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1 INTRODUCTION 

Safety and comfort or at least one of them are major topics of most research activities that deal 
with passenger transport, whether on roads or on tracks. Regarding the longitudinal dynamics of 
railway vehicles the wheel-rail contact is the crucial point for safety as well as comfort. Hence, 
a controller for the longitudinal dynamics would help to minimize the impact of the time- and 
path-dependent friction conditions, which complicate a smooth longitudinal motion over the en-
tire train set. However, to enable an advanced feedback controller, the actual dynamics acting in 
the bogie system have to be determined or rather estimated, since a direct measurement of all 
relevant dynamics is usually not feasible due to technical and economic reasons. Finally, to ob-
tain reliable and accurately estimated information, the observer setup requires a suitable choice 
of both the measured signal and the sensor position. 

There are some control theoretic observability indices, e.g. the index introduced in Lückel & 
Müller (1975), which quantify the observability of a certain sensor configuration. In contrast to 
this modal index, which relies on the observability of the system eigenvalues, the methods de-
scribed in Benninger & Rivoir (1986), Hac & Liu (1993) and Lystianingrum et al. (2014) give 
information on the observability of the physically meaningful dynamic states of the system. A 
major drawback of these indices is their limitation to linear systems. In case of a highly nonline-
ar system like a railway bogie with the complex wheel-rail contact dynamics the abovemen-
tioned indices might lead to inaccurate results. 

In the current work, an index is established that rates the observability in terms of signal 
analysis and accordingly rests on the simulation data of a detailed nonlinear system. Therefore, 
chapter 2 presents a nonlinear and a linearized model of a bogie. Chapter 3 describes the calcu-
lation of the newly developed observability measure and illustrates its application to the longi-
tudinal dynamics of the railway bogie. Furthermore, a comparison is drawn between the results 
of the new measure and two state-of-the-art measures. At the end, a conclusion is drawn and an 
outlook on the upcoming tasks is given. 
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ABSTRACT: In the current work a new, signal based observability measure is proposed and 
applied. This measure surveys the observability from the signal analysis point of view. In con-
trast to existing measures it can be computed for nonlinear systems and makes no stringent re-
quirements on the signal properties. As an example for a highly nonlinear system a railway bo-
gie model is implemented that comprises a nonlinear wheel-rail contact formulation. The newly 
developed index is evaluated with regard to the longitudinal dynamics of the bogie and in this 
way the index allows for a reasonable choice of the most meaningful sensor signals. Finally, a 
comparison with already existing indices illustrates the benefits and weaknesses of the new ob-
servability measure. 



2 DESIGN OF BOGIE MODELS 

2.1 Nonlinear 3-D bogie model 

In this subsection a detailed 3-D model of a railway bogie is described, that will be used later on 
for the calculation of the new observability measure. The multibody simulation tool Simpack is 
utilized to generate the bogie model. The configuration of the bogie is based on extensive en-
quiries about modern and commonly used bogie types, see Siemens (2017), Bombardier (2007, 
2008a, b) and Alstom (2015). Thus, a trailer bogie is chosen that is equipped with two axle 
brake units per wheelset, wing guidances for the wheelsets and a lemniscate guidance between 
bogie and car-body, see Figure 1a. The multibody model comprises 36 bodies with at least 51 
degrees of freedom. All parts of the bogie are assumed to be rigid bodies and the FASTSIM al-
gorithm, see Kalker (1982), is chosen to calculate the wheel-rail contact dynamics. The suspen-
sion parameters are based on the results described in Iwnicki (1998) and adapted for a high 
speed bogie configuration. In the end, the detailed 3-D model is not only used for the evaluation 
of the new observability index but also to validate the 2-D model described in the following 
subsection. Furthermore, it might be used to optimize the observer, what is, however, not part of 
the presented work. 

