
 

Proceedings of the 2nd International Railway Symposium Aachen 2019  608 
 

Friction Estimation for Railway Brake 

Systems in Field Tests 
 

Schwarz, Christoph1, Lüdicke, Daniel1 and Heckmann, Benjamin2 

1Institute of System Dynamics and Control, German Aerospace Center 

(DLR) 
2Knorr-Bremse Rail Vehicle Systems 

Abstract 

Condition based monitoring concepts for railway brake systems offer a row of promis-

ing advantages: improved safety, reduced noise emission, and economic benefits by an 

optimal utilization of every single brake unit. However, a reliable determination of the 

current state of the brake components is difficult due to the rough operating conditions 

and the economic effort of a direct, optical identification. To ease the conflict between 

the economic restrictions, the required accuracy of the information, and the robustness 

of the measurement equipment, the current work presents a model-based observer de-

sign. This observer estimates the friction coefficients between brake disc and brake cal-

ipers for every wheelset of a train. To enable a railway-compliant and economically 

reasonable implementation, the observer configuration relies on a set of robust sensors, 

which are mostly used in modern trains. Furthermore, the influence of the train re-

sistance on the longitudinal dynamics is taken into account to minimize the disturbance 

in the evaluation of the actual brake friction coefficients. In a next step the information 

on these friction coefficients can be used to display a maintenance alarm for not properly 

working brake equipment. 
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1 Introduction 

Every engineering discipline that deals with safety and comfort issues is usually engaged 

in the field of condition monitoring [13]. Since safety and comfort are highly relevant for 

the operation of railway vehicles, there was, is, and probably will be a lot of research on 

this topic in the railway engineering community. The monitoring techniques are divided 

into wayside and on-board techniques [1]. Furthermore, in [17] the techniques are classi-

fied into signal processing, knowledge-based, and model-based methods. The model-

based methods can be split up into parameter estimation, parity equation, and state ob-

server methods. The authors in [3], [5], and [17] presented some essential benefits of 

model-based, on-board monitoring applications with a focus on suspension components 

and the wheel-rail interface. 

Also for railway brake systems the application of monitoring techniques offers some sig-

nificant advantages. Firstly, shorter brake distances and reduced noise emissions can be 

achieved by an optimal condition of the brake components. Secondly, the economic ben-

efits by an optimal utilization of every single brake unit have to be mentioned. As a con-

crete example the approach presented in [4] describes a monitoring concept for the brak-

ing control based on accelerometer and gyro measurements. However, the accelerometer 

related monitoring is not able to locate effects of single brake units. The works [1] and 

[9] deal with brake pad inspection systems using digital image processing and machine 

vision technology to identify wear rates and uneven wear as well as to detect missing 

brake pads. These optical methods use either infrared technology to unveil hot spots or 

they process non-thermographic images to determine cracks and other superficial dam-

ages. The sensibility of the optical sensors and the economic effort have to be named as 

major drawbacks of these approaches. 

To alleviate the described weaknesses the current work presents a model-based, on-board 

observer design for the friction behavior of railway brake units. The presented approach 

is characterized by its generic setup in combination with the reliable estimation of the 

friction conditions for every single wheelset of a train. Therefore, Section 2 presents the 

considered dynamics as well as the translation into an observer prediction model. The 

relevant details of the executed field tests, i.e. the vehicle configuration and the track 

properties, are described in Section 3. Section 4 illustrates significant results before Sec-

tion 5 draws a conclusion and denotes the upcoming tasks. 
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2 Estimator Synthesis 

The following section describes a generic system configuration of a train together with 

the modeling of the friction characteristics. The focus of the second part is on the deter-

mination of the train and track related resistance forces and torques. At the end of this 

chapter, the observer prediction model is defined and the most important aspects of the 

parameter estimator theory are denoted. 

2.1 System Definition 

The work in [15] shows that a plane 2D model of a wheelset, which neglects lateral dy-

namics, is well suited to identify the friction and longitudinal dynamics during braking. 

Extending these assumptions to a whole train with multiple wheelsets leads to the concept 

shown in Figure 1, where the relevant forces and torques are depicted in red and the kin-

ematic quantities in blue. The interrelations between forces, torques and further dynamics 

are described in Equations (1) to (4). The parameters and variables used therein are listed 

in Table 1. To set up the dynamic system, moment equilibria around the lateral axis of 

each wheelset and the longitudinal force equilibrium of the entire train are stated. Ac-

cording to Figure 1 the moment equilibrium of one wheelset is 
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The additional wheel torques MW;i comprise for example the electro-dynamic brake 

torque as well as rolling and bearing resistances. The force equilibrium in longitudinal 

direction that considers the train as one single rigid body reads 

 

