brakes, Figure 3.7. The values are used as
multipliers of the maximum braking torque to
simulate the time delay behaviour.

Dynamic Response

rel (1)
—app (1)

Figure 3.7 Time evolution of the braking system
application and release

3.2.5. Wheel Slide Protection System

Next, the WSP implementation presented in [2] is
detailed. The WSP is the system responsible to
adjust the braking torque to the adhesion available.
It consists of a central control unit, one encoder per
wheelset and two pneumatic valves to control the
pressure in the braking cylinder. Some requirements
are put to its functioning according to UIC 541-05
and EN 15595, as cited in [14]:

1) The system must function properly for velocities
up to 120% of the maximum operational velocity of
the vehicle and down to 5km/h;

2) No wheel locking is allowed if vehicle velocity is
greater than 30 km/h; if vehicle velocity is smaller
than 30 km/h and greater than 5 km/h wheel locking
is not allowed for more than 0.4 s, and finally, below
5 km/h wheel lock is permitted.

3) The instantaneous value of the absolute wheel
slide over a period of 3 seconds should not exceed
the following values: i) 40 km/h for vehicle velocity
bigger than 160 km/h; ii) 25% of the vehicle velocity
for velocities between 160 km/h and 120 km/h and
iii) 30 km/h for vehicle velocity lower than 120
km/h. For vehicle velocity greater than 200 km/h, the
instantaneous value of the absolute wheel slide
should not exceed 40 km/h during 5 s;

4) The system shall not lower the braking force if the
adhesion coefficient is not lowered or the vehicle is
braked more intensively than designed;

5) The reference speed cannot be greater than the
vehicle’s true speed by more than 5 km/h, for periods
of time longer than 5s. For reference speeds lower
than the vehicle’s speed, the difference should not
exceed 25% of the true V..

The system is not aware of the vehicle’s true
velocity, a common situation in most of the trains, so
the system is able to detect wheelslide using the
reference velocity (V;..r). The V,.., corresponds to
the highest value among the linear velocities of the
wheelsets plus the pseudo-speed. The pseudo-speed
is the speed that the vehicle would have if it
decelerated at the highest deceleration physically
possible. This maximum deceleration is a complex
function of the vehicle’s velocity, but as stated in
section 3, this value is modelled as constant.



To correct the accuracy of V,..r, on cycles of 10
seconds, the 3" wheelset is freed from braking for 3
seconds and reaches the range of 5% of the V,..¢. This
way the wheelset accelerates towards the train
velocity and corrects the reference velocity.

The WSP consists on a set of two-input one-output
independent controllers, one per wheelset. The
inputs used are: 1) the longitudinal speed difference
between the corresponding wheelset and the
reference speed (Ax or o) and 2) the wheelset’s
longitudinal acceleration (éj or a), the output being
the change in the braking torque. The decision table
is cited from [16] and displayed in Table 3.1.

Table 3.1 WSP decision table (from: [16]as cited in [2])

a —

T al —» a3 a3 — a4 a4 — a4 g4 — a2 az —» a
l o < Aoy H H P3 H P2
Aoy < o < Aos Ul H P2 H P1
Aoy < o < Aoy U2 H P1 H H
Aoy < o u3 U3 U3 u3 u3

The inputs are classified into categories: the
wheelset acceleration (a) is classified into 5 groups,
according to the behaviour between 4 defined
thresholds, while the wheelset speed difference is
classified into 4 groups according to 3 thresholds.
The output is one of the 7 levels available: U3, U2,
Ul, H, P1, P2, P3 (from the fastest release to the
fastest application). The outputs are modelled as
multipliers that are introduced in the variation of the
braking torque. Each output increases the speed of
the associated action by 10%, U2 decreases the
braking torque 10% faster than U1, but 10% slower
than U3. For the H output, the braking torque is kept.
The velocity thresholds vary with the speed of the
train and can be seen in Figure 3.8. While the
acceleration thresholds are constant and displayed in
Table 3.2.

