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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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Resumo 

Na mobilidade de pessoas e mercadoria, três fatores principais ajudam o cliente na escolha do 

meio de transporte a utilizar: custo, velocidade e segurança. Na ferroviária, conhecida pelas boas 

estatísticas de segurança e impacto ambiental, ainda existe espaço para melhorias nas velocidades de 

circulação, e redução dos custos de operação. Embora em número reduzido, os incidentes ainda 

ocorrem durante operações rotineiras, requerendo novos sistemas de ajuda à prevenção de 

descarrilamentos e colisões. Esta dissertação apresenta a implementação de um sistema que ajuda a 

prevenir acidentes em situações de pouca aderência no interface roda-carril, com o objetivo de avaliar 

o seu desempenho. Um sistema de proteção contra escorregamento da roda (Wheel Slide Protection, 

WSP) foi implementado em Fortran e, em conjunto com software comercial de dinâmica ferroviária 

(VAMPIRE Pro), foi testado em simulações de situações de travagem. Neste documento são 

apresentados modos inovadores de simular areeiros e a recuperação de aderência ao carril por 

condicionamento da roda. Como solução, a implementação deste projeto apresenta desempenho 

melhorado em travagens com pouca aderência. Os resultados mostram que o controlador consegue 

reduzir em até 19% o tempo de travagem e melhorar os valores de índice de desgaste em mais de 75% 

quando comparado com um comboio que circule sem este sistema. A performance do sistema vai ao 

encontro aos requisitos definidos em todos os cenários simulados. Conclui-se que o controlador tem 

um papel crucial no sistema de travagem em situações de pouca aderência, e que a simulação 

computacional ajuda na melhoria destes sistemas. 

 

 

Palavras-Chave: Ferrovia, Sistema de Proteção Contra Escorregamento da Roda, Controlo, 

Lógica Fuzzy, Sistema ativo de auxílio à travagem 
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1. Introduction 

This first chapter presents the context of the subject under analysis, the importance of 

railways in the objectives of the European Commission for the next decades, and some safety issues 

specific to the work displayed in this document. The objectives and methodology are presented and 

finally, the dissertation structure is outlined. 

1.1. Context 

1.1.1 Railways in Europe 

Trains have been a historically efficient way to provide the population with their mobility needs 

for medium to long distances. Since its invention, this technology has been reducing travel times and 

costs with increasing comfort. A lot has changed since Trevithick’s first steam locomotive started rolling 

in 1804 (Barton, 2017). With the development of modern society, the new distribution of people and 

growing need for resources present new challenges to the political leaders and companies related to 

transportation. According to the European Commission (European Commission, 2016), “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 (…)”. This requires some changes in the 

industry, in order to make this greener option more appealing to possible clients, providing faster speeds, 

lower costs, more comfort, and broader availability. 

New technology is being developed, to allow the fulfilment of these new requirements, whilst 

keeping in mind a crucial factor: safety. These efforts are given form by the adoption of new systems, 

like the European Rail Traffic Management Systems (ERTMS)1, or the research programme Shift2Rail2 

which try to achieve a unified and safer European Railway Area. 

1.1.2 Safety on the Rails 

Accidents are the cause of the biggest concerns of any kind of transportation system. When 

people do not trust the products they are using, they simply avoid using them. To improve the 

attractiveness of trains it is important to keep a clean sheet in terms of errors and negative occurrences, 

especially without fatalities. One example of an accident that should be avoided occurred in Portugal in 

2013, where an intercity train collided with the rear of a regional train stopped on the line3. Firstly, the 

regional train failed to stop before the signal guarding the entrance to Alfarelos’ station and passed the 

closed (red light) signal, occurring a SPAD: Signal Passed at Danger. The procedure for this event is 

for the signals on sections before the train to turn red, which happened in this occasion, allowing it to 

return to the section before the overrun signal. However, an intercity train, which was circulating behind 

the regional and was supposed to overtake the latter on the station, failed to comply with the signals 

presented to its driver and a SPAD occurred, ending up hitting the rear of the stopped regional train. 

                                                      
1 https://ec.europa.eu/transport/modes/rail/ertms_en 
2 https://shift2rail.org/ 
3 In Público (in portuguese): https://www.publico.pt/2014/04/13/sociedade/noticia/acidente-de-alfarelos-

custou-41-milhoes-de-euros-1632053 
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Both trains failed to brake at the nominal braking distances, because of degraded conditions of adhesion 

in the wheel-rail interface (as stated by the train drivers). Around 20 passengers sustained minor injuries. 

The recovery costs of the infrastructure and the rolling stock involved in the collision were very high 

(estimated around 4.1 million euros). Hopefully, no fatalities resulted from this accident. 

 

Figure 1.1 Alfarelos' Train Crash, taken from (3) 

The aim of this dissertation confronts directly the phenomena that occurred during this accident. 

Degradation of rail adhesion can be one of the reasons for punctual events of safety reduction and 

delays, as SPADS, overruns of other stopping positions (for example platforms) or even collisions (Li, 

Arias-Cuevas, Lewis, & Gallardo-Hernández, 2010). Furthermore, a braking force applied to a wheel 

can be increased so much (up to a limit) before completely locking it (Barna, 2012b). This critical/limit 

value is closely related to the availability of friction in the contact between the wheel and the rail, and 

therefore, in conditions of reduced adhesion, the probability of a wheel lock is greatly increased. The 

lock of wheels increases the minimum stopping distance of a train unit. As a consequence, excessive 

wear in a specific part of the wheel rim results, forming a flat spot (also known as “flat”) which generates 

greater noise and vibrations. When the wheel returns to service without previous maintenance, this flat 

spot causes a reduction on the ride comfort while increasing the braking distance for future braking 

manoeuvres. A flat spot is shown in Figure 1.2, in this case, it is the result of a failure in the braking 

system of a double-decker EMU, Electric Multiple Unit, of the 3500 series owned by Fertagus, 

(Portuguese private train company). The damaged area is identifiable by its dull appearance contrasting 

with the reflecting surface of the untouched wheel tread. 

To avoid negative consequences to the vehicles and their passengers in these situations of 

reduced adhesion, as its occurrence can be sometimes unforeseeable or impossible to remove before 

the passing of the next service in the affected section, rolling stock must have an additional controller 

as part of its braking system. This system is called the Wheel Slide Protection (WSP) System. The WSP 

acts in an analogous way to an anti-locked braking System (ABS) in a car, shaping the brake demand 

to the available adhesion in the Wheel-Rail interface. 
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Figure 1.2 Wheel flat in Fertagus' Unit 

The WSP system has been changed according to the available technology at the time of 

production, but it can be generalised as a system to help the vehicle, while in traction and braking 

manoeuvres, to be able to take the most out of the available friction the rails offer. The basic structure 

involves 3 kinds of components: 1) wheel velocity sensors, normally encoders to get the current 

wheelset rotational speed; 2) the main unit that receives the inputs generated by the sensors, and 

generates the control signals to the actuators, and 3) actuators that break the wheel, which depend on 

the type of operation that is being realized (dump valves for the case of braking with pneumatic brakes). 

Figure 1.3 shows a diagram of the basic operation of a WSP controlling one bogie from a vehicle with 

only pneumatic brakes. The green lines represent signals heading to the main unit, while red lines 

represent signals from the main unit. 

 

Figure 1.3 WSP Operation on one Bogie. 

WSP units can have various extra modules to help in its operation, one worth mentioning is a 

sander module, which improves the available adhesion by releasing sand particles in the rail before the 

passing of the wheel, causing the increase of the friction coefficient at the cost of a higher wear on the 

wheel and rail. The sand is deployed upon request by the controller when wheel slip reduction is not 
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attainable with the available adhesion. Unlike the WSP, which is mandatory, the use of the sander is not 

required, although recommended. For example, the regional unit in the Alfarelos’ accident was not 

equipped with a sander. In Figure 1.4, examples of sanding systems from the Portuguese classes of 

rolling stock, from Comboios de Portugal (CP), are presented. 

 

a) Sanding System of class 350 (railcar) 

 

b) Delivery Pipe of class 5600 (locomotive) 

Figure 1.4 Sandbox (Red) and Delivery Pipe (Orange) from different Classes of rolling stock 

1.2. Research Objectives and Methodology 

The objective of this dissertation is to develop and implement a model of a train in a vehicle 

dynamics software (Vampire), which is able to cope with situations of reduced adhesion in the rails; 

specifically, the goal is to reproduce an existing WSP model, and to integrate 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 coach in braking events. 

 

The following secondary problems will be also investigated: 

- Modelling of degraded adhesion conditions and adhesion recovery; 

- Modelling of braking system influence in longitudinal train dynamics; 

- Evaluation of track parameters’ influence in braking performance; 

- Evaluation of the damage caused to the wheel-rail system’s elements. 

 

Pursuing the previously mentioned objectives, the results from this work will be presented and 

discussed throughout this document. 

 

In order to achieve these goals, the following steps were outlined: 

- Literature review on active braking systems and train dynamics modelling; 

- Development of an active braking system module in Fortran; 

- Integration of the active braking system module on simulations of vehicle dynamics in braking 

using commercial software (Vampire Pro); 

- Analysis of the results from the braking simulations and discussion of the performance of the 

module on several test environments regarding braking times and distances and wear on the relevant 

components; 

- Conclusions, limitations and future research; 
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1.3. Dissertation Contributions 

The main contributions of this dissertation can be summarized into three topics: 

1. The study of the wear caused to the contacting components using the wear index on all 

simulated scenarios, In the current literature, the studies on WSP system are performed with only one 

objective: reducing the distance it takes to brake the train when conditions of adhesion are degraded. 

In this dissertation, the objective of wear reduction is also considered, transforming this study into a bi-

objective problem. In some cases, the lowest braking distance is not required, and this extra distance 

can be used to reduce the impact these braking events cause to the wheels and rails; 

2. The use of the commercial software (Vampire) to simulate the dynamics of the vehicle allows 

the application of more complex models of the train and infrastructure, in co-simulation with the 

controlling dynamics of the WSP system. It is possible to incorporate phenomena that is difficult to 

replicate on simpler models, which are common when the study of this safety modules is regarded, for 

example: vehicle suspension or track flexibility influence on braking performance. 

3. Based on recent literature, models and algorithms were created to replicate the effect of some 

systems and phenomena on the performance of the model. The use of the sander was modelled with 

values from field tests (Oscar Arias-Cuevas & Li, 2011) and the adhesion recovery was simulated 

according to an implementation which was validated with field testing (Allotta, Meli, Ridolfi, & Rindi, 

2014).  

1.4. Document Structure 

The present dissertation is structured in five chapters: 

1. Introduction - This first chapter presents the context of the subject under analysis, the 

importance of trains in the objectives of the European Commission for the next decades, and some 

safety issues specific to the work displayed in this document. The objectives and methodology are 

presented and finally, the present structure is outlined. 

2. Related work – State of the art - In chapter 2, a summary of the most relevant papers and 

sources, which were studied during this dissertation, is presented. It introduces the longitudinal train 

dynamics research, and also provides a review of some of the work carried out in the field of the 

modelling of the adhesion on the wheel-rail contact and of the active brake controllers in railway 

transportation.  

3. Methodology and Implementation - Chapter 3 describes the methodology and the associated 

implementation. Section 3.1 provides a presentation of Resonate’s VAMPIRE® vehicle’s dynamics 

software. Section 3.2 focuses on the description of the mathematical models used in the software 

simulation and the dynamics of the braking vehicle. Section 3.3 describes how the implementation of 

the model in the VAMPIRE® software was made. 

4. Results and Discussion – In Chapter 4, the results of the braking simulation runs are 

presented and examined. The WSP application is tested against the relevant requirements. Different 

scenarios are presented to the controller and modules are evaluated to study their influence in the quality 

of the braking system and braking manoeuvres.  
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 5. Conclusions and Future Research – Chapter 5 presents the conclusions of the research, 

identifies some limitations and points out further steps of improvements and enhancements to the 

project. 
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2. Related Work – State of the art 

In this chapter, a summary of the most relevant papers and sources, which were studied during 

this dissertation, is presented. It introduces the longitudinal train dynamics research, and also provides 

a review of some of the work carried out in the field of the modelling of the adhesion on the wheel-rail 

contact and of the active brake controllers in railway transportation.  

 

2.1. Longitudinal train Dynamics 

Longitudinal train dynamics is defined as the motions of rail vehicles in the direction along the 

track (Cole, Spiryagin, Wu, & Sun, 2017). This behaviour is a function of several inputs: brake and 

traction control commands, track conditions, vehicle connections and weather, to name just a few. The 

dynamic behaviour can be described by a system of differential equations and is normally solved by 

considering simplifications of a generic 3D multi-body dynamic model with fewer Degrees of Freedom 

(DoF) and assumptions regarding the inter-wagon coupling. 

The bodies must follow the general laws of physics, as the summation of forces (1) and moments 

(2) must be in equilibrium with the body’s longitudinal and rotational accelerations (𝑣̇ and 𝜔), in 

proportion with its mass (𝑚) or inertia (𝐼). Disregarding the lateral and vertical movement of the wheelset, 

its dynamic model can be modelled with two equations: one for translational movement and another for 

the rotational movement. Figure 2.1 schematically represents the main forces present in an accelerating 

wheelset, according to (Olofsson, Zhu, Abbasi, & Lewis, 2013). 

 ∑𝐹 = 𝑚. 𝑣̇ (1) 

 ∑𝑀 = 𝐼. 𝜔̇ (2) 

 

Figure 2.1 Representation of a rolling-sliding wheelset under acceleration (source:(Olofsson et al., 2013)) 

With no vertical movement, 𝐹𝑁 is the normal force from the rail to counter the weight of the 

wheelset (𝑚𝑔) plus a fraction of the vehicle weight distributed by its wheelset,𝑣 is the longitudinal speed, 

𝑟 is the wheel radius, 𝜔 is the rotational speed of the wheelset, 𝑇 and (𝑇) are driving and braking torques 

applied to the body and result in 𝐹𝑇 and (𝐹𝑇), which are driving and braking forces. Driving torques 

appear in motored wheelsets and braking torques appear for all the wheelsets except the unbraked 

ones. Other forces can be considered for the model accuracy, for example, 𝐹𝑔𝑟𝑎𝑑 is a longitudinal force 

that appears when the vehicle is facing a gradient and 𝐹𝐶𝑅 is a longitudinal force that appears as the 
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resistance of the vehicle when performing a curve. These equations receive further developments in 

point 1) of section 3.2.4. 

From the representation present in Figure 2.1, a very important quantity for braking studies can 

be calculated: 

 𝑠 =
𝑣 − 𝜔. 𝑅

𝑣
= 1 −

𝜔
𝑣
𝑅⁄

 (3) 

In (3), 𝑠 is the wheel (longitudinal) creepage and represents the relation between the ratio 

between the wheelset’s rotational and translational speeds. Two important values can be considered, 

for 𝑠 = 0, the vehicle and wheelset’s speeds are equal, while for 𝑠 = 1, the wheels are locked (𝜔 = 0). 

This quantity is of special interest when defining the value of available adhesion in some models, as 

some dependence between the two appears in the corresponding literature (Polach, 2005). This subject 

is extended in the following section. 

The curving resistance is applied against the vehicle speed direction when it is performing a 

curve. It depends on the rolling stock, the rail, cant deficiency and curve radius. In the literature empirical 

formulae can be found to calculate its value (Hay, 1982), in Newtons per tonne of vehicle mass, 

depending only on the track curvature, in meters: 

 𝐹𝐶𝑅 = 6116/𝑅 (4) 

Research dedicated to the flow of air around the train (Raghunathan, Kim, & Setoguchi, 2002), 

with special detail to the aerodynamic resistance and aeroacoustic influences on the high-speed trains 

suggest the aerodynamic drag is dependent on the cross-sectional area of the train, its length, the 

surface roughness of its body, the geometry of the front and rear faces and the geographical conditions 

of the environment surrounding the train, especially the wind speed. A modelling approach to estimate 

the aerodynamic resistance of the train, with several tests in wind tunnels, can also be found in the 

literature (Raghunathan et al., 2002). Other researches (Rochard & Schmid, 2000) study the applicability 

of the ‘Davis equation’ (5), which gives values of 𝐹𝑊 (aerodynamic/Wind resistance) for braking events. 

 𝐹𝑊 = 𝐴 + 𝐵. 𝑉 + 𝐶. 𝑉2 (5) 

Where: 𝐹𝑊 comes in N; 𝐴, 𝐵 and 𝐶 are constants characteristic to the vehicle under analysis, in 

N, N.(m/s)-1 and N.(m/s)-2, respectively; 𝑉 is the vehicle’s instantaneous velocity in m/s. The constants 

𝐴, 𝐵 and 𝐶 can be calculated through empirical equations depending on the characteristics of the train, 

present on the literature (Rochard & Schmid, 2000). 