2.2 Linear 2-D bogie model 

The linear bogie model is implemented using the equation based modeling language Modelica. 
Modelica offers some benefits like multi-physical system design and advanced features in the 
control and observer synthesis. With the help of the Modelica_LinearSystems2 library, the linear 
model is directly output in state-space representation by linearizing and transforming a nonline-
ar multibody model. The advantage of this approach is that the initially designed multibody 
model can readily be used as observer system and an Extended Kalman Filter might be generat-
ed, see Brembeck et al. (2014). Thus, the multibody model is structurally based on the bogie 
configuration described in the previous section. However, the system is implemented as a planar 
2-D model, see Figure 1b, that neglects the lateral, yaw and roll motions, since the focus of this 
work is on the longitudinal dynamics. Furthermore, the Polach contact formulation is utilized, 
see Polach (1999). In the end, further simplifications of the brake components and the force el-
ements lead to a system with eleven degrees of freedom and seven rigid bodies, that is approxi-
mately a fifth of the size of the nonlinear model illustrated above. 

 
Figure 1. a) Detailed 3-D multibody model in Simpack; b) Planar 2-D multibody model in Modelica. 

3 APPLICATION OF OBSERVABILITY MEASURES 

3.1 Derivation and application of the envelope index 

In the following, the calculation of the new observability index is described in detail and it is 
applied to the longitudinal dynamics of the nonlinear bogie system presented in section 3.1. The 
index is based on the cross-correlation of two signals, see Bendat & Piersol (1993). These sig-
nals are on the one hand a signal x that cannot be measured in a real application and on the other 
hand a signal y that might be an input of an observer. The index calculation is done as follows: 

1. Shift y in the time domain to ylag with the lag identified via 𝜏𝑙𝑎𝑔 = max𝜏((𝑥 ⋆ 𝑦)(𝜏)). 



2. Define the envelopes hh and hl, that uniquely allocate the highest and lowest values of 
ylag to each x and vice versa. 

3. Search for the maximum distances ∆xmax and ∆ymax between hh and hl 
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4. Calculate the envelope index eO as 
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According to other normalized measures the envelope index tends to a value of one in case of 
a good observability and to zero when y shows no distinct relation to x. 

As mentioned above eO is now evaluated to rate the observability of the longitudinal dynam-
ics of a railway bogie. Thus, the longitudinal force FRW in the wheel-rail contact is defined as 
signal x and five different signals are tested as potential observer inputs y, see Table 1. To iden-
tify potential dynamic interdependencies between two bogies linked by a car-body, not a sole 
bogie is simulated but an entire wagon with two identical bogies. 

 
Table 1. List of tested observer inputs y. 
_______________________________________________________________ 

Bogie pitch angle          βB 
Deflection of the secondary spring    ∆zS  
Strain of the lemniscate guidance     ∆xL  
Longitudinal acceleration at the car body  aCx 
Longitudinal acceleration at the bogie   aBx _______________________________________________________________ 

 
The first scenario to be evaluated is a braking process lasting 33 s with a linear fade-in and 

fade-out and a short-time anti-slide overlay. Furthermore, the bogie system is excited by track 
irregularities according to ERRI low, see ERRI (1993). Figure 2 illustrates the time domain re-
sults of FRW by the solid line as well as the five already time shifted sensor signals yi,lag. The 
rail-wheel force can be divided into three characteristic phases: a regular phase 𝑡 =
[12 𝑠, 29 𝑠] ∪ [33 𝑠, 40 𝑠], the overbraking period 𝑡 = [29 𝑠, 31 𝑠], where the wheel rotation 
overcritically decreases and finally the anti-slide phase for 𝑡 = [31 𝑠, 33 𝑠], where FRW falls to 
nearly zero. The various yi,lag provide different levels of congruence to FRW in the specific phas-
es. To illustrate this and to highlight the graphical meaning of the envelope index, Figure 3a 
shows βB and ∆xL plotted against FRW. Regarding the dashed line βB, ∆ymax occurs at FRW = 0, 
i.e. during the anti-slide phase. ∆xmax is also associated to the anti-slide overlay, since βB drops 
only to approximately 50% of its maximum value. The dotted line describing ∆xL pictures a 
completely different trend, as ∆ymax is caused by the overshoot right after the anti-slide phase, 
see Figure 2. Furthermore, ∆xmax might mainly be founded in the rail irregularities, since the 
drops in FRW during the overbraking phase and the anti-slide overlay are well imitated. 