2 ) ) 80 o0 20 140 18 180 200
Reference Speed [km/n]

Figure 3.8 Velocity thresholds used on the WSP system
Table 3.2 Acceleration thresholds (source:[15])

Wheelset linear acceleration thresholds (m/s?)

a, -0.44
a, 0.01
as -0.07
ay 0.51

The activation of the WSP happens when any
wheelset has values of creepage (equation (14))
higher than 0.05 for more than 0.3s, and the system
shuts down when all the creepages are below 0.05
for more than one second.

Vyer(t) — 6;().R
Sj(t) - ’ Vref(t])

(14)

3.2.6. Sander Control
The sander control is modelled with values from the
field research presented in [11]. When the sander
activates, the distance the first wheelset travels for 1s
is marked as sanded. When a wheel is on that section
an additional value of adhesion is added to the one
found at that place. The sander is activated when the
maximum creepage of any wheelset is kept above
0.12 for more than 0.3s. The additional values are
present in Table 3.3.
Table 3.3 Additional adhesion produced by sanding

Wheelset number (j) faa()
1 0.09
2 0.072
3 0.042
4 0.02

3.2.7. Adhesion Recovery
In [7], the model for adhesion recovery implemented
in this project can be found. The model makes the
available adhesion vary between two values
calculated from the approaches present in [8,9]: fy
(for the degraded conditions) and f,. (for the total
recovery of adhesion). The available adhesion is a
linear combination between this two according to the
parameter a (W, ), which can be calculated from the
dissipated at the wheel-rail contact W,:
a(Wgp) =1 —e "W (15)

Where £ = 1.9 x 10~*m/J, other values can be used
for the model fitting to the experimental data.

3.3. Tested Model
The tested model can be seen in Figure 3.9.

Figure 3.9 Animation of the tested model

It is a model for a four-axle (2-2) high-speed

passenger coach. Some information about the model

can be found in Table 3.4. The wheel profile used for

the calculation of the contact file is the British BR—

P6, while the rail profile is the British BR113A.
Table 3.4 Model Characteristics

Quantity Value
Total Mass (M) 38500 Kg
Wheel Radius (R) 0.450 m
Pitch Inertia (ly) 160 Kg.m?
Bogie spacing (Bs) 16.0m

Wheelset spacing (Ws) 2.6 m
Most of the simulations were simulated in flat,
straight tracks, without any track irregularities, and
using: £. = 0.2 and f, = 0.05, unless stated otherwise.
The starting speeds of the gradient tests are not
exactly the ones stated, because the vehicle suffered
some acceleration due to its weight. The simulations
stop when the vehicle reaches 0.5 m/s, as the




software is not able to accurately simulate slow
moving vehicles. The simulation can get unstable for
values of 1-3 m/s, so after the instability is found, the
WSP system is shut down and the vehicle is brought
to a stop using a programmed method. The braking
time accounts for the time the vehicle takes to reach
0.5 m/s and the braking distance is an estimate of the
actual braking distance from the point the simulation
is stopped. All the simulations are performed with
0.0005-second timesteps.

The wear index is integrated for all the simulation
until the unstable region is reached for each
wheelset, the value is average among the time
considered and the final value is the sum of all the
averaged values for each wheelset. Wear caused by
sanding is not considered at the current state.

4, Results

In this chapter, the results of the braking simulation
runs are presented and examined. The WSP
application is tested against the requirements
introduced previously. Different scenarios are
presented to the controller and the modules are
evaluated to study their influence in the quality of the
braking system and braking manoeuvres.

In the following figures, the presence of a black
dashed line signals the beginning of the unstable
zone, at this point the evaluation of the requirements
is ended, as from this point on the simulation do not
replicate the train behaviour correctly. For that
matter, the unstable zone only is allowed to be
simulated to get a better notion of the vehicle’s
braking distance, for comparison between runs. No
assessment of the vehicle’s systems is conducted in
values from this part of the simulation.

The assessment of the system’s performance is based
on all the requirements for the system reviewed in
section 3.2.5.