Concentrating all the wagon masses in one body provides a good trade-off between suf-

ficient accuracy and reasonable computational effort. The calculation of the track and 

drag resistance forces, FTR and FDR, is described in section 2.2. For the modeling of the 

friction behavior in the brake unit exist different approaches, e.g. [10]. These methods 

take a row of different influences into account, for example the material combination, the 

temperatures of disc and caliper and the relative velocity between them. Nevertheless, 

there usually are unknown environmental disturbances like water and dirt and, in addition, 

the parameters of these models vary for different brakes. Due to this lack of a simple but 

generally valid formula the friction coefficients µB;i are assumed to be constant in this 

work and the brake force reads 

 

It has to be mentioned that the time-invariant modeling of µB;i does not affect the time-

variant behavior of the later on described estimator. 

The same motivation that is stated for the modeling of the dynamics of µB;i  holds for 
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the wheel-rail interface. There are well proven theories, e.g. [12], [7], that describe the 

friction dynamics for different environmental conditions. However, the actual environ-

mental influences in daily train operation cannot be reasonably identified. Therefore, it is 

more suitable in the present context to implement again a constant friction behaviour 

 

and adapt the friction coefficient by the observer. 

2.2 Train and Track Resistance 

The observer shall take the influence of the train and track resistances on the longitudinal 

dynamics into account. In this way it is intended to achieve an accurate evaluation of the 

actual friction coefficients with a minimized amount of superposed disturbances. The re-

sistances are divided into the train related and the track related effects, which are both 

described in the following. The train resistances include the rolling and bearing resistance 

torques, MRR and MBR, as well as the drag force FDR, cf. [14] 

 

Table 2 lists the parameters of Equation (5) and of the track resistance calculation in the 

next paragraph. The starting resistance caused by the not yet existent oil film in the bear-

ings is neglected, since the focus is on the braking not the accelerating process. 

To identify the track resistance forces FCR (curvature resistance) and FSR (slope re-

sistance) the horizontal and vertical track characteristics are determined in this paragraph. 

The horizontal course is generally constructed by a sequence of routing elements (straight 

lines, curves and transitional curves). The curvature κ as a characteristic parameter of the 

horizontal routing is defined as 

 

with the heading angle ϕ and the travel length s. According to [14] the curvature resistance 

acting on the train is 
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The empirical coefficient f depends on the wheel base a and the wheel gauge b. 

The vertical course is defined by straight lines of different pitch, which are linked by 

parabolas at the line intersection points (tangent cuts). In this way a continuous height 

profile is generated. As the characteristic parameter of vertical routing the slope angle β 

 

is used with height z. The gradient resistance acts via the up- or downhill force 

 

The distance basis Δs in (6) and (8) affects the signal to noise ratio. This allows for a 

geometric low pass filtering in distance domain, see Section 3.2. In the end, the de-

scribed resistance effects are combined with the dynamic setup of Section 2.1 to synthe-

size the observer in the next subsection. 

2.3 Parameter Estimator Design 

As the observer is implemented to estimate the friction conditions, the state vector 

 

contains not only the kinematic velocities vx and ωi but also the friction coefficients µB;I 

and µW;i. In consequence, the nonlinear state space representation 

 

merges the differential equations and dynamic definitions of Equations (1) to (5). The 

output equation is linear with the output matrix C = [In+1×n+1    0n+1×2·n], i.e. the states vx 

and themselves are defined as measurement signals y. Furthermore, the input vector 

 

includes the brake cylinder pressures pc;i and the track resistance force FTR. Considering 

FTR as input offers the advantage that its determination described in the foregone section 

can be changed to a cloud-based track information service without adapting the observer 

environment. The terms q and r denote the process and the measurement noise, which are 

assumed to be zero-mean and Gaussian distributed: q ̴ N (0;Q), r ̴̴ N (0;R). 
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Due to the nonlinear characteristic of (11) the Extended Kalman Filter (EKF), a welles-

tablished observer concept for nonlinear systems, is chosen. Basically, the EKF is divided 

into a prediction and a correction step, which consider the tuning covariance matrices Q 

and R, respectively. For a detailed discussion of nonlinear filter methods the interested 

reader is referred to [16]. The time-discrete observer algorithm used in this work is based 

on the implementation presented in [2]. The reliability and robustness in the railway con-

text was validated in [15] for a roller rig environment. 

3 Field Test Environment 

The first part of this chapter highlights the relevant aspects of the test vehicle and the 

measurement equipment. The second part illustrates the peculiarities of the test scenario. 