The ‘Davis equation’ has suffered some modifications (Rochard & Schmid, 2000) to better 

replicate the results for several specific cases of local rolling stock or running conditions, for example, 

for circulation in tunnels. In some occasions, other resistances are added to the equation, through 

empirical relations, to express the total of resistances affecting the vehicle. Additionally, there are 

examples of empirical formulae to calculate the propulsion resistance (rolling + air resistance) for freight 

and passenger trains (Cole et al., 2017). 

However, other authors (Pugi et al., 2011) argue the contribution of the motion resistances 

(aerodynamic and curve resistance) is numerically negligible when compared with the deceleration 

achieved by the action of the braking system. The simulation regarding the braking of long freight trains 

presented good results, even with the lumping of some resistance parameters. 
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More complex formulations (Garg & Dukkipatti, 1984; Ward, Goodall, Dixona, & Charles, 2012) 

can be used to better simulate the vertical and lateral movements of the multi-bodies representing the 

vehicle body, the bogies and wheelsets. The base formulations for the commercial software used can 

be found on the user manual (Resonate Group Limited, 2016). 

Several studies regarding the parametrization of the coupler dynamics (Cole et al., 2017) 

present options to extend the longitudinal models beyond the first vehicle. A system of springs and 

dampers (k and c) can be used to connect the sequence of vehicles, with the complement of some 

coupler slack when necessary to better replicate the real system. 

2.2. Modelling of adhesion 

One of the most challenging effects to be modelled in a computer simulation is related to the 

available adhesion to the rolling motion of the wheel on the rails. Several approaches are present in the 

literature with different levels of complexity. Adhesion “(…) is used to described the tangential force 

resulting at the wheel-rail contact(…)” (Olofsson et al., 2013).  

 

Figure 2.2 Dependence of the adhesion for traction with slip4 in twin-disc tests. (source:(Olofsson et al., 2013)) 

For the general theoretical behaviour of the adhesion with the creepage, some references can 

be found (M. Boiteux, 1999; ORE, 1985). Figure 2.3 presents the evolution of the coefficient of adhesion 

(𝜓) with creepage (𝑠). Depending on the type of variation in question (ascending or descending), two 

behaviours can be found: with increasing creepage (from 𝑠 = 0 to 𝑠 = 1) a two-peak (𝜓𝐴 and 𝜓𝐵) 

behaviour can be detected, as displayed by the solid line in Figure 2.3; while with decreasing creepage 

a single peak curve is expected, displayed by the dashed line. The main influencing factors of the 

available adhesion are the following: 

• State of the rail; 

• Vehicle’s velocity; 

• Wheelset creepage; 

• Deceleration of the wheelset; 

• Energy dissipated at the contact point. 

 

                                                      
4 Slip and creepage are different names for the same quantity, creepage is preferred in the 

literature, to avoid confusion with the slip-stick model used on interactions between wheel and rail. 
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Figure 2.3 Generalized characteristic of the instantaneous adhesion depending on slide (source: (ORE, 1985) as 
cited in (Barna, 2012b)) 

The influence of third-body materials (contaminants that appear in between the wheel and rail 

interface) on the available friction is studied (Olofsson et al., 2013). Liquids, such as water and oil, can 

cause reduction of adhesion by forming a film in the surface of the contacting elements, while leaves 

can react chemically with the rails and produce drastic reductions of adhesion that can become difficult 

to remove. The reduction depends on the typology of the surfaces in contact, the temperature of the 

three bodies (wheel, rail and contaminants) and humidity. 

Several references study the influence of the most diverse factors on adhesion. The presence 

of mixtures of water and oil on the tracks (Lewis, Gallardo-Hernandez, Hilton, & Armitage, 2009) was 

analysed, coming to the conclusion that oil gives a bigger reduction of adhesion. The study found out 

that the effect of oil is more noticeable than the one that is produced by water, and it also found out that 

increased roughness produces higher adhesion values. The contamination of the wheel-rail system by 

leaves (Cann, 2006) was also studied. It is discussed that the main problem with leaves is, not only, its 

presence, but also the fact they degrade quickly forming a surface film that covers the railhead. It is 

argued that the problem can be caused by pectin, a water-soluble leaf component that causes the 

adhesion reduction in the lubricating film. The friction coefficient reached values as low as 𝜇 = 0.03 −

0.06 (for creepages of 50%), below the values found in wet tracks conditions (𝜇 = 0.15 − 0.2). 

The simplest model can be implemented using a constant value f for the adhesion, depending 

only on the conditions found on the rails, for example, dry or wet rails and the presence of contaminants. 

Despite the simplicity of applying this method directly, other options are available in the literature. 

Several authors propose an adhesion model dependent on the wheel creepage, f=f(s), whose approach 

has been confirmed through laboratory and field testing. 

Early works (Polach, 1999) proposed a Fortran subroutine to calculate wheel-rail contact forces 

in a fast and approximate manner. The method compares favourably with the previous method, 

FASTSIM (KALKER, 1982), providing reasonable accuracy and faster processing times. Later 

discussions (Polach, 2005) bring up the need for advanced creep force modelling when large 

longitudinal creepage is considered. Consequently, a method to model the friction coefficient and creep 



11 
 

forces for different rail conditions, especially when the vehicle is running on adhesion limit, was 

implemented. The method has some flexibility for fitting experimental results, as some parameters are 

tuneable (the reduction factors 𝑘𝐴 and 𝑘𝑆) and presents good accuracy when modelling the results from 

several tests with locomotives in various track conditions. 

Other authors (Allotta et al., 2012; Allotta, Conti, Meli, Pugi, & Ridolfi, 2013) presented an 

adhesion law that depends on the energy dissipated in the wheel-rail interface, stating that the ‘cleaning 

effect’ associated with prolonged sliding could be seen on previous references. The action of the sliding 

causes a progressive removal of the contaminants from the rail and alter tribological properties from the 

rolling surfaces, improving the available adhesion. The model presents a hysteretic behaviour between 

adhesion loss and recovery, this behaviour is displayed in Figure 2.4. The model differentiates two levels 

of energy dissipation: for low dissipation levels, the contaminants are progressively removed, while for 

high energy dissipation (above 7800 J/m for more than 0.4s) the contaminant film is destroyed, and the 

dynamics are much faster. According to this model, the available adhesion depends on the creepage, 

its time-derivate and the energy dissipation on the contact between wheel and rail. 

 

Figure 2.4 Hysteretic cycle in adhesion loss and recovery (source: (Allotta et al., 2013)) 

A second model for degraded conditions (Allotta et al., 2014) was developed to better reflect 

experimental results. The model makes the available adhesion vary between two extreme values 

calculated using a previous approach (Polach, 1999, 2005), just depending on the dissipated energy on 

the rolling contact. The simple approach includes adhesion loss and recovery, but only one parameter 

to fit experimental data. As this is the approach chosen for this dissertation, further details of this method 

can be found in section 3.2.4 under the seventh topic. 
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Figure 2.5 Behaviour of the adhesion in degraded conditions, depending on the dissipated energy (source: 
(Allotta et al., 2014)) 

A laboratory study of some sanding parameters and their influence on improving the adhesion 

of rails contaminated with leaves (O. Arias-Cuevas, Li, Lewis, & Gallardo-Hernández, 2010) initiates the 

study regarding the functioning of the sander system. The investigated parameters were: the number of 

sanding injectors, the sand particles size and the wheelset creepage. The investigation concluded 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. Higher creepage caused 

faster recovery, but also faster wear rates. The use of small sand grains performed well, but the 

possibility of clogging of the distribution system and of insulating the wheel, influencing the detection of 

the train by the infrastructure, so its use is discouraged. In another test (Li et al., 2010), it was studied 

the leaf problem and the influence of sand. From this experiment with twin-disk rollers, it resulted that 

the use of sand can reduce the number of cycles for adhesion recovery by 70 to 93%. The measured 

values for the adhesion coefficient range between 0.01 and 0.04. 

Field experiments were conducted (Oscar Arias-Cuevas & Li, 2011) to validate the previous 

laboratory results. With the same parameters as the first test, 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 

basis for modelling the adhesion after the passage of successive vehicles in a train, as these results are 

expressed for the passage of all the vehicle and not a per axle value. Figure 2.6 and Figure 2.7 present 

some results from the project. The figures present average, maximum and minimum values (the vertical 

bars, plus the ‘error’ lines) for dry and wet conditions with the use of the standard Dutch railway sand. 

The red S letters on the top of the vertical bars represent the event of excessive wheelslip detected by 

the GPS sensor, the N letter represents the other case, to be noted that for some runs, wheelslip was 

detected by the driver but not by the GPS, in these cases the GPS reading prevailed. 
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Figure 2.6 Baseline dry run and leaf tests 1,2 and 3 for traction adhesion (source: (Oscar Arias-Cuevas & Li, 
2011)) 

 

Figure 2.7 Leaf tests 4 and 5 for traction adhesion (source: (Arias-Cuevas & Li, 2011)) 

 

The modelling of wear is tribologically complex and can result from a variety of mechanisms. 

Therefore, there are several approaches to model the phenomena. The British Rail Research, in one of 

the early works (Harvey & McEwen, 1986), introduced the definition of the wear number (𝑇𝛾/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 (Resonate Group Limited, 2016), based on laboratory work, found out a proportional 

relation between the wear number and the wear index (equation (6)), 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. 

 𝑊𝑒𝑎𝑟 𝐼𝑛𝑑𝑒𝑥 = {
𝑇𝛾. 0.005

𝑇𝛾 . 0.055 − 3.2
− 𝑓𝑜𝑟 𝑚𝑖𝑙𝑑 𝑤𝑒𝑎𝑟,
− 𝑓𝑜𝑟 𝑠𝑒𝑣𝑒𝑟𝑒 𝑤𝑒𝑎𝑟,

𝑇𝛾 < 160

𝑇𝛾 ≥ 160
 (6) 
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2.3. Active braking controllers 

According to the European standard (CEN, 2015), some guidelines are established to perform 

the calculations regarding the several modules that compose the braking system. This document also 

provides some examples of stopping distances for train sets, units or single vehicles, high and 

conventional speed locomotives, passenger coaches and wagons. This norm allows some time for 

delays and response times in the braking application. 

A normative collection (Barna, 2011a) puts together the requirements for the approval of WSP 

systems in accordance with the standards (CEN, 2011) and (UIC, 2005). These requirements represent 

pass/fail rules for the functioning of this kind of systems. The set of requirements can be found in section 

3.2.4 under topic 5)) - Wheel Slide Protection (WSP) System. The first approach to the diagnosis of this 

kind of systems (Barna, 2012a) was created in MATLAB Simulink. A module replicates the behaviour of 

a braking vehicle in standard tests to verify the compliance of the WSP methods with the corresponding 

standards. 

Several systems have been modelled in the literature, meaning that many approaches have 

been explored with several kinds of controllers being implemented. A simple on-off braking control 

system, comparing the value of the slip of the wheelsets with a threshold, is the simplest method to 

provide the possibility of real-life application. However, the most common systems have more than just 

one input. The wheelset acceleration is used in most application, the simple comparison with a set 

threshold (Lawton, 2014) produces better results than the previous approach. The approach most 

preeminent is the application of Fuzzy Logic controllers, as they allow implementations with multiple 

inputs and deal better with the system non-linearities when comparing with the classic approaches (PID 

controllers). The implementations vary in the shape of Membership functions, the number of classes the 

input space is divided into and which variables are input on the controller. The most common inputs are 

the absolute wheelset slide and the wheelset acceleration value (Cheok & Shiomi, 2000; Cocci, 

Presciani, Rindi, & Volterrani, 2001) or acceleration state, value of acceleration and its derivate, (Barna, 

2012b). Recent literature present more complex structures, allowing the controller to adapt to the 

present conditions, providing more control over the evolution of the wheelsets’ behaviour. One example 

uses Adaptive Fuzzy Sliding-Mode Control (Mousavi, Markazi, & Masoudi, 2017) to keep the wheelsets 

at a given slip throughout the braking event, achieving reduced braking distances and times. 

(Mousavi et al., 2017) presented a system based in Adaptive Fuzzy Sliding-Mode Control 

(AFSMC), to test in an ER24PC locomotive. The system can be regarded as an extremum regulation 

system, as the controller tries to keep the creepage as close to the value with maximum adhesion as 

possible. The model considers full knowledge of the track conditions, vehicle velocity and the creepage 

values that optimize the adhesion for most situations, 𝑠 = 0.14. A representation of the system is present 

in Figure 2.8. The second Lyapunov theorem is used to ensure creepage stability through all the 

procedure, so the wheelsets do not go unstable near the end of the procedure. The braking times and 

distances have been decreased when compared with baseline models for the tested rail conditions. 
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Figure 2.8 Representation of the AFSMC WSP system implemented in:(Mousavi et al., 2017) 

On this work, the implementation was compared against previous 3 implementations that 

replicate functioning systems from 3 companies: Trenitalia (Cocci et al., 2001), Knorr-Bremse (Barna, 

2012b) and Mitsubishi (Cheok & Shiomi, 2000). The Trenitalia system (Cocci et al., 2001) uses as inputs 

the velocities of the vehicle and wheelsets and the wheelsets acceleration. The system controls an 

increase, decrease or hold of the braking pressure, according to the control logic present in Table 2.1, 

the velocity is classified into 3 groups, as well as the wheelset acceleration, the thresholds for the 

acceleration are tuneable, while the thresholds for velocity are set: 

 𝑉𝑚𝑖𝑛 = 0.78 × 𝑣 𝑉𝑚𝑎𝑥 = 0.9 × 𝑣 (7) 

In Table 2.1, 𝑖 represents the wheelset number, while 𝐴𝐶𝐶 and 𝐷𝐸𝐶 are the maximum and 

minimum thresholds for the wheelset acceleration, 𝑅 is the wheel radius and 𝑣 is the vehicle speed. 

Table 2.1 Decision table for (Cocci et al., 2001) WSP (source: (Mousavi et al., 2017)) 

 

In the WSP of Knorr-Bremse (Barna, 2012b), the inputs are the absolute wheelset slide, 

equation (8), and the wheelset acceleration. Figure 2.9 represents the general procedure of the 

controller, while (Barna, 2011b) discusses the theoretical implications of the fuzzy controller. The 

method is explained in detail in section 3.2.4 on topic 5). 

 𝜎𝑗 = 𝑣 − 𝑅.𝜔𝑗 (8) 

 

Figure 2.9 Schematic representation of Barna's WSP (source: (Barna, 2012b)) 



16 
 

On the Mitsubishi solution (Cheok & Shiomi, 2000) the controlling is done by a fuzzy logic 

controller based on linguistic expert knowledge and measured numerical data from previous 

implementations with good performances, these techniques are necessary as the data is not enough to 

cover all the variation of the inputs. The straight-forward way of incorporating the linguistic rules makes 

non-classical controller approaches so common in WSP implementations. It is also said that the 

adaptative PID (Proportional–Integral–Derivative) control cannot be used, as the plant (the train) 

presents much complexity and not all the varying parameters can be measured. The model has 2 inputs 

and 1 output, the inputs being ∆𝑣, the absolute slide among the wheels from a car and 𝛽 the slide 

derivate and the output being the brake pressure 𝑃. The inputs are divided in 4 and 7, respectively, and 

the output is classified into 7 stages. The correspondence is done according to Table 2.2. In Table 2.2, 

the classification is done in an increasing way: for 𝛽 from BNB (negative big) to BPB (positive big), for 

∆𝑣 from SZ0 (speed zero) to SPB (positive big) and for 𝑃 the range is as follows DB (decrease big), DM, 

DS, ZO (zero), IS (increase small), IM and IB. 

Table 2.2 Controller decision logic table (source: (Cheok & Shiomi, 2000)) 

 

A PID controller has been implemented for the creepage set point of 𝑠 = 0.12 for comparison 

between the values, the fuzzy implementation presented better results, with reduced uncontrolled sliding 

and lower braking times than the PID implementation. 

Finally, the LABRADOR project (Andrade & Stow, 2015) presents a modular package to 

simulate low adhesion braking vehicles. The implementation consists of MATLAB Simulink models of 

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 described in (Lawton, 2014) 

where an additional measure of sliding is present, beyond the approach presented in i). The axle 

deceleration is calculated 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 Knorr-Bremse system described 

in (Barna, 2012b). The program was able to simulate with good accuracy the braking distances of single 

cars and 2-car multiple units (United Kingdom diesel series 153 and 158, respectively) available from 

reports done by BR (British Rail). Some results are present in Figure 2.10. In this figure, the experimental 

results are relative to tare5 and crush laden6 loads and the simulation correspond to different friction 

levels (>0.09, 0.08, 0.07, 0.06, 0.05). 

                                                      
5 Loading condition where only the vehicle + driver masses are considered. 
6 Loading condition of maximum capacity of the vehicle. On passenger vehicles it corresponds 

to the maximum density of passengers per area that the vehicle can carry. 
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Figure 2.10 Experimental and simulation results for class 158 full-service application (source: (Andrade & Stow, 
2015)) 
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3. Methodology and Implementation 

This chapter describes the methodology and the associated implementation. Section 3.1 

provides a presentation of Resonate’s VAMPIRE® vehicle’s dynamics software. Section 3.2 focuses on 

the description of the mathematical models used in the software simulation and the dynamics of the 

braking vehicle. Section 3.3 describes how the implementation of the model in the VAMPIRE® software 

was made. Section 3.4 describes the modelled implemented in the program. 