4.1. Baseline Brake

To create a set of base value to compare the
performance of the systems against, several runs on
a track with normal (dry) adhesion conditions were
performed. A coefficient of friction value of 0.3 was
used to perform runs at different initial braking
speeds (20, 50, 80, 100, 120, 160, 200 and 240
km/h). The simulations presented a region of nearly
constant deceleration with values of -2.135m/s?. The
braking distances and times are available in Table
4.1.

Table 4.1 Braking times and distances of tested speeds

Speed [Km/h] Time [s] Distance [m]

20 4.5370 14

50 8.4405 60

80 12.3435 139
100 14.9445 210
120 17.5475 295
160 22.7525 508
200 25.8740 780
240 33.1600 1109

4.2. Degraded Conditions Braking

To evaluate the base performance of the active
braking systems, several runs on a track with
degraded adhesion conditions were performed. A
coefficient of friction value of 0.05 was used to
perform runs at the same initial braking speeds of the
previous test.

The system was able to stop the vehicle while
fulfilling all the requirements. However, the
vehicle’s acceleration averages -1.154 m/s? on the
plateau zone, which is below the values reached in
the previous section, and thus appearing as an
increase in the time needed to brake the vehicle.
These results mean the available adhesion cannot
sustain the braking demanded by the driver, as it is
the same as the previous set of runs. Analysing the
results, the maximum of the train's deceleration can
be found at the same time that a fast reduction in the
wheelsets’ velocities occurs. Additionally, when the
3 wheelset is freed from braking, a reduction in
deceleration can be found. This means that by giving
up on braking on this wheelset the acceleration of the
vehicle is affected, although the influence is not big.
Figure 4.1 shows a graphical representation of the
braking distance for the first two sets of simulations,
grey for normal conditions and black for degraded
conditions.
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Figure 4.1 Distance comparison between degraded and
dry conditions

The percentual difference for braking times,
distances and ratio of wear index between the first
two sets of runs is present in Table 4.2.

Table 4.2 Braking times and distances and Wear Index
differences for the tested speeds

Speed [km/ ]| ATime  ADistance AW. Index [-/-]

20 +14% +14% 692

50 +38% +40% 381

80 +52% +47% 306

100 +56% +57% 265

120 +69% +69% 140

160 +85% +82% 73

200 +106% +88% 70

240 +94% +87% 60

The wear index’ values are really different from the
ones found in the previous set of simulations, as no
uncommon wear is expected in dry conditions and



the reduced adhesion on degraded conditions cause
much more wear on the wheels. As this is an average
value in respect to time, the differences are much
more perceivable in low velocities (short
simulations) than on high speed. As the high peak
values present further spread among the simulation
time, as most of the times the index is moderately
low. This is further boosted by the values of peak
damage, for example, the maximum absolute value
of the index does not exceed 55 on the 120 km/h run,
while for 20 km/h it can reach values of 150.

4.3. WSP System effect

To confirm the necessity of the WSP system, the
previous set of runs was repeated with this system
disabled, and with initial braking speeds of 50, 80,
120 and 160 km/h. It was interesting to notice the
absence of an unstable zone in all the simulations. As
expected the wheelsets performed the simulation
completely locked after the initial brake application.
The comparison of the values for braking time and
distance and ratio of wear index of these runs against
the ones with an operational WSP are present in
Table 4.3.

Table 4.3 Braking times and distances and Wear Index
differences for the tested speeds

Speed [km/]| ATime ADistance AW. Index [-/-]
50 +14% +19% 411
80 +12% +20% 491
120 +5% +9% 10.46
160 -2% +3% 19.86

Despite an increase in the friction coefficient can be
found, which might allow the contaminant
responsible for this level of low adhesion (e.g.
leaves) to be removed from the rails due to the high
wheelslide, this effect is not enough to prevent
wheelslide. All the parameters suggest a good
decision when implementing the WSP in the train is
concerned, but the increase in braking time with
higher velocities suggests that the WSP rules should
be better tuned for higher speeds. The benefit for the
wheel damage is clear from the wear index
perspective.