3.1 Vehicle Configuration 

The realization of the above described observer concept is done for a two-part diesel mul-

tiple unit with standard gauge. This train of the Siemens Desiro Classic family is operated 

by the German Erzgebirgsbahn [6]. It is equipped with motor bogies at the 

 

front (MB 1) and rear end (MB 2) and a Jacobs trailer bogie (JTB) in the middle. The 

wheelset rotations in both MBs are mechanically coupled, so that the train has got only 

four independent wheelset rotations. The distance l between the bogie pivots is 16 m and 

the nominal wheel radius rW is 0.38 m. Regarding the brake equipment the MBs are iden-

tical but they are not symmetrically by themselves, i.e. one wheelset has got one axle 

brake unit and the other wheelset has got two axle brake units. Due to this peculiarity and 

the mounting of the motor an unbalanced mass distribution between the two wheelsets of 

the MBs is assumed, see Table 3. The JTB wheelsets have got two wheel brake units. 

Regarding the measurement equipment it has to be mentioned that the set of sensors is 

specifically designed for the field tests. However, the measurements of the wheelset ro-

tational speeds ωi and the brake pressures pc;i build the basis for the observer. Usually, 

these signals are detected in trains with a wheel slide protection system anyway. In addi-

tion, a slip-free measurement of the longitudinal speed vx is realized by an optical sensor. 
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After the specification of the necessary equipment for the parameter estimator, the sensors 

that are used for the identification of the track characteristics are denoted. The longitudi-

nal and lateral accelerations, ax and ay, are both recorded by four sensor sets that are 

distributed along the train chassis. Using the mean value of multiple acceleration sensors 

provides an improved accuracy, since the influence of measurement noise is reduced. 

Anyhow, the lateral movement could not be calculated using the ay sensors, since these 

sensors only measure the partial lateral acceleration of the inclined car body due to the 

superelevated track. 

Another sensor is the two-frequency GNSS sensor with a GNSS antenna on the vehicle 

roof. This sensor provides the position signal via longitude and latitude coordinates of 

WGS84 reference ellipsoid and the altitude via the height above the ellipsoid surface. For 

a better processing of the GNSS position signal it is transformed into a local NED (north 

east down) coordinate system [8]. This is a two-step process, which starts with the trans- 

 

formation of the angular position (latitude, longitude, altitude (LLA)) into the geocentric 

Cartesian coordinate system ECEF (earth-centered earth-fixed) of WGS84 datum. In the 

second step the ECEF coordinates are transformed to a local NED coordinate system. To 

minimize the deviation between the curved surface of the WGS84 reference ellipsoid and 

the plane Cartesian coordinate system, the base of the NED coordinate system might be 

placed in the middle of the scheduled track. 

Finally, the motion signals along the track (sx, vx, ax) are generated by a sensor fusion of 

the speed, acceleration, and GNSS sensors. Thus, the horizontal and vertical gradients 

between two positions in the NED coordinate system define the current heading angle 

(Δϕ) and height deviations (Δz). The positioning accuracy might be further enhanced by 

the inclusion of angular velocities from gyroscopes or inertial measurement units (IMU). 

The results of the track characterization according to Equations (6) and (8) that are re-

ceived with the presented set of sensors are described in the next subsection. 

3.2 Test Scenarios 

There are six test cases investigated, which are carried out in Germany in the area around 

Zwickau, Chemnitz, and Aue. The brake scenarios include emergency (EB) and full ser-
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vice brake (FSB) applications to verify the observer functionality under extreme condi-

tions. Furthermore, the initial velocity v0 before starting the braking process is varied 

between 65 
𝑘𝑚

ℎ
 and 115 

𝑘𝑚

ℎ
 and the tests are executed in both directions (forward: fw, 

backward: bw). Table 4 lists the combinations of the six scenarios. In the considered test 

cases only the friction brakes are used with a maximum brake pressure pc;i of 2 bar for the 

JTB brake units and 3.4 bar for the MB brake units. 

Figure 2 (left) shows a map with the calculated track of case 6 in blue. The middle of the 

test track is at the LLA-coordinates (50.5976°, 12.6939°, 342.043m) what corresponds to 

the ECEF-coordinates (3.95777632·106m, 8.91479549·105m, 4.90551675·106m). 

 

Starting at the southern end of the blue line the train passes a switch and after a short, 

straight section two right curves hook up. The vertical track characteristic is determined 

by three slope changes, which occur due to the location in the German Central Uplands. 

The two plots on the right of Figure 2 illustrate the calculation results of curvature and 

slope according to Section 2.2. All in all, the single track segments are clearly identified 

and the results verify a sufficient accuracy regarding the presented use case. Minor dis-

turbances in the form of high-frequency oscillations in the curvature arise at the beginning 

and the end of the scenario but they do not measurably degrade the estimation results. In 

this first and last test section the geometric low pass filtering, mentioned in Section 2.2, 

is not fully able to cancel out the noise in the positioning data. The slope results show a 

similar oscillating behavior but with a lower amplitude and frequency, so that they can 
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be rated as sufficiently accurate as well. In Figure 3 the velocity of the train is illustrated. 