 

3.1. Vehicle dynamics and models 

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

conditions or in a given scenario. This scenario is normally described by the conditions of the 

environment in which the vehicle must travel, external forces that affect its movement, and some control 

inputs originating from a driver or other control systems incorporated in the vehicle. There are many 

approaches regarding how to model and solve the problems, which vary in complexity (ranging from 

something that can be solved by a simple spring-mass system, to a much more complex structural crash 

analysis using the finite element theory). A common choice in this field, especially in train dynamics, is 

the framework of a multibody formulation. Pombo (2004) explained the multibody method as “(…) a set 

of bodies interconnected by different types of joints and acted upon by internal and/or external forces.”  

(Pombo, 2004). 

Running a vehicle dynamics simulation model requires many variables, as most of the bodies 

have several degrees of freedom and linking elements can have very non-linear behaviour, making it a 

computationally intensive task. The use of the multibody approach can produce results in a timely 

manner, but the use of specialized software simplifies the process, as the usual masses and 

interconnections are already modelled, and further speeds the solution, as the solver is optimized for 

this type of problems. From the various multibody software for railway applications, Resonate’s 

VAMPIRE Pro® was selected as the software for the present research. Other options to be considered: 

SIMPACK, Matlab Simulink® or other specially designed computational tools. Some examples of the 

work in these programs can be found in the works of (Kuka, Verardi, Ariaudo, & Dolcini, 2016), (Barna, 

2012b) or (Pombo, 2004), respectively. 

According to VAMPIRE help manual, “VAMPIRE uses a multi-body modelling method which 

allows the user to assemble a mathematical model of almost any rail vehicle configuration. Unlike most 

other multi-body dynamics packages, VAMPIRE is particularly designed to analyse the behaviour of rail 

vehicles. 

This specialisation means that VAMPIRE offers detailed models of suspension components important 

to rail vehicle behaviour such as airsprings. It also makes VAMPIRE significantly faster than other 

general multi-body packages." (source: VAMPIRE® help manual) 

VAMPIRE Pro is adopted by people in railway context who want to study or recreate events that 

can happen in the real world. By building mathematical models, for tracks, vehicles and other influences, 

researchers, engineers and designers can optimize and assess the behaviour of the elements in a 

chosen scenario. VAMPIRE Pro allows to perform the following kinds of simulations: Linear Eigenvalue 
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analysis for calculation of undamped natural frequencies and modes for the linearized vehicle-track 

system; Linear Response analysis for a linear calculation in the frequency domain of the vehicle 

behaviour to track and forces inputs; Transient Response analysis gives the time response of the vehicle 

to track inputs and general external forces; Curving analysis gives a steady state response of a vehicle 

performing a curve of constant radius; Static Analysis gives the static equilibrium for environment inputs 

and User Subroutine analysis in which the regular transient analysis is enriched with code provided by 

the programmer. 

As the braking procedures are very time-dependent and we need to evaluate the behaviour of 

the system at every timestep, a Transient analysis is required. Moreover, as the WSP and all the braking 

system are not part of the system inertial components or suspension, they are not pre-defined in the 

software, so additional lines of code are necessary to replicate their behaviour. Considering these 

aspects, the User Subroutine Transient Analysis was the chosen one. Despite being the most 

computational demanding one, is the only which allows the correct evaluation of all the parameters the 

programmer codes in the simulation. Figure 3.1 shows the time sequence of the integrator’s routine 

which is repeated at every timestep and along the program’s execution. Regarding the figure, note that 

the conicity of the wheel was not changed, and each program run for one speed only to allow for efficient 

output organization. 

 

Figure 3.1 User Subroutine time sequence (source: VAMPIRE® help manual) 

After choosing the appropriate simulation for the problem at hands, the inputs files are called by 

the VAMPIRE Pro® program in order to produce a simulation file. The basic inputs, for example, the 

track inputs, vehicle and wheel-rail contact inputs can be created in interactive software provided with 

the main module or in a regular text editor using keyword-driven text files. For the code used in the User 

Subroutine, one of two programming languages is to be chosen. VAMPIRE allows these texts to be 

written either in C or in Fortran. For this application, Fortran was chosen. From the compilers supported 

by VAMPIRE, the Watcom Fortran 77 was chosen jointly with Fortran 77 language to produce the input 

files required. 
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3.2. Transient Vehicle Braking model 

The mathematical model that was used in this dissertation can be found below. To be noted that 

the model used is strongly linked to the one implemented in the VAMPIRE Pro® software. The omissions 

in this model are completed by some sections either presented by Barna (Barna, 2012b) or Stow and 

Andrade (Andrade & Stow, 2015). Firstly, the variables of the model are presented, followed by some 

general considerations and simplifications. Next, the mathematical models are presented for the various 

parts of interest. 

3.2.1 Variables 

The following table presents a list of the variables and constants used in the simulation. A brief 

description, their units the value/range in the application and references are also provided. 

Table 3.1 List of constants and variables used in the program execution 

Variable Description Units Range References 

j Wheelset number integer 1-4 - 

R Wheel radius M 0.450 - 

M Vehicle’s mass Kg 38500 - 

Iyy Wheelset Pitch Inertia Kg.m2 160 
(Meli, Pugi, & 

Ridolfi, 2014) 

[D] Vector of DoF displacements m or rad - - 

[K] Model Stiffness Matrix 
N/m or 

Nm/rad 
- - 

𝛾1𝐿 , 𝛾1𝑅 Left and Right wheel longitudinal creepage - [0,1] - 

𝛾2𝐿 , 𝛾2𝑅 Left and Right wheel lateral creepage - [0,1] - 

𝛾3𝐿 , 𝛾3𝑅 Left and Right wheel spin creepage - [0,1] - 

𝑞 DoF displacement m or rad - - 

𝑞̇ DoF velocity 
m/s or 

rad/s 
- - 

𝑞̈ DoF acceleration 
m/s2 or 

rad/s2 
- - 

𝑥(𝑡) Longitudinal vehicle position at time 𝑡 m - - 

𝑥𝑗(𝑡) Longitudinal position of wheelset 𝑗 at time 𝑡 m - - 

𝑥̇(𝑡) Longitudinal vehicle speed at time 𝑡 m/s - - 

𝑥̈(𝑡) Longitudinal vehicle acceleration at time 𝑡 m/s2 - - 

𝜃̇𝑗(𝑡) Wheelset 𝑗 rotational speed at time 𝑡 rad/s - - 

𝜃̈𝑗(𝑡) Wheelset 𝑗 rotational acceleration at time 𝑡 rad/s2 - - 

𝐹𝑓𝑏𝑗(𝑡) Friction braking force for wheelset 𝑗 at time 𝑡 N - - 

𝐹𝑤(𝑡) Train drag forces at time 𝑡 N - - 
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𝐹𝑔𝑟𝑎𝑑(𝑡) 
Longitudinal component of the weight due to the 

track gradient. 
N - - 

𝑖(𝑡) Track gradient at the vehicle’s geometric centre - - - 

𝐴 

Drag coefficients 

N - 
(Rochard & 

Schmid, 2000) 
𝐵 N.s/m - 

𝐶 N.s2/m2 - 

𝑉𝑙 Vehicle length m 22.6 - 

𝐵𝑠 Bogie spacing m 16.0 - 

𝑊𝑠 Wheelset spacing m 2.6 - 

𝑔 Gravitational acceleration m/s2 9.81 - 

𝜎 Speed difference between wheelset and train km/h [0,1] - 

𝑠𝑗(𝑡) Longitudinal Wheel slide for wheelset 𝑗 at time 𝑡; % [0,100] - 

𝑡𝑎 Delay time for brake application s - 

(Andrade & 

Stow, 2015) 

𝑡𝑏 Brake application response time s 
2.75-

3.75 

𝑡𝑐 Delay time for brake release s - 

𝑡𝑑 Brake release response time s - 

𝑉𝑚𝑎𝑥 Maximum allowed velocity for the vehicle km/h 200 - 

𝑉𝑟𝑒𝑓(𝑡) Reference velocity for the WSP system km/h - - 

𝑥̂(𝑡) Pseudo-speed of the vehicle at time 𝑡 km/h - - 

𝑓(𝑥, 𝑗) 
Friction/adhesion coefficient between wheel and 

rail at location 𝑥 at time 𝑡 
- 

0.00-

0.30 
- 

𝐹𝑁𝑗 Wheel Load of wheelset 𝑗 N - - 

𝑆𝑎𝑐𝑡𝑊 Wheel slide threshold to activate the WSP % 5 (Barna, 2012b) 

𝑡𝑊𝑆𝑃𝑜 Time threshold to activate the WSP s 0.3 
(Andrade & 

Stow, 2015) 

𝑆𝑊𝑆𝑃𝑐 Wheel slide threshold to deactivate the WSP % 5 - 

𝑡𝑊𝑆𝑃𝑐 Time threshold to deactivate the WSP s 1 - 

𝑆𝑎𝑐𝑡𝑆 Wheel slide threshold to trigger sanding % 12 (Andrade & 

Stow, 2015) 𝑡𝑆𝐴𝑁𝐷𝑜 Time threshold to trigger sanding s 0.3 

𝑓𝐴𝑑(𝑗) 
Additional adhesion value for wheelset 𝑗 from 

sanding 
- 

0.02-

0.09 

(Oscar Arias-

Cuevas & Li, 

2011) 

𝑊𝑠𝑝 Specific dissipated energy of wheelset J/m - - 

𝑓𝑟 Totally recovered condition friction coefficient - 0.2 
Expert 

judgement 

𝑓𝑑 Totally degraded condition friction coefficient - 0.05 - 
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𝜏 Experimentally tuned parameter m/J 1.9*10-4 
(Allotta et al., 

2014) 

Wear Absolute Wear Index - - 

(Harvey & 

McEwen, 

1986) 

𝑊𝑒𝑎𝑟̅̅ ̅̅ ̅̅ ̅̅  Averaged Wear Index with respect to time s-1 - Equation (39) 

Note: Selected inertial model characteristics are available in section 3.4. 

3.2.2 Considerations 

The axis in VAMPIRE Pro® follows the right-hand rule for axis, complemented with the right-

hand screw rule for rotations. The position of the axis in the track is displayed in Figure 3.2, and the 

description is present in Table 3.2. This axis is used to parametrize the position of masses of the vehicle 

and track characteristics.  

Table 3.2 Axis Description 

Mnemonics Description  

X Longitudinal direction 

Y Lateral direction 

Z Vertical direction 

T Rotation about X-axis (roll) 

P Rotation about Y-axis (pitch) 

W Rotation about Z-axis (yaw) 

 

 

Figure 3.2 Position of VAMPIRE Pro® Axis 

Some simplifications are assumed in order to reduce the complexity of the model: 

• The vehicle is symmetric (axle loads and suspension stiffness are equally distributed); 

• Wheel-rail forces assume the behaviour modelled by a Kalker approach; 

• The pseudo-speed used to correct the reference speed corresponds to a constant 

maximum acceleration for all velocities; 

• Wheel-rail contact does not improve adhesion for subsequent wheels; 

• Traction and any brake beyond pneumatic are not present on the model; 

• The pneumatic system is not modelled (the WSP works with values of braking torque, 

not with pneumatic pressure in brake cylinders). 

X

Y

Z

T

P

W
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The next section is going to be divided into two, to represent the two halves of the 

implementation, the first part demonstrates how the Transient analysis is dealt with by the Vampire 

Software (section 3.2.3), and the second presents some considerations regarding the braking vehicle 

(section 3.2.4). 

3.2.3 Mathematical model - Transient analysis 

Starting from the vehicle’s model, the number of Degrees of Freedom (DoF) is computed and 

the ones whose movement is not restrained by a connecting element or constrain are removed from the 

calculations. Every mass possesses 6 DoF: 3 translational coordinates and 3 rotational, following the 

directions displayed in Figure 3.3. In mechanical applications, 3 rotation angles are not enough to 

uniquely define the orientation of a mass, as the final orientation would depend on the order in which 

the rotations took place. However, the program can take into consideration the properties of railway 

vehicles and make some assumptions. It is considered that the yaw and pitch rotations of the masses 

(along the axis Z and Y, respectively) remain small, thus making this representation unique. This 

assumption holds while the vehicle is not facing one of 2 situations: a long train on a curve or a single 

vehicle on very sharp curves; both situations are not present in this project. Moreover, for the pitch 

rotation to be small on the wheelsets, the integration timestep is required to be very small. The 

integration time is bellow 1 milisecond to avoid the interferance of the rotating wheel with the small 

rotation assumption. 

Some exceptions are present: the wheelset has no pitch freedom, making the main element 

only responsible for 5 DoF. The wheelset model is an assembly of the wheelset part with two axleboxes, 

which are elements linked to the wheelset in every DoF except in pitch (rotation along the Y-axis). The 

model for the wheelsets has 7 DoF, 5 for the main part, plus 1 for each axlebox (left and right). 

Furthermore, there is a possibility to add flexible modes to the model, adding 1 DoF per new mode to 

the total. Figure 3.3 displays an example of the DoF of a wheelset. 

  

Figure 3.3 DoF of general mass and wheelset 

 

The loop presented in Figure 3.1 is detailed next: 

In the first part of the simulation, a stiffness matrix is assembled respecting all the constrained 

DoF (the minimum set of coordinates to fully describe the vehicle), to perform a linear Static Load 

calculation. This step is responsible for the setup of the equilibrium of internal forces and displacements 

in the stiffness suspension elements and the wheels static loads. The procedure goes as follows. 
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Consider D as a column vector with the displacements of the DoF, while Fexternal and Finternal are 

vectors with the same dimensions for the external and internal forces. The vector E can represent the 

total force over the vehicle: 

 𝐸 = 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 + 𝐹𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 (9) 

And for equilibrium: 

 𝐸 = 0 (10) 

The external forces can be calculated from the sum of forces acting on the train calculated by 

the algorithm with the influence of gravity on the train, this aspect is going to be further discussed later. 

The internal forces depend on the displacement of the DoF. 

For small displacement about D it can be assumed, at any point of the process, that the internal 

forces change in a linear manner, and in that case, small changes in displacement dD result in changes 

in dFinternal according to: 

 𝑑𝐹𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = − [𝐾] ∗ 𝑑𝐷 (11) 

Where [K] is the local stiffness matrix, defined by: 

 [𝐾]𝑖,ℎ = −
𝑑𝐹𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙,𝑖

𝑑𝐷ℎ
 (12) 

If the vector E is not zero (system not in equilibrium), then the displacements in the stiffnesses 

have to be altered to produce more force dFinternal to balance the external forces. We want: 

 𝑑𝐹𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = −𝐸 (13) 

Thus making, from equation (11): 

 𝑑𝐷 = 𝐸 ∗ [𝐾]−1 (14) 

This value for dD is added to the vector D and the equilibrium vector E recalculated for the new 

positions. This iterative process is repeated until E is sufficiently small when the vehicle is considered 

to have reached equilibrium. The inversion of the matrix is the most resource-consuming part of the 

routine, so the program does not explicitly calculate [K]. Instead, equation (12) is approximated by: 

 [𝐾]𝑖,ℎ =
𝐹(𝐷 + 𝛿ℎ)𝑖 − 𝐹(𝐷)𝑖

𝛿ℎ
 (15) 

Where 𝛿ℎ  represents a small change, 𝛿, in the hth degree of freedom: a vector whose only non-

zero term is the hth which equals 𝛿. Equation (15) gives the value of the element (i,h) of the [K]. If the 

displacement of the hth DoF is incremented by an amount 𝛿, the change in the force vector can be 

calculated. Dividing that change by the increment produces a vector containing the hth column of [K]. 

This procedure is repeated for each DoF until the whole [K] has been derived. 

 

After the equilibrium is found, the simulation starts calculating the time response of the vehicle, 

starting with the initial speed selected by the user, with the vehicle in a flat track.  

1) The loop starts with the displacements and velocities of all DoF of the vehicle calculated 

in the previous timestep. In the case of the first timestep, the initial conditions are considered. 

2) Track inputs for the vehicle system and wheelset positions are taken from the input files. 

When values are not available, they are calculated by linear interpolation of the corresponding interval. 

Lateral position (Y) and yaw angle of attack (W) at each wheelset relative to the axis system is calculated 
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using a 7th order polynomial, with the assumption the rate of change of curvature is constant between 

track points. 

3) With the displacement of track and displacement and velocity of the wheelset, the 

wheel-rail contact forces can be calculated on each wheel of every wheelset. 

To calculate the contact forces between the wheel and rail a two-stage process is employed. 

The first stage is to calculate the creepages (relative velocities between two bodies) at the wheel/rail 

contact. This is a complex and extremely non-linear process. The second stage is to determine the 

forces generated at the wheel/rail contact as a result of the creepages. VAMPIRE has 3 options available 

for the ruling of the wheel/rail contact: Linear Law, Square Root Law and Non-Linear law. 