4.4. Degraded Zone Braking

To evaluate the performance of the active braking
systems on transitions between different adhesion
conditions, several runs on a track with dry adhesion
conditions and spots of localized low adhesion were
performed. Starting in dry conditions, at 100 meters
the conditions become degraded. This affected zone
ends at the 500 meters and the track regain dry
conditions. A degraded friction coefficient equal to
0.05 was used to simulate the degraded adhesion.
The vehicle’s initial braking speeds are equal to 80,
120, 160 and 200 km/h. The simulations with the two
slowest velocities end before the second dry zone is
reached. The system can adjust the behaviour to the
existing conditions and fulfil the requirements.

4.5. Variable Adhesion Braking

To evaluate the performance of the active braking
systems with variable adhesion conditions, several
runs on a track with different levels of degraded
adhesion conditions were performed. The coefficient
of friction was set for the values: 0.09, 0.07, 0.05,
0.04, 0.02 and 0.01 and for each value, the starting
velocities 50, 80 and 120 km/h were simulated. The
system complied with all the requirements for all
speeds and adhesion levels tested, with increasing
values of wear index, as the adhesion was reduced.
presents a close-up on the distance-time plots for the
simulations starting at 120km/h, for a comparison of
braking times and distances.
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Figure 4.2 End of distance-time plot for 120km/h run

4.6. Track Input Effects — Track Gradient

To evaluate the influence of the track gradient on the
performance of the WSP systems runs on degraded
adhesion were performed for the following
gradients: -10.0%o (-1:100), -5.0%o, -1.0%o, 5.0%o
(1:200), 10.0%0. With the same initial braking speeds
of as the previous section, the simulations resulted in
good compliance of the system with the
requirements and negligible differences on the wear
index when compared against the flat track. Figure
4.3 presents a close-up on the distance-time plots for
the simulations starting at 120km/h.
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Figure 4.3 End of distance-time plot for 120km/h run

4.7. Auxiliary Methods Effect

With the aim of investigating the influence of the
complementary routines of the active brake system,
runs with track conditions and initial speeds equal to
section 4.3 were simulated with the sanding system
or the wheelset free from braking routines disabled.
The WSP was able to respect the requirements in
both scenarios. Figure 4.4 presents a close-up on the
distance-time plots for the simulations starting at
120km/h.



500

460

Full System
No Sander
——No correction of V,_

400
15 20 30 as

25
Time [s]

Figure 4.4 End of distance-time plot for 120km/h run

With the sand impact not considered in the wear
index model, in the no sanding system option, the
wear is smaller for lower speeds. However, for
higher speeds wear is bigger when using the
incomplete system. The improvement in the wear
index is around 60-70% for the higher velocities
when using the sander. Regarding the deactivation of
the corrective method of freeing wheelset 3 from the
braking effort produces higher wear indexes. The
improvement in the index can range from 0.5% (for
the 50 km/h run) up to 380% (for the 160 km/h run).

5. Concluding Remarks

This final section presents the conclusions of the
research, identifies some limitations and points out
the steps of improvements and enhancements to the
project.

5.1. Conclusions

Several studies previously developed in the field of
railway vehicles simulations were reviewed in this
dissertation. The topic of safety on the rails is very
essential to the reliability of this system, in which the
cost of innovation is high and experimental testing
requires a large number of logistics. Therefore,
digital prototyping of new systems and software
testing safety elements is an option to be considered
when there is a need for a more economical
approach. The difficulties in transforming the
scenario into the mathematical model were
explained.