The profile is characterized by two accelerating phases (0-20s and approximately 38-70s) 

and the braking phase from t = 80s to the full stop at t = 102s. Using this track and velocity 

information the friction estimator is parametrized and tested in the next section. 

 

4 Results and Discussion 

As mentioned in Section 2.3 the observer estimates the dynamics depending on the co-

variance matrices R and Q. To find the optimal parameters for these positive definite 

matrices a multi-case optimization is set up, see [11]. Consequently, there are twelve in-

dependent tuning parameters referring to the diagonal entries of R and Q 

 

For the sake of a limited complexity of the optimization only one QµB and one QµW are 

defined, to represent the assumably identical covariances of the friction characteristics. 

The objective function O is defined as the maximum of the case objective functions Oc 

 

with c = 1, ..., 5 representing the case and tend;c the case duration. The parameters wω and 

wv weight the absolute deviations between measured and observed velocities. Using the 

maximum of all Oc ensures that a configuration is determined, which is supposed to be 

robust and performs well in every application scenario. Case 6 is used to test the observer 

in a not specifically optimized scenario, what is presented in the next paragraph. 
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Figure 4 shows the measurements of case 6 that are provided for the observer. The results 

of MB 2 and the second JTB wheelset are left out, as they are hardly distinguishable from 

the presented results. 

 

The upper part depicts the brake cylinder pressures. Since the JTB wheelsets are equipped 

with two wheel brake units, their pressure level is lower than for the MB wheelsets with 

1 and 2 axle brake units, respectively. The lower plot illustrates the translational train 

velocity as well as the rotational wheelset velocities. The velocity of MB 1 shows a short 

phase of critical overbraking at t ≈ 82s. 

The acceleration, velocity, and brake distance results of the observer reveal an almost 

ideal estimation. This might be obvious, as all the velocity measurements are included in 

the observer input. Regarding the friction results it has to be mentioned that the estimated 

µB;i and µW;i of single wheelsets cannot be quantitatively validated, since there is no in-

formation on the actual friction coefficients. Nevertheless, the mean value of the friction 

estimations is confirmed with respect to the measured train acceleration and brake dis-

tance. Furthermore, the results in Figure 5 validate the friction behavior at least in a qual-

itative way and the plausibility could be verified on an experience base. 

On the left hand side the normalized friction coefficients of the brake units are plotted, 

which clearly denote the trend of an increasing friction induced by a rising brake disc and 

pad temperature. The difference between the JTB and MB results might be caused by the 

dependence of the friction coefficients on the normal force (and in consequence on the 

brake pressure) between brake disc and pad, see [10]. The major oscillation at t = 81s 

coincides with the first contact between brake pad/disc and it describes a settling process 

that is common for most observer methods. In the further process only minor short-term 

oscillations occur, which do not severely diminish the overall reliability. 
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The plot on the right of Figure 5 illustrates the wheel-rail friction µW;1 of MB 1 over the 

estimated slip. The two levels of µW;1 at 0.07 and 0.15 occur due to a short track section 

with slippery conditions. This low adhesion phase is the reason for the overbraking in 

Figure 4 at t ≈ 82s. Since the leading MB 1 cleans up the rails, the following wheelsets 

do not show this distinct overbraking behavior. The fact that µW;2 is smaller than µW;1 

might have two reasons, see Equation (4). Firstly, Fz;2 is larger than Fz;1 according to the 

higher wheelset load of the JTB wheelset, see Table 3. Secondly, Fx;2 is smaller than Fx;1, 

since the brake pressure as well as brake friction of MB 1 are higher. All in all, the results 

demonstrate a robust and reliable performance of the friction estimator. 

5 Conclusions and Outlook 

The presented work illustrates the design process for a friction estimator as a first step to 

a condition-based monitoring concept. First of all, the online calculation of train and track 

resistances and the implementation of a generic observer prediction model are described. 

The designed observer requires measurement data of the angular wheelset velocities, the 

longitudinal train speed and the brake cylinder pressures. Regarding the track identifica-

tion the longitudinal acceleration of the train and its positioning data have to be recorded. 

The fact that most of these sensors are already in use in modern trains enables a railway-

compliant and economic reasonable implementation. In the end, the presented estimation 

results validate the reliability and robustness of the observer for the given test cases. One 

of the upcoming tasks is to evaluate long-term field test data, so that a correct identifica-

tion of the friction degradation can be verified. In addition, these long-term results allow 

for the setup and testing of a condition-based monitoring concept for the brakes. Finally, 

the combination with a cloud-based communication will allow to use the estimated fric-

tion data of an entire train fleet and to build up a self-learning monitoring environment. 
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