Despite not being expected very large lateral displacements of the wheel on the track, as no 

curves are present in the simulations, the full Non-Linear creep laws are employed. The reasoning 

behind this option is that the assumptions and simplifications needed for the simpler laws to hold are 

not consistent with the levels of slip expected for these events. Stopping in low adhesion implies some 

large velocity differences between the rails and the wheels, and in these conditions, the Linear and 

Square Root laws perform poorly. 

In the Non-Linear law, the relationship between creep force and creepage are defined in a pre-

calculated multi-dimensional lookup table, for faster performance during the simulation calculation. This 

lookup table is based on the contact theory of J.J. Kalker and was created using the CONTACT7 program 

developed by VORtech Computing in The Netherlands. 

At each time step, the displacement of each wheel relative to the rail in the lateral direction is 

calculated, also considering rail movements. With these values, a pre-calculated table is consulted to 

obtain the contact data for each wheel/rail contact patch. This table is computed for a defined wheel and 

rail profiles and wheel load. The contact data includes position, rolling radius and contact angle for each 

patch, depending on the lateral displacement of the wheel relative to the rail. The creepages are then 

calculated as follows. 

For longitudinal creepage on the left and right wheels: 

 

𝛾1𝐿 = 1 +
𝑊̇𝑙0𝐿

𝑉
+
𝑟𝐿𝑃̇

𝑉
+

𝑙0𝐿

𝑅
+

𝑋̇

𝑉
 

(16) 

𝛾1𝑅 = 1 −
𝑊̇𝑙0𝑅

𝑉
+
𝑟𝑅𝑃̇

𝑉
−

𝑙0𝑅

𝑅
+

𝑋̇

𝑉
 

For lateral creepage on the left and right wheels: 

 

𝛾2𝐿 = (
𝑌̇

𝑉
+
𝑟𝐿𝑃̇𝑊

𝑉
)sec(𝛿𝐿) 

(17) 

𝛾2𝑅 = (
𝑌̇

𝑉
+
𝑟𝑅𝑃̇𝑊

𝑉
)sec(𝛿𝑅) 

For spin creepage on the left and right wheels: 

 

 

                                                      
7 Website: https://www.kalkersoftware.org/index.php?mid=home 
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𝛾3𝐿 = −(
𝑃̇

𝑉
) sin(𝛿𝐿) +

𝑊̇

𝑉
cos(𝛿𝐿) 

(18) 

𝛾3𝑅 = (
𝑃̇

𝑉
) sin(𝛿𝑅) +

𝑊̇

𝑉
cos(𝛿𝑅) 

where: 

 𝑉 is the vehicle speed 

 𝑋, 𝑌,𝑊, 𝑃 are displacements of the wheelset in the wheelset axis 

 . (dot) denotes the derivate of a variable in order to time 

 𝑟𝐿  , 𝑟𝑅  are the rolling radii of the left and right wheels 

 𝑅 is the curve radius of the track 

 𝑙0𝐿 , 𝑙0𝑅 are the distances from the centre of the wheelset to the left and right contact patch 

 𝛿𝐿  , 𝛿𝑅 are the contact angles at the left and right contacts. 

 

With the creepages computed, the creep force calculation is the next step on the procedure. For 

this step, in addition to the creepages, the area, shape and curvature function of each contact patch are 

also needed. The area of the contact patch is updated to reflect the normal load calculated for every 

patch in each calculation timestep. For better accuracy of the results, the normal load should fall in a 

small range of the calculated load of the contact data lookup table. 

Inputting non-dimensional values of creepage and patch information into Kalker lookup table, 

the values of the non-dimensional creep forces can be interpolated. The non-dimensional creep forces 

are converted to actual creep forces, and each contribution is then set the corresponding DoF of the 

wheelset. 

The Kalker table available has been calculated for dry uncontaminated wheel rail contact 

conditions. The objectives of this dissertation request the possibility of reproducing conditions of wet 

and/or contaminated tracks. These effects can be achieved by modifying the Coefficient of Friction 

(COF) and Kalker factors. The value of the Coefficient of friction is responsible for the saturation value 

of the available adhesion, and the Kalker Factor deals with the initial curve slope. In Figure 3.4, there is 

a representation of the influences of both parameters in an adhesion curve to represent various 

conditions.  

Regarding the track model, Figure 3.5 gives the representation of its flexibility. In the horizontal 

direction, the rail can move independently of the sleepers, which can move independently of the ballast. 

In this way, the track presents flexibility between the rail and the sleeper and between the sleeper and 

the ground. In the vertical direction, the rail and sleeper are constrained together, allowing flexibility only 

between the ground and the sleeper. These tracks flexibilities are represented by groups of stiffness 

and damping working in parallel, whose parameters can be tuned, as shown in Figure 3.5. 

The distance separating the vertical flexibilities between the sleepers and the ground is named 

2.AL0. The value AL0 is generally referred to as the contact patch semi spacing, but in this case, it is 

the half distance between the highest points of the crown of the rails. This value accounts for the track 

gauge plus the inclination of the top of the rail when considering the distance between the inner face of 

the rail and the top point. 
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Figure 3.4 Adhesion availability depending on wheel slip and track conditions (Cheok & Shiomi, 2000) 

 

Figure 3.5 Model of Track flexibility 

4) Next, all the forces of the suspension elements are calculated, given the displacements 

and velocities of the masses they link. External forces are added to the appropriate DoF. In this kind of 

simulation, all the external forces, except for gravity and the contact forces of the wheel/rail contact, are 

calculated by the User Subroutine. 

5) The forces are summed in each DoF, and accelerations determined according to 

equations (19) and (20), for translational or rotational DoF, respectively: 

 𝑞̈ℎ =
1

𝑚
∑𝐹𝑖,ℎ
𝑖

 (19) 

  𝑞̈ℎ =
1

𝐼
∑𝑀𝑖,ℎ

𝑖

 (20) 

where:  

 𝑞̈ℎ is the acceleration of the DoF h 

 𝑚 is the mass of the part considered 

 𝐼 is the Inertia relative to the DoF of the part considered. 

 𝐹𝑖,ℎ is the ith force applied on DoF h 

 𝑀𝑖,ℎ is the ith torque applied on DoF h. 

Horizontal Rail
Flexibility

Horizontal Rail
Flexibility

Horizontal Sleeper 
Flexibility

Vertical Track
Flexibility

2.AL0
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6) The Snapshot and Output routines are executed next, making this the instant captured 

by the output files. The accelerations correspond to current timestep, but the displacements and 

velocities are the ones calculated in the previous one. 

7) A simple integration algorithm ends this timestep, calculating the displacement and 

velocity for timestep (n+1) from the conditions (displacement, velocity and acceleration) of the vehicle 

at timestep (n): 

 
𝑞̇(𝑛+1) =  𝑞̇(𝑛) + 𝑞̈(𝑛). 𝑑𝑡 

 𝑞(𝑛+1) =  𝑞(𝑛) + 𝑞̇(𝑛+1). 𝑑𝑡 
(21) 

where:  

 𝑞 are the displacements of the DoF 

 𝑞̇ are the velocities of the DoF 

 𝑑𝑡 is the integration timestep 

 

This method is applicable, relying on the fact that changes in force on a degree of freedom over 

a time step are small. This assumption holds as long as the timesteps are small, of the order of 1 

millisecond or smaller. In this implementation, the simulations are run at timesteps of 0.5 milliseconds, 

so this assumption is satisfactory. 

8) The program steps to the next timestep and returns to 1). 

The simulation is run until a stopping criterion is reached, normally they are the end of the 

simulation distance or the vehicle’s speed dropping below a certain value. 

 

3.2.4 Mathematical model - Braking Vehicle 

The braking of a vehicle can be modelled in a transient analysis to perform the time response 

test of the system's responses to the inputs. However, there are some considerations and simplifications 

that are intrinsic to this kind of experiment. In the next section, it is presented the model used to deal 

with the requirements imposed. 

From all the DoF that the model of the vehicle can present, 2 quantities, along with their 

associated time derivates, are of special importance:  

− The vehicle and wheelset positions. – the vehicle’s position at time 𝑡, can be defined as 

𝑥(𝑡), in meters, and the wheelsets’ position by 𝑥𝑗(𝑡), where 𝑗=1, 2… for each wheelset 

in the model. 

In this case, a very important assumption is that the wheelset positions 𝑥𝑗(𝑡) can be directly 

obtain from the vehicle’s position 𝑥(𝑡): the vehicle’s position is assumed to be equal to the position of its 

geometric centre. This means the wheelsets’ position for a single vehicle model can be calculated as 

such: 

 

𝑥1(𝑡) = 𝑥(𝑡) +
1

2
 (𝐵𝑠 +𝑊𝑠)  𝑥2(𝑡) = 𝑥(𝑡) +

1

2
 (𝐵𝑠 −𝑊𝑠) 

(22) 

𝑥3(𝑡) = 𝑥(𝑡) −
1

2
 (𝐵𝑠 −𝑊𝑠) 𝑥4(𝑡) = 𝑥(𝑡) −

1

2
 (𝐵𝑠 +𝑊𝑠) 

where: 
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 𝐵𝑠and 𝑊𝑠 are the bogie and wheelset spacing. 

− The wheelsets rotations – these values are defined by 𝜃𝑗(𝑡), in radians, where  𝑗 (𝑗=1, 

2…) is the number of the wheelset in consideration at the time 𝑡. 

Figure 3.6 provides a representation of the main DoF in train longitudinal dynamic analysis of 

this kind (𝑥(𝑡), 𝜃1(𝑡), 𝜃2(𝑡), 𝜃3(𝑡), 𝜃4(𝑡)) alongside some longitudinal dimension (vehicle length, 𝑉𝑙 and 

bogie and wheelset spacings, 𝐵𝑠and 𝑊𝑠). 

 

Figure 3.6 Vehicle diagram with longitudinal and rotational DoF and dimensions 

1) Equations of Motion 

The 𝑥(𝑡) and 𝜃𝑗(𝑡) DoF are computed through numerical integration as described in the 

Transient analysis section of the mathematical model, using the known initial vehicle’s speed. Thus 

making: 𝑥̇(𝑡 = 0) = 𝑥̇0 and 𝜃̇𝑗(𝑡 = 0) = 𝑥̇0/𝑅, for all the wheelsets. The following longitudinal and 

rotational equations are defined to complete the previous defined method: 

1.1) Longitudinal dynamics 

Three different forces are applied longitudinally over the vehicle: 

i) The wheel-rail contact forces due to the friction on the contact patch (𝐹𝑓𝑏𝑗(𝑡), where 

𝑗 corresponds to the wheelset number). These forces are calculated as detailed in 

section 3.2.3 - Transient analysis; 

ii) The train drag forces (𝐹𝑤(𝑡)); 

iii) The longitudinal component of the weight due to the track gradient (𝐹𝑔𝑟𝑎𝑑(𝑡)). 

Figure 3.7 is a representation of these forces applied to the vehicle. In it, the two-sided arrow 

for the gradient force represents the difference in the direction of this force according to the signal of the 

gradient, positive or negative. Summing all the applied forces and dividing over the mass of the vehicle, 

we can rewrite equation (19) to calculate the longitudinal vehicle acceleration (𝑥̈(𝑡)): 

 𝑞̈(𝑡) = 𝑥̈(𝑡) =
1

𝑀
(−𝐹𝑓𝑏1(𝑡) − 𝐹𝑓𝑏2(𝑡) − 𝐹𝑓𝑏3(𝑡) − 𝐹𝑓𝑏4(𝑡) − 𝐹𝑤(𝑡) − 𝐹𝑔𝑟𝑎𝑑(𝑡)) (23) 

1.2) Rotational dynamics 

Two torques are applied in each wheelset 𝑗: 

i) The torque due to the wheel-rail contact forces 𝐹𝑓𝑏𝑗(𝑡) applied in the contact between 

the wheel and the rail with a moment arm equal to the Radius of the wheel (R), we can 

𝑉𝑙

𝑥 𝑡 = 𝑥 𝐶(𝑡)

𝐵𝑑

𝑊𝑑

𝜃1(𝑡)𝜃2(𝑡)𝜃3(𝑡)𝜃4(𝑡)
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assume this value to be the nominal wheel radius, as the lateral movement expected 

is small; 

ii) The braking torque 𝑇𝑏𝑗(𝑡). 

 

 

Figure 3.7 Longitudinal forces applied to the vehicle 

Figure 3.8 displays a representation of these forces applied to the wheel. Summing all the 

applied torques and dividing over the rotational Inertia of the wheelset 𝐼𝑦, we can rewrite equation (20) 

to calculate the wheelset rotational acceleration (𝜃̈(𝑡)): 

 𝑞̈(𝑡) = 𝜃̈𝑗(𝑡) =
1

𝐼𝑦
(𝑇𝑏𝑗(𝑡) − 𝐹𝑓𝑏𝑗(𝑡). 𝑅 ) (24) 

 

Figure 3.8 Rotational forces applied to the Wheel 

2) Friction Model 

Several models of friction could be used to calculate the wheel-rail forces, a common approach 

would be to use Coulomb friction. Inputting the weight supported by the wheelset, the Braking torque 

and the other forces acting on the model and the friction forces could be calculated. However, as 

Vampire Pro® offers a solution closer to reality, this option is chosen. The process to calculate the Creep 

forces, using Kalker tables, is explained in more detail on point 3) of section 3.2.3. 

3) External Forces 

The external forces considered during braking are the drag forces and the longitudinal 

component of train weight due to the track gradient. 

3.1) Drag Forces 

The Davis equation can be used to calculate train drag forces as a second-order polynomial 

function of the vehicle’s velocity: 

 𝐹𝑤(𝑡) = 𝐴 + 𝐵. 𝑥̇(𝑡) + 𝐶. (𝑥̇(𝑡))
2
 (25) 

𝑥̇(𝑡)

𝐹𝑤
𝐹𝑔𝑟𝑎𝑑

𝐹𝑓𝑏4 𝐹𝑓𝑏3 𝐹𝑓𝑏2 𝐹𝑓𝑏1

𝜃𝑗

𝐹𝑓𝑏𝑗

𝑇𝑏𝑗
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Equation (25) is an empirical expression to approximate the drag forces created on the vehicle 

as it travels through the air. The coefficients A, B and C vary with the vehicle’s characteristics and can 

be calculated by the expressions from (Rochard & Schmid, 2000). This approach was not implemented 

in the simulations at this point, but the coefficients were calculated for an implementation on the next 

developments of this model. For the model used: A= 250.24 N; B= 8.038 Ns/m; C= 6.347 Ns2/m2. 

3.2) Longitudinal component of the weight due to the track gradients 

The track is not solely flat, and some gradients are necessary to overcome some obstacles. The 

gradients introduce some components of the weight of the vehicle in the longitudinal dynamics, helping 

to reduce the braking distance in a rising gradient and increasing this distance in a falling one. The 

component of the weight in the longitudinal direction is given by: 

 𝐹𝑔𝑟𝑎𝑑(𝑡) = 𝑀. 𝑔. 𝑖(𝑡) (26) 

Where: 

 𝑀 is the total mass of the vehicle 

 𝑔 is gravity acceleration 

 𝑖(𝑡) the track gradient at the centre of mass (the height gained divided by the distance travelled). 

The external forces’ action on the vehicle is independent of the wheelset conditions, for 

example, the occurrence of wheelslide. A special case of the track gradient happens when 𝑖(𝑡) = 0 , 

from equation (26) we obtain 𝐹𝑔𝑟𝑎𝑑(𝑡) = 0, this means that the influence from gradient in a flat track is 

non-existing. Figure 3.9 provides a schematic representation of 𝐹𝑔𝑟𝑎𝑑, depending on the track profile. 

 

Figure 3.9 Fgrad on inclined tracks 

4) Braking system 

The braking system implemented in the model is based on the implementation of (Andrade & 

Stow, 2015). The specifications can be consulted in the following sections. 

4.1) Braking Control 

The system implemented in the model is a bit different than the real-life systems. The driver 

brake input is normally composed of increasing levels of braking demand, this allows the driver to 

adequate the braking depending on the conditions at the time of the event. These steps can have 

different names, with applications ranging from keeping the train from increasing its speed on a falling 

gradient to a situation when the train needs emergency braking to avoid a collision. Increasing steps 

correspond to increases in the force the brake (pneumatic, dynamic or a combination of both) applies 

to the wheelset, increasing the deceleration of the value. 

As the system aims to stop always in the smallest time possible, only one step was implemented, 

representing the highest step before an emergency brake application. The system tries to keep the 

brake torque as close to the maximum value as possible. The maximum value of the braking torque is 

𝐹𝑔𝑟𝑎𝑑

𝑀.𝑔
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10KNm. This value can be reached to rotational speeds of the wheelset down to 6.17 rad/s8, for values 

lower than this the maximum torque application decreases linearly. Figure 3.10 demonstrates the 

application of these rules on a plot. This effect is further detailed in (Iwnicki, Dahlberg, & Johnson, 2006), 

but it intends to emulate some non-linearities on the brake-wheel system. 