The variability of the adhesion of the rails is one of
the most influential factors when the compliance
with the scheduled services is considered. For this
reason, companies are looking for ways to keep their
safety solutions at the top of the technological
development, and thus, the primary objective of this
dissertation was to create a model to simulate, study
and improve a Wheel Slide Protection (WSP)
System. Not only the implemented controller was
able to perform all the simulated scenarios
respecting the imposed requirements, but also
presented improvements of up to 19% in the braking
times when considering a train without any active
braking system. The most encouraging results can be
found when considering the damage done by wear,
the system leads to a reduction 33% and 5.3% when
comparing the wear index of a fully locked wheelset
braking. However, the increase of 2% when
considering the braking time for high velocities still
leaves a margin for improvement for more recent
systems. However, the increase of 2% when

considering the braking time for high velocities still
leaves a margin for improvement for more recent
systems. Thus, these results demonstrated that the
software is capable of detecting flaws and strengths
in the simulated system, for normal service
scenarios, and for the possibility of reconstruction of
accidents to gather information for the development
of more efficient systems.

5.2. Limitations

Some limitations were identified during the process
that preceded the writing of this dissertation. First,
the software used allows to simulate the behaviour
during the braking event but outputs inaccurate
results when dealing with objects travelling at low
velocities. In response to this limitation, it raises the
possibility of creating a new contact and adhesion
model that gives better results for scenarios with
high values of wheel slide.

Moreover, the mathematical model used for the
damage can give comparable results between the
simulations, but some factors that favour the damage
caused to the wheels are not modelled, especially
when there is an effort to increase the available
adhesion at the wheel-rail interface. The presence of
solid contaminants on this interface increases the
damage done to the contacting materials. These
limitations generalize to any study regarding sanding
or similar systems, as field experiments are
expensive to be conducted and the materials used
receive high damage impact during the tests. A
general study should be carried to analyse the
conditions of application of sand on adhesion
recovery, with validation where economical tests can
be performed. The resulting model could extrapolate
information for the data that is economically
impractical to be tested using finite elements
methods and tribological considerations.

Finally, an important aspect when dealing with the
simulation of real components is the validation of the
model with experimental results. It is important to
study if the simulation replicates correctly the logic
of the real controller. Concerning this matter,
studying the past performance of an operational
controller would be helpful in the study of these and
more complex systems applied in this context.

5.3. Future Developments

Future iterations of the present model would be able
to overcome the limitations of the model, indicated
in section 5.2, and remove the simplifications
presented in section 3 and along this document. The
most important step to be taken is to develop the
model of the pneumatic behaviour for the braking
system. Still, concerning the braking systems,
dynamic braking and even magnetic track brakes can
be found in most of the recent train engines and
multiple units. The model should be able to handle
the combination of these systems when the driver
places a braking demand.



The software used can simulate a wide variety of
railway scenarios, and the model should be able to
take the most of it. Tracks’ inputs can be improved
to emulate uncertainties present in real tracks: the
coefficient of friction presents variability along the
distance travelled, non-constant track gradient, or
even vertical and horizontal irregularities that
worsen the quality of the track. For instance, other
services and types of rolling stock can be simulated.
The impact of the cargo load on the braking or the
impact of the braking in passengers can also be
evaluated. With small improvements to the active
braking module, trains with different wheel
configurations, different sanders placement or a
number of braking/motor wheelsets can be simulated
on tracks with curves, cant or junctions.

As future work, it might be interesting to study other
systems, seeking to compare the performance among
the standards used in more recent applications. The
system implemented is meant to represent a WSP
system from Knorr-Bremse from the late 1990’s.
This means the system is around 20 years old, and
the industry has presented some technological more
advanced in these last years. For example, it would
be interesting to use another kind of controllers on
this made, as bases for machine-learning and neural
networks have been investigated heavily for other
applications. These new methods allow control
systems to be more flexible and intelligent, which is
an advantage when dealing with this kind of complex
challenges.

Comparing to an optimization problem, it is, in
general, possible to achieve better braking distances,
at the cost of higher damage to the participating
elements. However, this is not a good engineering
solution. Engineering research projects should
investigate innovative ways to reduce the damage to
the train elements not forgetting the most important
part: the safety of passengers and goods. Only this
way the railway system can become more attractive
to the users and face the challenges that the future
will bring.
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