 

Figure 3.10 Evolution of maximum Tb with wheel rotational speed 

The brake application is activated automatically when the first wheelset reaches the 20m marker 

for all the runs, except when gradients are tested. The selection of this value was done after an analysis 

of the transients present on the longitudinal creep forces of the wheels. For most of the simulated 

velocities, after this period the magnitude of the referred forces were below the threshold of 0.1N. This 

distance allows for any transient dynamic to vanish from the vehicle, so the brake can be applied to the 

vehicle in a steady state. This distance needs to be increased for the runs with gradients, as the transient 

last longer. 

4.2) Delays and response times in pneumatic braking application and release 

Some delays and response times characteristics are expected in the application and release of 

brakes. This is expected from the pneumatic system which powers the brakes, thus it is important to 

correctly model this phenomenon. Figure 3.11 and Figure 3.12 represent typical time responses in the 

application and release of the brake system, respectively and according to European Standards. 

 

Figure 3.11 Time response of an application of a pneumatic brake (source: EN 14531-6) 

                                                      
8 For a wheelset with radius R=0.45 m, a rotational speed of 6.17 rad/s is equivalent to a linear 

speed of 2.78 m/s or 10 km/h. 
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Figure 3.12 Time response of the release of a pneumatic brake (source: EN 14531-6) 

From the system’s control point of view, this represents the time response of a second-order 

dynamic system. The variables “𝑡𝑥” in the plots represent characteristic parameters of the time response 

brake system, assuming that the driver’s reaction time delay is neglected. This could be seen as an 

application activated by a security system, like how it happens when a train SPAD occurs. 

The 4 quantities presented in the above figures are defined as: 

- 𝑡𝑎 – Time delay for brake application (in s); 

- 𝑡𝑏 – Brake response time (in s); 

- 𝑡𝑐 – Time delay for brake release (in s); 

- 𝑡𝑑 – Brake release response time (in s); 

Assuming a second order system with critical damping and incorporation the values of the 

delays and responses times in the model we can obtain the following transfer function 𝐻(𝑠) for the 

pneumatic brake system: 

 𝐻(𝑠) =
1

(1 + 𝑘1. 𝑠)
2
=

1

𝑘1
2. 𝑠2 + 2. 𝑘1. 𝑠 + 1

 (27) 

Where coefficient 𝑘1 can be tuned to fit the time response of the braking system in the analysis, 

and it can even have different values for the application and release of the brakes. To represent the 

filling or venting (emptying) of the brake cylinder, one only has to change the initial conditions of the 

system. For a fit with the responses presented in Figure 3.11 and Figure 3.12 the coefficient was given 

the value 𝑘1 = 0.5. Equations (28) a) and (28) b) are the final form of the transfer function used and 

whose unit step response was calculated according to the conditions for filling and venting the cylinder, 

respectively. The equations that rule the brake filling and venting responses are presented on equations 

(29) a) and (29) b), and the time responses are presented in Figure 3.13.  

 a) 𝐻𝑎(𝑠) =
1

0.25 𝑠2 + 𝑠 + 1
 b) 𝐻𝑟(𝑠) = 100 − 𝐻𝑎(𝑠) =

0.25 𝑠2 + 𝑠

0.25 𝑠2 + 𝑠 + 1
 (28) 

 a) 𝑎𝑝𝑝(𝑡) = 1 − 2. 𝑡. 𝑒−2𝑡 − 𝑒−2𝑡 𝑏) 𝑟𝑒𝑙(𝑡) = 2. 𝑡. 𝑒−2𝑡 + 𝑒−2𝑡 (29) 

The values from Figure 3.13 are used as multipliers of the braking torque in the model. For this 

state of the train model, the responses for filling and venting the cylinder will have the same behaviour. 

For the next iterations, this model can be improved to better represent the system at study. 
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Figure 3.13 Time evolution of the braking system in application and release 

5) Wheel Slide Protection (WSP) System 

The next section discusses the concept and aim of a WSP system and presents the model 

implemented in this project. 

The WSP is a system of active braking, similar to an anti-lock system in a car. It aims to make 

the most out of the available adhesion to perform optimized braking in all situations. Optimized braking 

can be interpreted as stopping the vehicle in the minimum distance possible while keeping the wheel 

and rail damage in the lowest values achievable, by avoiding wheel locking and high levels of sliding. 

To reach its goals, the system has to control indirectly the braking force. As cited in (Barna, 2011a), UIC 

541-05 and EN 15595 (2011) put forward pass/fail criteria (minimum requirements) for a WSP system:  

Requirement 1- Speed range: 

The system must be able to perform with good efficiency for the following range of speeds of 

the vehicle: 

𝑉𝑚𝑎𝑥 + 20% 𝑉𝑚𝑎𝑥  𝑖𝑓 𝑉𝑚𝑎𝑥 ≤ 200 𝑘𝑚/ℎ 

𝑉𝑚𝑎𝑥 + 10% 𝑉𝑚𝑎𝑥  𝑖𝑓 𝑉𝑚𝑎𝑥 > 200 𝑘𝑚/ℎ 

During the braking, all the criteria has to be fulfilled down to 5 km/h, and the system cannot 

affect the brake torque for 𝑉𝑣𝑒ℎ< 3 km/h  

Requirement 2- Wheel lock limits: 

a. When train velocity is greater than 30km/h (𝑉𝑣𝑒ℎ  > 30km/h), no wheel locking is permitted; 

b. When train velocity is smaller than 30km/h (5 km/h < 𝑉𝑣𝑒ℎ< 30km/h), wheel locking is 

permitted but with a maximum duration of 0.4s; 

Requirement 3- Wheel slide limits: 

Figure 3.14 displays the following rules regarding the maximum allowed wheel slide, these are 

expressed depending on maximum absolute wheel slide 𝜎 = 𝑉𝑣𝑒ℎ − 𝑉𝑤ℎ𝑒𝑒𝑙 = 𝑥̇ − 𝜃̇. 𝑅: 

a. For 𝑉𝑣𝑒ℎ<120km/h, the slide cannot be greater than 30 km/h, for more than 3s; 

b. For 120km/h < 𝑉𝑣𝑒ℎ<160km/h, the slide cannot be greater than 25% of the 𝑉𝑣𝑒ℎ, for more 

than 3s; 

c. For 160km/h < 𝑉𝑣𝑒ℎ<200km/h, the slide cannot be greater than 40 km/h, for more than 3s; 

d. For 𝑉𝑣𝑒ℎ>200km/h, the slide cannot be greater than 40 km/h, for more than 5s. 
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Figure 3.14 Maximum absolute wheel slide allowed. 

Requirement 4-  Unjustified Operation: 

The system shall not lower the braking force if the adhesion coefficient is not lowered or the 

vehicle is braked more intensively than designed. 

Requirement 5-  Reference Speed accuracy:  

The system is not aware of the vehicle’s true speed, as will be further explained in the following 

section. The reference of the speed cannot be greater than the vehicle’s true speed by more than 5km/h, 

for periods of time longer than 5s. For reference speeds lower than the vehicle’s speed, the difference 

should not be larger than 25% of the true 𝑉𝑣𝑒ℎ. 

Requirement 6-  Air consumption limits: 

For pneumatic systems that use compressed air, the train contain on-board compressors to 

supply the braking system. These systems fill a cylinder that maintain the necessary pressure for the 

brakes, however the constant filling and releasing of the brakes empty the cylinder. To avoid a pressure 

level below the necessary to keep the brakes functioning, the air consumption is limited by the following 

requirements: 

- For 𝑉𝑣𝑒ℎ = 120km/h, the relative air consumption shall be lower than 3.5; 

- For 𝑉𝑣𝑒ℎ = 160km/h, the relative air consumption shall be lower than 7.0 

The relative air consumption can be calculated with the differences between two different 

braking tests, one with normal (no use of the WSP system) and one with degraded conditions (and WSP 

influence). Measuring the pressure of the reservoir before and, after the test, the air consumption (C) 

can be calculated. The relative air consumption can be calculated as such: 

 𝐶𝑟 =
𝐶𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑

𝐶𝑛𝑜𝑟𝑚𝑎𝑙
 (30) 

 

The WSP system implemented in the vehicle model is based on the model presented in (Barna, 

2012b). 

Vehicle’s velocity readings are obtained from encoder measurements of the rotational speed of 

the wheelsets. When dealing with braking in degraded conditions, the wheelset rotational speeds do not 

reflect the vehicle’s speed, so the previously mentioned method is not applicable to these conditions. 
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Other methods to detect the speed of the train, for example, radar or GPS (Global Position System), are 

generally too expensive, present problems when the train is inside a tunnel or do not provide information 

at the rates needed (WSP works at 100Hz, while the normal GPS receiver can provide data at 1Hz) to 

be used in the railway industry. As the system needs to use the vehicle’s speed as an input, another 

method has been implemented in the system. A method called reference speed is employed by the 

system to estimate the vehicle’s speed. 

Reference speed (𝑉𝑟𝑒𝑓(𝑡)) is the estimate of the vehicle’s speed by the controller. The controller 

has access to all the rotational speeds of the wheelsets, and the fastest wheelset, in braking, is 

considered the closest to the vehicle’s speed, as all rotational speeds can be equal or smaller than the 

vehicle’s speed. An auxiliary routine is run in parallel, called pseudo-speed. Pseudo-speed (𝑥̂(𝑡)) is the 

speed a vehicle would have at time t if it would decelerate at the maximum deceleration value possible 

from time t-1. The maximum acceleration a vehicle can reach depending on the instantaneous speed is 

a very complex and non-linear function and depends on the vehicle in question. So, pseudo-speed is 

the lowest physically possible velocity the vehicle could have at a time t, regarding aerodynamics, 

suspension and track inputs. In this model, the maximum possible deceleration is assumed to be 

constant among all the working speeds of the vehicle. This assumption will be relaxed in future 

developments. The reference speed is then calculated as explained in equation (31), the maximum 

value among the longitudinal speeds of the wheelsets and pseudo-speed. The need for a pseudo-speed 

is due to the fact that wheelset speeds can be much slower than the vehicle’s speed. 

 𝑉𝑟𝑒𝑓(𝑡) = max (𝜃̇1(𝑡). 𝑅, 𝜃̇2(𝑡). 𝑅, 𝜃̇3(𝑡). 𝑅, 𝜃̇4(𝑡). 𝑅, 𝑥̂(𝑡)) (31) 

For the accuracy of the reference speed, there is normally another routine implemented in the 

main method. There is a cycle in which a wheelset is freed from any braking force at defined intervals. 

When the wheelset is freed from any braking, the wheelset accelerates and approaches the vehicle’s 

speed. This provides more accurate readings and is used to keep the reference speed as close as 

possible to the true speed. In this model, the 3rd wheelset is freed for 0.3 seconds on cycles of 10 

seconds. The wheel is only available to be submitted to braking forces again after the 0.3 seconds 

passed and the linear velocity of the wheelset is in a range of 5% of the 𝑉𝑟𝑒𝑓.  

This WSP system is modelled using a two-input one-output control system. The two inputs are: 

- The absolute longitudinal speed difference between each wheelset and the reference 

(train/vehicle) speed – ∆𝑥̇ or σ; 

- The wheelset’s longitudinal acceleration - 𝜃̈𝑗 or a. 

The output, in contrast with Barna’s implementation, is the change in the braking torque. The 

system behaves like a group of independent controllers (one per wheelset). The system employs a 

decision table as cited from (M. Boiteux, 1999) and shown in Table 3.3. 

Table 3.3 WSP Control algorithm decision table ((M. Boiteux, 1999) as cited in (Barna, 2012b)) 
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The decision table gives the correspondent output relative to the class in which the inputs fall. 

The inputs are classified in order to be evaluated in the table. The wheelset acceleration (a) is classified 

into 5 groups, according to the typical behaviour between 4 defined thresholds:𝑎1, 𝑎2, 𝑎3 and 𝑎4. The 

wheelset speed difference is classified into 4 groups with the help of 3 thresholds: ∆𝜎1, ∆𝜎2 and ∆𝜎3.The 

output is one of the 7 levels available: U3, U2, U1, H, P1, P2, P3, corresponding to time sequences to 

increase (F, filling the cylinder); release (V, venting the cylinder) or maintaining (H, hold the cylinder’s 

pressure) brake forces. In Barna’s system the output controls the time sequence of actions to affect the 

air pressure in the brake cylinder as follows: U3: V, U2: VH, U1: VHH, H: H, P1: FHH, P2: FH, P3: F. 

The sequence can be interpreted as a cycle, for example, a cycle of output U3, would correspond to a 

cycle only venting the system until the next order is issued, while a cycle of U1, would correspond to a 

third of the cycle venting the cylinder and two thirds of the cycle holding the pressure. This allows the 

system to apply several levels of force increase and release. 

However, as the pneumatic system is not directly modelled and air pressures are not part of the 

model, the approach is one similar to the one used in (Andrade & Stow, 2015). The time sequence is 

assumed as a brake multiplier and modelled as so. For example, the H output will maintain the brake 

force, P actions will increase the brake force with a multiplier 1.0, 1.1 or 1.2 for actions P1, P2 and P3, 

and U actions will decrease the brake force with a multiplier 1.0, 0.9 or 0.8 for actions U1, U2 and U3. 

As multipliers distance from 1, the action will happen faster. These values are not refereed in (Barna, 

2012b), so they not be treated as final, but they should be further tuned to represent the modelled 

system. In parallel with the multipliers from Figure 3.13, these multipliers are used to model the 

progression of the braking torques, with ramp up/down delays in the suitable places (when there is state 

change on the output). 

In (Barna, 2012b) it is said that the speed of thresholds ∆𝜎1, ∆𝜎2 and ∆𝜎3depend on the reference 

speed. The classification of the speed differences divides the field of possibilities in 4 groups. These 

groups are defined by thresholds with a behaviour shown in Figure 3.15. 

 

Figure 3.15 Progress of the speed thresholds with the (train/vehicle) reference speed 

In (Andrade & Stow, 2015), the values to the threshold functions ∆𝜎1, ∆𝜎2 and ∆𝜎3, are obtained 

along with wheelset acceleration threshold values 𝑎1, 𝑎2, 𝑎3 and 𝑎4. In Figure 3.16, the acceleration 

thresholds are marked in a general time progress of the wheelset acceleration. 
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Figure 3.16 Wheelset acceleration thresholds (source:(M. Boiteux, 1999) as cited in(Barna, 2012b)) 

As said before, the classification of the wheelsets’ acceleration is compound by 5 groups, 

depending on the evolution of each wheelset (𝑎1 → 𝑎3; 𝑎3 → 𝑎4; 𝑎4 → 𝑎4; 𝑎4 → 𝑎2 and 𝑎2 → 𝑎1). The five 

groups can be differentiated using the value of the acceleration and of the first derivate (jerk): 

1) 𝑎1 → 𝑎3: (𝑎 < 𝑎1) ∨ (𝑎̇ ≥ 0⋀𝑎 < 𝑎3) 

2) 𝑎3 → 𝑎4: (𝑎̇ ≥ 0 ⋀𝑎3 ≤ 𝑎 < 𝑎4) 

3) 𝑎4 → 𝑎4: (𝑎 ≥ 𝑎4) 

4) 𝑎4 → 𝑎2: (𝑎̇ < 0 ⋀𝑎2 ≤ 𝑎 < 𝑎4) 

5) 𝑎2 → 𝑎1: (𝑎̇ < 0⋀𝑎1 ≤ 𝑎 < 𝑎2) 

The values assumed for the threshold functions ∆𝜎1, ∆𝜎2 and ∆𝜎3 are presented in Appendix A. 

The values for the wheelset acceleration thresholds are display in Table 3.4. 

Table 3.4 Values used for the wheelset acceleration thresholds (source: (Andrade & Stow, 2015)) 

Wheelset linear acceleration 
thresholds (m/s2) 

𝑎1 -0.44 

𝑎2 0.01 

𝑎3 -0.07 

𝑎4 0.51 

The activation of the WSP system is slide-induced, as well as its deactivation. Slide is the 

relative difference between the wheelset speed and vehicle’s speed. It can be calculated, as defined in 

equation (32), by subtracting the wheelset linear speed 𝜃̇𝑗(𝑡). 𝑅 from the vehicle’s speed 𝑥̇(𝑡) and by 

dividing the remaining value by the vehicle’s speed. When activating or disabling the WSP system, the 

reference speed is used instead of the vehicle’s true speed, as this is an unknown. 

 𝑠𝑗(𝑡) =
𝑥̇(𝑡) − 𝜃̇𝑗(𝑡). 𝑅

𝑥̇(𝑡)
 (32) 

The system is activated when the maximum value of slide for the wheelsets remains over a 

threshold (𝑆𝑎𝑐𝑡𝑊) for a period of time (𝑡𝑊𝑆𝑃𝑜), and the deactivation occurs when the maximum slide is 

below the threshold for a certain period of time (𝑡𝑊𝑆𝑃𝑐). 

6) Sander Control 

The activation of the Sander system is very similar to the one used for the WSP controller, i.e. 

if the maximum wheel slide (𝑠𝑗) is greater than a certain threshold (𝑆𝑎𝑐𝑡𝑆) for more than a certain time 

threshold (𝑡𝑆𝐴𝑁𝐷𝑜), then the sanding system is activated. The sand lasts for 1 second for each activation 
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and can be reactivated whenever needed. By construction, every sanding activation is distanced from 

the next, at least, 𝑡𝑆𝐴𝑁𝐷𝑜 seconds. 

The model in use is from a coach vehicle, in normal operation, only locomotives have sanding 

systems, in locomotive -hauled train configurations. Some EMU (Electric Multiple Units) have sanders 

on all cars, the chosen configuration was of a locomotive-hauled train. This means that the model is 

done as the sanding wheelsets will be the ones of the locomotive, and the effect will be the one from 

the remaining sand in the rails after one locomotive passage. This note is important because the effects 

of sanding vary with the number of axles that already passed the sanded section, as investigated in 

(Oscar Arias-Cuevas & Li, 2011).  

In this model, the sanding effect is modelled as a function f(𝑥, 𝑗) of the distance travelled 𝑥 and 

the number of the wheelset 𝑗, counted from the front to the tail of the train. If 𝑓0(𝑥) is the initial friction 

coefficient profile of the track, when sanding is activated, the function 𝑓0(𝑥) is increased by a quantity of 

additional adhesion (𝑓𝐴𝑑) in the distance travelled by the first wheelset in the interval the system is 

activated. Every timestep checks whether the wheelset is in a section that has been sanded. For not 

sanded sections the friction remains the same. However, in sanded sections, the available friction is 

complemented by a quantity depending on the wheelset in consideration (𝑓𝐴𝑑(𝑗)). The values of 𝑓𝐴𝑑(𝑗) 

are based on the results of (Oscar Arias-Cuevas & Li, 2011), however, these values should not be 

assumed as a reference, as the influence of sanding is still an ongoing investigation. The values are 

present in Table 3.5. 

Table 3.5 Additional friction produced by sanding 

Wheelset number (j)  𝑓𝐴𝑑(𝑗) 

1 0.09 

2 0.072 

3 0.042 

4 0.02 

 

7) Adhesion Recovery 

In braking with degraded track conditions, there is an effect caused by the removal of the 

contaminants from the track by the passage of the consecutive wheels. This means that the first wheel 

does not meet the same conditions as the remaining wheels will meet when passing by the same track 

point. This phenomenon can be explained by the effect of sliding, as the rotational and longitudinal 

speeds of the wheel do not coincide. The influence of one passage of the wheelset to the next ones is 

still an ongoing research in the literature. But the effect that the slide of one wheelset has on the 

adhesion to the track of the same wheelset was modelled in (Allotta et al., 2014). This model has been 

used in this implementation to more accurately describe the adhesion conditions faced by the train. 

In (Allotta et al., 2014), it is assumed that the adhesion coefficient 𝑓 is bounded by two extreme 

values: a minimum value 𝑓𝑑 (representing the degraded conditions) and the maximum value 𝑓𝑟 

(representing the total recovery of the normal conditions). The actual adhesion can be calculated in a 

combination of both values 𝑓𝑑 and 𝑓𝑟 using a parameter 𝛼(𝑊𝑠𝑝) through equation (33). 

 𝑓 = [1 − 𝛼(𝑊𝑠𝑝)]. 𝑓𝑑 + 𝛼(𝑊𝑠𝑝). 𝑓𝑟 (33) 
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The term 𝛼(𝑊𝑠𝑝)  is an unknown transition function, which should be estimated from 

experimental data. It is assumed that the transition between degraded adhesion and total adhesion 

recovery depends only on the specific dissipated energy of the wheelset 𝑊𝑠𝑝 (in J/m) that can be 

computed as: 

 𝑊𝑠𝑝 = 𝐹𝑏. 𝑠 =  𝑓. 𝐹𝑁 . 𝑠 (34) 

Where: 

 𝐹𝑏 is the braking tangential contact force (𝐹𝑏 = 𝑓. 𝐹𝑁); 

 𝑠 is the wheel creepage; 

 𝐹𝑁 is wheel load. 

Vampire Pro® simplifies the process and the specific dissipated energy can be obtained as an 

output of the simulation on the User subroutine. A simple function 𝛼(𝑊𝑠𝑝) was chosen with only one 

unknown parameter 𝜏 which must be tuned/estimated using experimental data, the function is present 

in equation (35). 

 α(W𝑠𝑝) = 1 − e−𝜏.W𝑠𝑝   (35) 

The value for the parameter used was the one estimated in (Allotta et al., 2014), 𝜏̂ =

 1.9 × 10−4m/J. The values used for the bounds of friction were defined to provide coverage to a range 

of track conditions. The maximum values 𝑓𝑟 was set to 0.2 while the minimum value 𝑓𝑑 was set to 0.05 

for the majority, except where this value is defined otherwise. To better simulate a specific condition, 

(Polach, 1999, 2005) can be used, as in (Allotta et al., 2014). 

In (Polach, 1999, 2005), 𝑓𝑑 and 𝑓𝑟 can be calculated substituting the i index in equations (36) – 

(38) accordingly: 

 𝑓𝑖 =
2𝜇𝑖
𝜋
[

𝑘𝑎𝑖𝜀𝑖
1 + (𝑘𝑎𝑖𝜀𝑖)

2
+ tan−1(𝑘𝑠𝑖𝜀𝑖)] (36) 

Where: 

𝑘𝑎𝑖  and 𝑘𝑠𝑖 are the usual Polach reduction factors for the respective conditions; 

𝜇𝑖 are the friction coefficients, defined as in equation (37); 

𝜀𝑖 can be calculated from equation (38). 

 𝜇𝑖 = (
𝜇𝑐𝑖
𝐴𝑖
− 𝜇𝑐𝑖) 𝑒

−𝛾𝑖.𝑠 + 𝜇𝑐𝑖 (37) 

Where: 

𝜇𝑐𝑖 are the kinetic friction coefficients (the ratios between the kinetic and static friction 

coefficients); 

𝛾𝑖 are the friction decrease rates. 

 𝜀𝑖 =
𝐺𝜋𝑎𝑏𝑐11
4𝜇𝑖𝐹𝑁

. 𝑠 (38) 

Where: 

𝑎 and 𝑏 are semi-axis of the contact patch; 

𝑐11 is a Kalker coefficient; 

𝐺 is the shear modulus of the wheel material; 

𝜇𝑖 are the friction coefficients, defined as in equation (37); 
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3.3. Model Implementation 

The various modules that compose the simulation have already been introduced and, in this 

section, they are framed in the structure of the vehicle longitudinal dynamics model. The vehicle and 

track model implemented in VAMPIRE Pro® and the remaining modules programmed in Fortran 77 

language. The simulation can be divided into four stages: i) choice of track conditions in the input files 

and code ii) compilation of the Fortran code into the software, iii) choice of vehicle and simulation type 

and iv) the creation of files with the output values. 

The first step of the model, the choice of track conditions is where the conditions of gradients 

and adhesion degradation are specified. The gradient of the track is specified in the input file: 

gradient.csv (a comma-separated keyword-driven file), which consists of two columns where the vertical 

height of the track is specified at the points needed. Negative values give positive heights. The 

degradation input has to be specified in two places: on one input file named deg_mile.dat and on the 

Fortran code. In the file deg_mile.dat, it is specified in the first line the number of changes, and the 

remaining lines are divided into two columns where for each interval the distance and degradation 

conditions are defined. The values for 𝑓𝑟 and 𝑓𝑑, discussed in the Adhesion Recovery (7)) point of section 

3.2.4, have to be defined in the proper section on the USERSTART subroutine of the Fortran code. 

The Fortran algorithm is described on F77_code.for, using the module Build User Subroutine 

DLL, the code is compiled and creates the file F77_code.dll. After that, just need to assemble the run 

file (WSP_app.run) with the directories to the dll file, the vehicle, track gradient and contact information 

files before the simulation can be run from the VAMPIRE’s environment. Any edit to the run file can be 

done using any text editor, for example, the mandatory “*XDYNAMICS” keyword, for longitudinal 

dynamics solver enabling, must be added this way. The run file can have some outputs specified to be 

displayed in the software’s graphical interface. 

Finally, the last step of the VAMPIRE Pro® program is the simulation and output steps, the 

program starts with the subroutines USERTITLE and USERSTART. Then the longitudinal solver 

calculates the vehicle’s behaviour along the track with the help of subroutines USERSUB and 

USERCREEP. When the track ends the final milestone or the vehicle’s speed falls below 0.5m/s the 

simulation ends, and the program creates the output files. The created files are Force.dat, which is a 

time representation of the braking torques of the wheelsets, Slip.dat, which is a history of the wheelsets 

slips, times.dat, which record operation times of the important vehicle’s systems like the Sander or the 

WSP, outext.dat, which is a written log of the most important events regarding the simulation and 

dist.dat, a time log of the distance travelled by the vehicle/train. Any remaining information can be 

retrieved from the run file’s outputs. Additionally, VAMPIRE generates its own output files, 

WSP_app.log, WSP_app.lis and WSP_app.out, to save the run file’s outputs and any warnings which 

were issued during the running of the simulation. These output files will be the primary tool in the analysis 

of the simulation’s performance of the various systems. Through the results, it is possible to see if the 

system complies with the requirements, if the activation times and logics are working right and if the 

parameters represent a plausible scenario. If the answer to any of these questions is no, it will be 
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necessary to modify the model; otherwise, if all the answers are affirmative, the evaluation can be 

executed. 

VAMPIRE Pro’s XDYNAMICS solver, the module to solve longitudinal railway problems, 

presents some limitations in solving braking problems. The solver struggles to deal with low velocities 

of the vehicle, so, by default, the simulation ends when the vehicle’s speed drops below 0.01 m/s. This 

makes impossible to simulate the state of the vehicle being completely stopped using this program. 

Additionally, the solver becomes unstable at low speeds (1-3 m/s, or 3.6-10.8 km/h), making the 

longitudinal creep forces present a positive/negative sawtooth behaviour. This event effects particularly 

the wheelset rotational speed, which becomes erratic, and, consequently the activity of the WSP system. 

Several measures were implemented to avoid this behaviour, for example, the decrease of the 

integration’s timestep, but there were no significant improvements to be noted. So as to avoid the 

influence of this last part of the simulation, after the instability of the solver was detected, the timestep 

is logged in the outext.dat output file. The timesteps after the detection of instability are not considered 

in the post-evaluation of the simulation run. The vehicle is allowed to continue the simulation, but the 

braking torque input calculation is bypassed to give the vehicle an acceleration in accordance with the 

majority of the simulation. The speed which ends the simulation is 0.5m/s (or 1,8 km/h), where the 

position of the vehicle is read and corrected to give an estimate of the braking distance. 

The simulations were run with 0.0005-second timesteps unless indicated otherwise. 

3.4. Tested Model  

One model was adapted to provide the testbed for the simulations. FouraxPro.veh, a four-axle 

(2-2) passenger coach with a maximum operating speed of 200km/h, received the required editions to 

perform the longitudinal dynamic analysis. Figure 3.17 shows a picture of the vehicle’s model used in 

the simulation and Table 3.6 presents the inertial proprieties of the rigid bodies.  

Table 3.6 Inertial proprieties of model parts 

Body Mass [kg] 𝐼𝑥𝑥  [kgm2] 𝐼𝑦𝑦 [kgm2] 𝐼𝑧𝑧 [kgm2] 

Carbody 30 000 35 000 1 000 000 1 000 000 

Bogie 2 000 1 000 1 000 2 500 

Wheelset 1 120 730 160+309 730 
 

 

Figure 3.17 Model used in the simulation 

                                                      
9 The extra pitch inertia is due to the axleboxes’ pitch inertia, as required by VAMPIRE. 
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The wheel profile used for the calculation of the contact file is the British BR–P6, while the rail 

profile is the British BR113A. 

Most of the simulations are carried out in a straight and flat track, without any track irregularities. 

The vehicle starts in the track at the defined speed and for the first 20 meters, no external forces are 

applied on the vehicle through the subroutine. This distance helps the system to eliminate any transient 

the model may have from the start. When the first wheelset reaches the 20 meters marker the brakes 

are activated. On vertically inclined tracks, the vehicle also starts on a flat track, so a transition must 

occur to the track with a gradient. This transition creates a transient, affecting wheel loads, which lasts 

longer than the transient of the flat track. On gradient simulations, the brake is only activated at the 100th 

m marker, to dissipate these longer-lasting transients. On this simulation, the starting velocities when 

the brake is activated are not exactly the ones defined, due to the effect of the weight component, but 

the difference is negligible. 

To evaluate the wear on the wheels caused by the braking exercise, an approach similar to the 

one presented in (Resonate Group Limited, 2016) is applied. The simulation outputs the wear numbers 

for one wheel per wheelset. In post-processing, the numbers are turned into wear indexes, as in 

equation (6). The indexes are integrated on the relevant part, the braking not considering the unstable 

zone presented in Figure 4.1 a), using the trapezoidal rule and averaged among the time considered 

equation (39). The values shown in section 4 are a sum of the average values for the four wheelsets. 

 𝑊𝑒𝑎𝑟̅̅ ̅̅ ̅̅ ̅̅ =  
1

𝑇
∫ 𝑤𝑒𝑎𝑟 𝑖𝑛𝑑𝑒𝑥(𝑡) 𝑑𝑡 ≈

𝑡1

𝑡0

 
𝑡1 − 𝑡0
2. 𝑇. 𝑁

∑(𝑤𝑒𝑎𝑟 𝑖𝑛𝑑𝑒𝑥(𝑡 − 1) − 𝑤𝑒𝑎𝑟 𝑖𝑛𝑑𝑒𝑥(𝑡)

𝑁

𝑡=1

 (39) 

Where: 

𝑇 is the period considered for the braking event (𝑇 = 𝑡1 − 𝑡0); 

𝑁 is the number of timesteps considered; 

𝑤𝑒𝑎𝑟 𝑖𝑛𝑑𝑒𝑥(𝑡) the wear index for wheelset j at the timestep t. 

To be noted that this approach does not account for the increase in wear caused by the sand 

system. This is not possible as the sand itself is not modelled at the current state of the model, only its 

implications on the available adhesion. 
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4. Results and Discussion 

In this chapter, the results of the braking simulation runs are presented and examined. The WSP 

application is tested against the requirements introduced in the Wheel Slide Protection (WSP) System 

point of section 3.2.4.. Different scenarios are presented to the controller and modules are evaluated to 

study their influence in the quality of the braking system and braking manoeuvres.  

One advantage of using VAMPIRE Pro® is the ability to simulate several conditions of circulation 

in a very timely manner. For this dissertation, the following tests were conducted: Braking in degraded 

adhesion conditions (sections 4.2, 4.4 and 4.5), evaluation of the influence of the WSP and other 

auxiliary methods (sections 4.3 and 4.7, respectively) and influence of the track gradient (section 4.6). 

Table 4.1 presents a summary of the simulated scenarios and the used conditions.  

Table 4.1 Summary of the scenarios simulated 

Section Description – Objective 
Friction 

Coefficient 
Gradient Initial Speeds [km/h] 

4.1 
Baseline 

Data basis for comparison 
0.3 Flat Rail 

20, 50, 80, 100, 120, 

160, 200, 240 

4.2 

Degraded Conditions 

Evaluation of the WSP’s general 

performance 

0.05 Flat Rail 
20, 50, 80, 100, 120, 

160, 200, 240 

4.3 

WSP Influence 

Evaluation of the need for the WSP 

module  

0.05 Flat Rail 50, 80, 120, 160 

4.4 

Degraded Zone 

Evaluation of the WSP’s performance at 

the transitions. 

0.3-0.05-0.3 Flat Rail 80, 120, 160, 200 

4.5 

Variable Adhesion 

Evaluation of the WSP’s performance 

for different adhesion scenarios 

Variable Flat Rail 50, 80, 120 

4.6 

Track Gradient 

Influence of track parameters in braking 

performance 

0.05 Variable 50, 80, 120  

4.7 

Auxiliary Methods 

Evaluation of the need for the 

complementary WSP modules  

0.05 Flat Rail 50, 80, 120, 160 

 

These tests aim to evaluate the effectiveness of the systems. To provide the necessary 

information the outputs are post-processed, for example, remove of the unstable and preparation zones 

of Figure 4.1 a), and analysed. Examples of the output graphs are present in Figure 4.1, in which a black 

dashed line signals the beginning of the unstable zone. 
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In the plots of Figure 4.1, some behaviours that happen across all the simulations can be 

identified. In the plot a), all the simulation is presented, including the preparation zone, where the vehicle 

is kept without the application of any external force beyond the wheel-rail forces. This first section’s aim 

is to diminish the effect of transient values. As no information is extracted from this part, it is removed 

from the remaining plots of Figure 4.1. The Unstable zone is present and marked in all the plots. This is 

an effect of the solver’s limitations when dealing with slow speeds. The most notorious effect can be 

detected in the longitudinal creep force, plot d), where from a mostly continuous function, the plot 

transforms into a line with a change between negative and positive values at every timestep. This effect 

does not portray any physical behaviour and is only responsibility of the program. However, this event 

affects all the remaining quantities. In plots a), b) and e), the dashed line clearly separates two different 

behaviours: one before, which can be studied, and one after, which is affected by the described event. 

From the point the unstable regime is detected by the subroutine, the values for the braking 

torque and adhesion are replaced by constant values. This routine is implemented to bring the vehicle 

to a stop. If the WSP was allowed to keep controlling the brake application, the vehicle would remain 

travelling at constant velocities. This results from the main inputs of the controlling system being the 

wheelsets speeds. These values are noisy and do not represent any real-life scenario (all the wheelsets 

speeds are “pulled” towards the vehicle speed when the instability starts, as seen in Figure 4.1 a). 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 the requirements for the system 

presented on the 5th point of section 3.2.4. Requirements 2 and 3 are evaluated with respect to the 

vehicle’s various wheelsets velocities, requirement 4 with respect to the braking torques and the 5th with 

respect to the reference velocity. In case all the previous requirements are fulfilled to all the relevant 

initial braking speeds, the first requirement is fulfilled. The 6th requirement is not evaluated as the 

pneumatic system is not present in the current state of the model. 

4.1. Baseline Braking 

To have a base value to compare the performance of the systems, several runs on a track with 

normal (dry) adhesion conditions were performed. The used conditions were equivalent to a flat straight 

track with a constant coefficient of friction equal to 0.3. The vehicle performed the runs with different 

initial braking speeds (20, 50, 80, 100, 120, 160, 200 and 240 km/h). The velocity plot of the run with 

the starting speed of 120km/h is shown in Figure 4.2. As in Figure 4.1, the dashed black vertical line 

represents the instant the solver became unstable. 

The remaining dashed lines provide a method to visually assess the compliance with the 

requirements of the WSP performance, stated in section 3.2.4. Line i), red dashed, represents the limits 

of the requirement 5; while line ii), blue dashed, represent the limits corresponding to requirements 2 

and 3.  
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a) Velocity-Time plot with the different zones 

 

b) Braking Torque-Time plot for each wheelset 

 

c)Travelled distanced plot 

 

d)2nd Wheelset Longitudinal Creep Forces 

 

e) Maximum slide measured by the system and activation report of the corresponding systems 

Figure 4.1 Output plots of a test on degraded conditions (initial velocity: 20km/h) 
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Figure 4.2 Velocity Plot (initial speed: 120Km/h, dry conditions) 

This run replicates normal/dry service conditions, where large slips are not expected and the 

need for the activation of the WSP or sander is non-existing. Figure 4.2 presents the mentioned situation, 

the wheels and the vehicle’s speed follow the same time evolution, as all the plotted lines are 

overlapping. The reference speed equals the train’s speed, and all the wheels present the same speed. 

This means that the slide detected by the controller is negligible so there is no activation of the WSP or 

the sanders. The braking torque follows an evolution, presented in Figure 4.3, where no reduction of the 

application is needed. The adhesion is enough to handle the level of deceleration required by the braking 

system, so no wheelslide is detected. 

Figure 4.4 presents the velocity plots for all the velocities tested in this test. Table 4.2 

summarizes the braking times, braking distances and the vehicle’s average wear. Remember that the 

braking time, corresponds to the time the vehicle takes to reach the speed of 0.5m/s, while the braking 

distance is an estimate of the distance the train would require to make a full stop from the initial braking 

speed. For the wear index, only the average value among time and for all the vehicle is available for the 

sake of succinctness. 

All the plots of Figure 4.4, show a similar behaviour. The start is a transition zone, explained by 

the increase in the braking torque, followed by a constant reduction of speed and ending the path in a 

second transition zone. This last part can also be explained with the change in the braking torque. An 

interesting aspect is that the constant deceleration among all the speed seems to be the same to all the 

studied speeds. This aspect can be confirmed by using equation (23), considering Fw and Fgrad zero or 

of reduced influence, using the mass of the vehicle and the longitudinal creep forces, taken from Figure 

4.5. The result of the acceleration is -2.135m/s2, which can be confirmed by the plots from Figure 4.4. A 

basic analysis of the wear indexes, displayed in Table 4.2, can reveal an increasing tendency to the 

damage on the wheel, with the increase of the speed. This can be explained by the longer duration of 

the test, which comprehends longer periods of constant wear. In appendix B, there is an example of the 

evolution of the index with time and plots of the wear index against initial braking velocity. From these 

plots, it can be found that the increase in the averaged index is not constant and can stabilize at values 

around 0.30s-1, for initial velocities greater than 80km/h. 



49 
 

 

Figure 4.3 Braking torque plot (initial speed: 120Km/h, dry conditions) 

 

Figure 4.4 Velocity of the vehicle plot, dry conditions (initial braking speeds:20-240km/h) 

 

Figure 4.5 Longitudinal Creep forces on the right wheel of the first wheelset (initial speed: 200 (solid yellow), 120 
Km/h (dashed black) ) - dry conditions 
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Table 4.2 Braking times and distances and wear index for the tested speeds (dry conditions) 

Initial Speed [km/h] Braking time [s] Braking distance [m] Wear Index [s-1] 

20 4.5370  14 0.1451 

50 8.4405 60 0.2649 

80 12.3435 139 0.2946 

100 14.9445 210 0.3044 

120 17.5475 295 0.3110 

160 22.7525 508 0.3191 

200 25.8740 780 0.3238 

240 33.1600 1109 0.3270 

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. The used conditions were equivalent to a flat straight 

track with constant coefficient of friction value of 0.05. This value is lower than the ones generally found 

on wet tracks (μ=0.15-0.2 at 50% slip, according to (Cann, 2006)). The vehicle performed the runs with 

different initial braking speeds (20, 50, 80, 100, 120, 160, 200 and 240 km/h). The velocity plot of the 

run with a value of adhesion influenced by the presence of wet leaves on the rail and starting speed of 

120km/h is shown in Figure 4.6, the structure of the plot is similar to the one presented in Figure 4.2. 

 

Figure 4.6 Velocity Plot (initial speed: 120Km/h, degraded conditions) 

The most noticeable differences are the existence of wheelslide, as the wheelset and the vehicle 

travel at different speeds at a certain time instant. The presence of wheelslide starts the active braking 

systems controllers, their effect can be detected in the plot around t=1,7s. The wheelsets present a 

decrease in the wheelslide (speed of the wheelset gets closer to the one of the vehicle) due to a 

reduction in the braking force, driven by the controller. It can be noted that the braking time is bigger, 

meaning that the average acceleration is lower than the previous one. For the same brake demand, the 

available adhesion is not sufficient to provide the required amount of deceleration. 

Two other mechanics of the system are visible on this plot. First, around 0.6-2.7s, the reference 

velocity does not follow the same path as the wheelset velocities, allowing the system to detect the 
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wheelslide without the need for knowing the actual vehicle velocity. This is the result from the use of the 

pseudo-speed on the calculations of the reference speed. Secondly, around t=10 seconds, the routine 

to free the 3rd wheelset from braking can be seen acting. This is the visible part of a cycle to correct the 

value of the reference velocity, as the wheelset gains velocity and equals the speed of the train. These 

routines’ action keeps the reference velocity above the red dashed line, fulfilling the requirement 5. 

Requirements 2 and 3, are assessed regarding the blue dashed line. In Figure 4.6, although 

wheelset number 4 crosses this line, it only does so for a period of around 0.45 seconds. As this period 

is below the permitted, requirements 2 and 3 are also fulfilled for this run. 

Additionally, the numerically calculated train’s acceleration and the braking torques relative to 

this run are plotted in Figure 4.7. Regarding plot a), it can be noted the independence of the controllers 

of each wheel, as each wheel run most of the simulation with different levels of braking torques 

independently of the others. The demand is not decreased until an increase in slip is detected, fulfilling 

requirement 4. Exceptions can be found on wheelset 3, which, additionally, incorporates the routine to 

correct the reference velocity (every 10 seconds), and in the end when the wheels reach slow speeds 

causing the maximum applied torque to reduce. Plot b) can be better analysed by comparing it with 

Figure 4.6. The vehicle’s acceleration averages -1.154 m/s2 on the plateau zone, below the values 

reached in the previous section, thus confirming the increase in the time needed to brake the vehicle. 

An interesting aspect can be found around t=1.5 seconds, where the maximum of deceleration can be 

found, as it corresponds to the moment a fast reduction in the wheelsets’ velocities occurs. This increase 

in the slip of all wheelsets creates a peak in the energy dissipated by the wheel-rail contact, which 

according to (Allotta et al., 2014), increases the available adhesion and the deceleration. Other effects 

can also be detected around t=10 seconds when the 3rd wheelset is freed from braking, a reduction 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. However, it can be stated that applying this technique has 

negative consequences on the braking times. 

For the evaluation of the WSP performance on the braking event, the fulfilment of the 

requirements stated in section 3.2.4 is confirmed, complemented with the study of the braking times and 

distances and of the mean wear index. Regarding the requirements, the system performs well for all of 

them on all the scenarios simulated. To be noted that the run starting at 20km/h does not qualify for the 

evaluation of requirement 3, as the initial velocity is too low. The correct operation at all the speeds 

stated at the first requirement, enable the system to operate at the level of adhesion corresponding to a 

COF of 0.05.Table 4.3 shows the results of the braking times, braking distances and the vehicle’s 

average wear. The braking times and distances, as well as the wear indexes, are greater than the ones 

found on the runs produced in dry conditions, as expected. The percentual differences in braking times 

and distances between the dry and degraded condition can be found in Table 4.3. The biggest 

differences can be found at the maximum vehicle’s speed (200km/h), for both time and distance of the 

braking event. The increases in the braking time range between 14% and 106%, mostly increasing with 

an increased initial braking speed. The same behaviour can be reflected on the braking distance with 

values ranging from 14% to 88% in the difference between the two conditions. For the wear indexes, 

the values can be 60 (240km/h) to 700 (20km/h) times bigger than the ones found on dry conditions. In 
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contrast with the previous set of simulations, the averaged wear index follows a mostly decreasing 

pattern with the increase on initial braking velocity. These plots can be found in Figure 7.3 and Figure 

7.4 shown in appendix B. This can be explained by the behaviour the index curves present over time. 

The curves vary proportionally to the wheel slide, and the sliding behaviour generally has an initial and 

final peak, before the unstable region. The remaining periods are of lower wear interaction. These peaks 

normally increase of amplitude and become closer together with a decrease in the initial braking speed. 

The longer periods of lower index result in lower average wear indexes for the higher speeds. An 

important issue is the appearance of more severe wear conditions (higher wear index) at lower speeds, 

for example, analysing the time history of the wear index, the maximum absolute value of the index does 

not exceed 55, while for 20km/h it can reach values of 150 (this plot is not present in the Appendix). 

Figure 4.8 shows a graphical representation of the braking distance for the previous simulations, 

grey for normal conditions and black for degraded conditions. 

 

 

a) Wheelset’s braking torque 

 

b) Vehicle’s acceleration 

Figure 4.7 Plot of vehicle's quantities (initial speed: 120Km/h, degraded conditions) 

 

Figure 4.8 Distance comparison for degraded (black) and dry (grey) conditions. 
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Table 4.3 Braking times and distances and wear index for the tested speeds (degraded conditions) 

Initial Speed [km/h] Braking time [s] Braking distance [m] Wear Index [s-1] 

20 5.154 (+14%) 16 (+14%) 100.4370 

50 11.680 (+38%) 84 (+40%) 101.1362 

80 18.739 (+52%) 205 (+47%) 90.3148 

100 23.344 (+56%) 330 (+57%) 80.9960 

120 29.663 (+69%) 498 (+69%) 44.0840 

160 42.010 (+85%) 925 (+82%) 23.7079 

200 53.319 (+106%) 1463 (+88%) 22.9143 

240 64.219 (+94%) 2079 (+87%) 20.0091 

4.3. WSP System effect 

To confirm the necessity of the wheel slide protection system, several runs on a track with 

degraded adhesion conditions were performed, without the active braking controllers. The conditions 

used were the same as the previous set of runs. The vehicle performed the runs with different initial 

braking speeds (50, 80,120 and 160 km/h). The velocity plot of the run with the starting speed of 120km/h 

is shown in Figure 4.9. An interesting aspect of these set of runs is the absence of an unstable zone, so 

the simulation ended without uncertainty on the velocities: the vehicle was travelling at 0.5m/s and the 

wheelsets were locked (0m/s). 

Few seconds after the application of the brake, the wheels lock (t  3 seconds) and remain 

locked for the rest of the simulation as the controller is not present to adequate the torque to the available 

adhesion. The available adhesion is not enough to sustain all the braking demanded and wheelsets’ 

speed starts to slide. As the wheelslide can produce an increase in the available adhesion, it is 

interesting to look at the values of the coefficient of friction of the wheelsets present in Figure 4.10. In 

reality, this effect can be explained by one of two ways. On one hand, the wheelslide increases the 

removal of contaminants from the rail surface, or, on the other hand, when the train is equipped with 

sanders, these systems will remain active until the train stops. Either one of these events increases the 

adhesion available. Due to the high slip levels, the available coefficient of adhesion more than doubles 

on most of the simulation, from 0.05 to 0.11, this effect is explained by the removal of the contaminants 

on the rails by the differences in speed between the wheel and the rail (Allotta et al., 2014). However, 

the available levels are still not enough to satisfy the braking needs, so the wheels remain locked. 
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Figure 4.9 Velocity Plot (initial speed: 120Km/h, no WSP) 

Table 4.4 summarizes the braking times, the braking distances and the vehicle’s average wear. 

The table also indicates the percentual difference in braking distances and times between the runs with 

and without the WSP system. The use of the WSP is beneficial on all the test runs. The distance 

achieved by the train with the WSP is 3% to 19% lower than the train without this module. The braking 

time for the initial velocity of 160Km/h is the only parameter in which the vehicle with the WSP is 

outperformed by the vehicle without it, by 2%. This point suggests that the WSP rules should be better 

tuned for higher speeds. Regarding the wear, the absence of the WSP module increases the index by 

3 to 19 times, with increasing importance with the increase in initial train speed. With this data in mind, 

we can see that the use of the WSP is beneficial in all the situations reducing braking distances and 

times and/or wheel-rail wear. 

 

Figure 4.10 Coefficient of Friction of the wheelsets Plot (initial speed: 120Km/h, no WSP) 
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Table 4.4 Braking times and distances and wear index for the tested speeds (degraded conditions, no WSP) 

Initial Speed [km/h] Braking time [s] Braking distance [m] Wear Index [s-1] 

50 13.316 (+14%) 100 (+19%) 415.8352 

80 20.973 (+12%) 247 (+20%) 443.3833 

120 31.1335 (+5%) 541 (+9%) 461.0958 

160 41.268 (-2%) 950 (+3%) 470.8941 

4.4. Degraded Zone Braking 

To evaluate the performance of the active braking systems on transitions with different adhesion 

conditions, several runs on a track with dry adhesion conditions and zones of low adhesion were 

performed. The conditions aim to simulate a zone on the tracks with reduced adhesion. The vehicle 

starts 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 COF value equal to 0.05 was used to 

simulate the degraded adhesion. The vehicle performed the runs with different initial speeds (80, 120, 

160 and 200 km/h). The velocity plot of the run with the initial speed of 160 km/h is shown in Figure 

4.11. 

 

Figure 4.11 Velocity Plot (initial speed: 160Km/h, degraded zone) 

In Figure 4.11, the fulfilment of requirements 2, 3 and 5 are verified, as all solid lines keep above 

both (red and blue) dashed lines. Plots a) and b) from Figure 4.12 prove the fulfilment of requirement 4. 

The b) sub-figure in Figure 4.12 presents the maximum slide detected by the controller (on blue) and 

show when the WSP (on red) and the sander (on black) were active (value equal to one) and disabled 

(value equal to zero). On the velocity plot, the beginning of the degraded zone (t = 2.3-2.8 seconds) is 

marked by the beginning of the wheelslide. The adhesion, previously capable of handling the required 

braking, suffers a big reduction and wheels start to slide. This event activates the WSP, and then the 

sander. The wheels regain some friction resulting from the sanding system and the braking torque is 

adequate to the current conditions. The vehicle crosses the degraded zone with some wheelslide, 

enabling further recovery of the friction. When the conditions return to normal (t = 13.4-14 seconds), the 

slide disappears as the wheels return to velocities close to the vehicle velocity. The WSP shutdowns, 

the braking torque is increased to the maximum, and the vehicle can get the most out of the available 

conditions. 
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a) Braking Torque plot 

 

b) System’s Active time plot 

Figure 4.12 Braking Torque and System's active time plots (initial speed: 160km/h, degraded zone) 

Table 4.5 summarizes the braking times, braking distances and the vehicle’s average wear for 

this set of simulations. Notice that the simulations started at 80 and 120 km/h do not return to the dry 

conditions, as the simulation stops before the train reaches the 500-meter marker. This difference has 

a big impact in the wear indexes, as the results of the first two simulations present results very close to 

the ones shown in the simulations with degraded conditions, while the last two present good 

improvements relative to those simulations. From Figure 7.7, present in appendix B, it can be detected 

the general history for the wear values. The wear caused on the tracks with dry conditions is negligible. 

The degraded zone presents moderate wear throughout, with two peaks. The first peak happens when 

the vehicle transitions to the degraded zone, the wear index values are greater for the first bogie than 

for the second. The second peak happens at the transition back to the dry condition zone. Unlike the 

first peak, the wear index in this peak shows greater values on the second bogie. These peaks appear 

in the last two runs, but as the simulation is mostly run on dry conditions, the effects cannot be noticed. 

In the first two runs, only the first peak appears, but as the majority of the run is performed on track with 

degraded conditions the values are quite similar to the ones found on the degraded conditions 

simulations set. 

Table 4.5 Braking times and distances and wear index for the tested speeds (degraded zone) 

Initial Speed [km/h] Braking time [s] Braking distance [m] Wear Index [s-1] 

80 13.7295 150 97.3516 

120 25.0550 410 51.6283 

160 28.8360 714 9.3760 

200 32.3465 991 6.7122 

 

4.5. Variable Adhesion Braking 

To evaluate the performance of the active braking systems for variable adhesion conditions, 

several runs on a track with different levels of degraded adhesion conditions were performed. The used 

conditions were equivalent to a flat straight track with constant coefficient of friction values ranging from 

0.09 to 0.01 (0.09, 0.07, 0.05, 0.04, 0.02 and 0.01). The vehicle performed the runs with different initial 

braking speeds (50, 80 and 120 km/h). From the results of the performances according to the 
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requirements for the functioning of the WSP system, one can conclude that the WSP is able to operate 

in conditions of adhesion corresponding to a COF ranging from 0.01 to 0.09, conditions of very low 

adhesion, as the requirements were fulfilled for all the tested simulations. 

Figure 4.13 shows the evolution of the vehicle speeds (in km/h) for different friction levels. At all 

the plots the vehicle starts at 120km/h, but different colours represent different friction levels. As the 

friction level decreases, the simulation time (and the braking distance) increases. 

 

Figure 4.13 Velocity Plot (initial velocity: 120km/h, various friction levels) 

Figure 4.14 shows the braking distances for the different friction levels. Note that the lower the 

friction level is, the higher the braking distance becomes. 

Figure 7.13, present in appendix B, shows the wear indexes for the different friction levels. Note 

that the lower the friction level is, the higher is the impact on the wheels. This is mainly explained by the 

higher slips experienced by the wheels at lower friction levels. 

 

 

Figure 4.14 Distance Plot (initial velocity: 120km/h, various friction levels) 
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4.6. Track Input Effects – Track Gradient 

To evaluate the influence of the track inputs on the performance of the active braking systems, 

several runs on a track with different levels of track gradients 𝑖(𝑡) were performed. The used conditions 

were equivalent to a constant coefficient of friction value of 0.05 on tracks with gradient values of -10.0‰ 

(-1:100), -5.0‰ (-1:200), -1.0‰ (-1:1000), 1.0‰ (1:1000), 5.0‰ (1:200), 10.0‰ (1:100). The vehicle 

performed the runs with different initial braking speeds (50, 80 and 120 km/h). From the results of the 

performances according to the requirements set, it is possible to verify that the WSP is able to handle 

the vehicle’s braking on the simulated conditions, as all the requirements were fulfilled on all the 

simulated scenarios. 

Figure 4.15 shows the braking distances for different track gradients. Note that the greater the 

track gradient is, the lower the braking distance is. It can also be noted that the simulation time also 

decreases with an increase in the gradient. An exception can be found in the transition between the 

positive and the negative gradients, where the simulation with negative gradient presents lower braking 

time than the simulation with positive gradient. The different values are only on the braking time, both 

presenting the same braking distance. 

 

Figure 4.15 Distance Plot (initial velocity: 120km/h, various gradients levels) 

Figure 7.14, presented in appendix B, shows the wear indexes for the simulations. Note that the 

higher the track gradient is, the lower the wear impact on the wheels becomes. An increase in velocity 

increases the wear index. The time evolution of the wear along the simulation is mainly constant, with 

higher values for higher speeds and lower gradients, as shown by the average values. The impact on 

the wheels is mild, as the values for the index are low in general. 

4.7. Auxiliary Methods Effect 

With the objective of investigating the influence of the complementary routines of the active 

brake system, several runs on a track with degraded adhesion conditions were performed. These 

conditions were equivalent to a flat straight track with a constant coefficient of friction value of 0.05. The 

vehicle performed the runs with different initial braking speeds (50, 80, 120 and 160 km/h). The runs 

were simulated with the sanding system or the wheelset free of braking routines disabled. 
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Figure 4.16 presents the velocity history for the train with the sanding system disabled starting 

at 160km/h, while Figure 4.17 shows the same plot for the train without the corrective routine for the 

reference velocity. From these plots it is possible to verify that Figure 4.16 presents a behaviour very 

close to the one displayed by the complete system, while plot Figure 4.17 displays lower wheelset 

velocities when compared with the full system. 

From the evaluation of the WSP requirements regarding the deactivation of the complementary 

routines it is possible to verify that the system is still able to perform accordingly with the systems 

disabled. Such systems can fail during a journey (for example, the deposits of sand can become empty) 

and the system would still be able to brake according to the requirements. 

Figure 4.18 shows the braking distances for the different mode of functioning of the controller. 

Note that the fastest braking is possible with the corrective system disabled, closely followed by the full 

functioning controller and finally the mode without the sanding system. The braking distance difference 

between the first two is around 2%, while the difference between the last two is around 4%. 

 

 

Figure 4.16 Velocity Plot (initial velocity: 160km/h, no sanding) 

 

Figure 4.17 Velocity Plot (initial velocity: 160km/h, no corrective routine) 

Figure 7.17, in appendix B, shows the average wear index for the runs of this simulation set. 

Keep in mind that the calculated damage on the wheel-rail interface is only caused by the contact forces 

from this interface. Damage caused by inclusions on the interface, for example due to sand grains, 

exists but is not considered on the calculations. According to Figure 7.17, the use of the full active 
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braking system is justified. Regarding the situation of no sanding system working, the wear is smaller 

for lower speeds. However, for higher speeds the wear is smaller and the braking distance (and time) 

for most of the tested velocities is smaller when using the complete active braking 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, better 

braking distances (and times) can be achieved for all the tested speeds, at the cost of higher wear 

indexes. The improvement in the index can range from 0.5% (for the 50km/h run) up to 380% (for the 

160km/h run). 

 

Figure 4.18 Distance Plot (initial velocity: 120km/h, modules test) 

Figure 4.17 is a great example of why this corrective method is needed, for t=15-30 seconds, 

the wheelset speeds are all very close together, but with a significant difference from the vehicle’s 

velocity. This results in greater damage to the wheel-rail system, and it is a problem the controller cannot 

identify by itself as the difference between the wheelsets’ speeds and the reference speed is negligible. 

The results presented in Figure 4.17 suggest that with some further improvements to the method, the 

results can improve significantly.  
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5. Conclusions and Future Research 

This final chapter presents the conclusions of the research, identifies some limitations and points 

out further 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 essential to the reliability of this system, in which 

the cost of innovation is high and experimental testing requires a large amount 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. This issue easily applies when studying the vehicle’s motion, 

as some effects are still being studied by the most diverse literature, especially when dealing with the 

physics of the contact between rail and wheel. 

The variability of the adhesion of the rails is one of the most influential factors when the 

compliance with the scheduled services is considered. Not all infrastructures are ready for all the climate 

scenarios, meaning delays are more common (as operators prefer safety to timeliness) and accidents 

can happen when conditions worsen. For these reasons, 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 is to propose a Wheel Slide Protection (WSP) model and further studied and improve it. At 

the same time, the damage related to the operation in degraded adhesion conditions in the rail and 

wheels system is quantified and compared among all the simulated scenarios. In order to answer these 

objectives, a mathematical model was created with tuneable parameters allowing it to fit the 

specifications of a range of rolling stock. 

The braking system’s mathematical model uses the multibody formulation, and is based on 

features present in the implementations found in (Barna, 2012b) and (Andrade & Stow, 2015). The 

module is included in the simulation of the longitudinal dynamics of a high-speed passenger car. Finding 

the relevant tests for the system was challenging, but requirements were created, based on (CEN, 2011) 

and (UIC, 2005), and the system was tested against them. Not only the implemented controller was able 

to control the vehicle at all the simulated scenarios in accordance with the imposed requirements, but 

also presented improvements 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 application lead to a reduction between one third (1 3⁄ ) and one nineteenth (1 19⁄ ) of the wear 

index of a fully locked wheelset braking. However, the increase of 2% when considering the braking 

time for high velocities still leaves margin for improvement for more recent systems. 

It is important to highlight that the certification of these kind of systems needs to be done with 

real-life testing and experiments, as safety standards evolved to become stricter, in order to keep the 

number of accidents at a lowest. Software implementations find most of its applications on previous 

steps of the process of creating a new system, allowing flexibility and speed when preparing a prototype 

for testing. Another good way to use these simulations is by replicating accidents conditions, to discover 
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what went wrong and what can still be improved. The most important aim is to make people feel safe 

when using this mean of transportation. 

 

5.2. Limitations 

Several 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. Therefore, if any 

phenomenon is only noticeable at the affected range of velocities, the simulation might overlook it. As 

already mentioned, in the method proposed by (Allotta et al., 2014) only one tuneable parameter is 

present. This parameter is tuned to fit some experimental data. In this work, the value used is the same 

as the one presented in that paper. However, the conditions are not the same on the two applications, 

some differences are to be expected on the model. In response to these two limitations, it arises the 

possibility of designing a new contact and adhesion model that Is more accurate for scenarios of high 

values of wheel slide. 

Secondly, the mathematical model used for the damage is able to give Comparable simulation 

results, but the results are mainly related to wheelslide of each wheelset. Other factors influence the 

damage caused to the wheels, 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 material contacting materials. Some works found in the literature present values for this 

event, but they are either only applicable for small levels of wheelslide and mainly within laboratory 

conditions. These limitations generalize to any study regarding sanding or similar systems, as studies 

are expensive to be conducted and material used is normally not reused, resultant from the high impact 

the tests have on the materials. Empirical approaches can be used when data is needed. However, a 

greater study should be carried to analyse the conditions of application of sand on adhesion recovery. 

The research should be aimed to designing a model for the values of additional adhesion sanding can 

achieve and the costs of using this friction modifier in terms of wear. This model can be validated with 

data from tests that are economically viable, for example for reduced creepage levels, and should have 

a strong formulation to allow extrapolation of information for the data that is not economically viable to 

be validated. 

Finally, an important aspect when dealing with the simulation of real components is the 

validation of the model with experimental results. More than the results for time and distance for a 

braking event, it is important to study if the simulation replicates correctly the logic of the real controller. 

Concerning this matter, studying the performance history of an operational controller would be helpful 

in the study of these and more complex controllers applied in this context. 

 

5.3. Future Work 

Future iterations of the present model would be able to overcome the limitations of the present 

model, indicated in section 5.2, and remove the simplifications presented in section 3.2.2 and along this 

dissertation. Simplifying the used model without the direct modelling of the pneumatic system can be 
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limiting when evaluating the specified requirements for the systems’ behaviours. As such, the modelling 

of the pneumatic montage should be the most relevant step to be taken for the next version of the model. 

Still concerning the braking systems, modern trains, for increased safety, implemented other forms of 

brake systems. Dynamic braking and even magnetic track brakes can be found in most of the recent 

train engines and multiple units. These systems are increasing in importance, due to their reliability and 

the economic advantage to use them in most situations. The model should be able to handle the 

combination of these systems when the driver places a braking demand. 

The software used is capable of simulating a wide variety of railway scenarios, and the model 

can take the most of this opportunity, creating simulations that better replicate the real-world conditions. 

Tracks inputs can be improved to emulate some uncertainties present in real tracks: the coefficient of 

friction varies along the distance travelled, this can give different results when compared to an averaged 

value constant for all the track length, 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 of 

rollingstock can be simulated. The impact of cargo on the braking or the impact of the braking in 

passengers should also be evaluated. With small improvements to the active braking module, trains 

with different wheel configurations, different sanders placement or number of braking/motor wheelsets 

can be simulated on tracks with curves, cant or junctions. Although universal compatibility among the 

rollingstock was searched during the design of the controller module, some specifications to the used 

model were necessary to minimize the consumption of computational resources. 

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 described in (M. 

Boiteux, 1999) and implemented by Barna in (Barna, 2012b) represents a WSP system from Knorr-

Bremse from the late 1990’s. This means that the system is around 20 years old, so not considering 

recent technological advanced industrial aspects. Certainly, other new methods can present very good 

solutions for the challenges presented to this system. For example, it would be interesting to use other 

kind of controllers on this application, for instance machine-learning and neural networks based 

controllers have been investigated for other applications (Krummenacher, Ong, Koller, Kobayashi, & 

Buhmann, 2018; Narendra & Parthasarathy, 1990). These new methods allow control systems to be 

more flexible, which is an advantage when dealing with this kind of complex challenges. 

Finally, the last remarks on section 4.7 summarize the problem of active braking. Comparing to 

an optimization problem, it is, in general, possible to achieve better (smaller) braking distances, however 

at the cost of higher damage to the parts composing the infrastructure. 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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7. Appendix 

A. Threshold Functions ∆𝜎1, ∆𝜎2, ∆𝜎3 assumed for WSP System Based on (Barna, 

2012b) 

From the Simulink implementation of the braking vehicle that is presented in (Andrade & Stow, 

2015), the following threshold functions ∆𝜎1, ∆𝜎2 and ∆𝜎3 (as functions of the vehicle reference speed – 

𝑉𝑟𝑒𝑓 or 𝑥̇) were used:  

∆𝜎1(𝑣𝑟𝑒𝑓) = {

7

60
𝑣𝑟𝑒𝑓 + 3, 𝑣𝑟𝑒𝑓 ≤ 60

10, 𝑣𝑟𝑒𝑓 > 60
 

∆𝜎2(𝑣𝑟𝑒𝑓) = {

9

60
𝑣𝑟𝑒𝑓 + 6, 𝑣𝑟𝑒𝑓 ≤ 60

15, 𝑣𝑟𝑒𝑓 > 60
 

∆𝜎3(𝑣𝑟𝑒𝑓) = {

11

60
𝑣𝑟𝑒𝑓 + 9, 𝑣𝑟𝑒𝑓 ≤ 60

20, 𝑣𝑟𝑒𝑓 > 60
 

All quantities ∆𝜎1, ∆𝜎2, ∆𝜎3 and 𝑉𝑟𝑒𝑓 are in km/h. These functions are plotted in Figure 3.15. 
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B. Selected wear index plots for the simulated runs. 

Dry conditions: 

 

Figure 7.1 Evolution of wear index with time (initial speed: 120Km/h, dry conditions) 

 

Figure 7.2 Wear indexes against initial braking speed (dry conditions) 

Degraded conditions: 

 

Figure 7.3 Evolution of wear index with time (initial speed: 120Km/h, degraded conditions) 
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Figure 7.4 Wear indexes against initial braking speed (degraded conditions) 

WSP module effect: 

 

Figure 7.5 Evolution of wear index with time (initial speed: 120Km/h, degraded conditions, no WSP) 

 

Figure 7.6 Wear indexes against initial braking speed (degraded conditions; red: no WSP, green: WSP) 
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Degraded zone: 

 

Figure 7.7 Evolution of wear index with time (initial speed: 160Km/h, degraded zone) 

 

Figure 7.8 Wear indexes against initial braking speed (degraded zone) 

Degradation level: 

 

Figure 7.9 Evolution of wear index with time (initial speed: 120Km/h, friction level 0.09) 
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Figure 7.10 Evolution of wear index with time (initial speed: 120Km/h, friction level 0.07) 

 

Figure 7.11 Evolution of wear index with time (initial speed: 120Km/h, friction level 0.04) 

 

Figure 7.12 Evolution of wear index with time (initial speed: 120Km/h, friction level 0.01) 

 

Figure 7.13 Wear indexes against initial braking speed (degradation level) 
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Gradients: 

 

Figure 7.14 Wear indexes against initial braking speed (gradients) 

Auxiliary Systems Effect: 

 

Figure 7.15 Evolution of wear index with time (initial speed: 160Km/h, no sanding) 

 

Figure 7.16 Evolution of wear index with time (initial speed: 160Km/h, no correction of the reference speed) 
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Figure 7.17 Wear indexes against initial braking speed (modules testing) 

 