 

Figure 2. Time domain results of realistic brake scenario. 



In a second scenario, a sine sweep with constant amplitude and a frequency range [0.1 Hz, 5 
Hz] is applied as brake excitation and the track is assumed to be ideal, i.e. no irregularities are 
considered. This approach allows for a frequency dependent assessment of the observability. 
Figure 3b depicts the results of ∆zS against FRW, with the color coded with respect to the fre-
quency. Thus, at low frequencies, illustrated in blue, the correlation is almost ideally linear apart 
from a slight hysteresis. However, at high frequencies ∆zS remains on a constant level disre-
garding the changes in FRW. This behavior arises from the pitch inertia of the car body and dis-
qualifies ∆zS as observer input at least for the detection of high-frequency longitudinal dynam-
ics. After the illustration of two different perspectives and use cases, respectively, the envelope 
index is in the following subsection compared to other observability measures and its benefits as 
well as its weaknesses are discussed. 

 

Figure 3. Exemplary graphical interpretation of eO in case of realistic brake scenario (a: left) and sine 

sweep excitation (b: right). 

3.2 Comparison between envelope index and linear observability measures 

The envelope index is opposed to two measures, each referring to one of the two bogie systems 
described in chapter 2. On the one hand a state-of-the-art observability measure based on a line-
ar system is used, as stated by Benninger & Rivoir (1986). On the other hand the signal based 
cross-correlation coefficient is consulted using the same simulation data as for the calculation of 
eO, see for example Bendat & Piersol (1993). Firstly, the linear index mOk is described and eval-
uated that weights the observability of the system state zk for a specific sensor configuration, 
with 𝑘 ∈ {1 , 𝑁} and N the number of states. The calculation of mOk refers to the observability 
Gramian QO  
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the system matrix A ∈  ℝ𝑁×𝑁 and the output matrix C ∈  ℝ𝑝×𝑁. The evaluation of the bogie 
dynamics is illustrated in Figure 4a. The ten columns represent the normalized sums over the 
bogie states related to the longitudinal dynamics, since the wheel-rail force is not defined as a 
state and therefore mOk cannot be calculated with respect to FRW. In addition to the denoted sig-
nals the angular wheel velocity ωW is part of each and every presented sensor configuration, i.e. 
C contains ωW as well as one of the five named alternatives. If only the five denoted signals 
would be detected, the linear system becomes unobservable in control theoretic terms and the 
results could not be meaningfully compared to the envelope index.  

The results marked black in Figure 4a belong to a system linearized at a low longitudinal ve-
locity and the results marked grey to a system with a high longitudinal velocity. Firstly, the dif-
ferent observability levels of the systems for βB, ∆zS and ∆xL are conspicuous and, secondly, the 
variable slopes for the accelerations aCx and aBx. As these differences between the structurally 
identical systems indicate, this measure might not work very well for systems with major non-
linearities. Furthermore, the calculation of mOk requires stable dynamics and the inversion of QO 
might not work properly in case of badly conditioned system matrices. Another drawback of 
this index might be that it rates the dynamic effect dependent on the sensor type. For example 
the deflection of springs would be evaluated differently whether it is detected via a force or a 



displacement sensor due to the divergent values in the output matrix C. The envelope index 
avoids this problem by dividing ∆xmax and ∆ymax by (xmax - xmin) and (ymax - ymin), respectively. In 
the end, the requirements on the system as well as on QO are severe restrictions that might not 
be met by more and more complex systems. Nevertheless, this index allows benchmarking an 
entire sensor concept at once, whereas the envelope index in its current version rates only spe-
cific signals. 

The second method to rate the observability is the cross-correlation coefficient cxy, which 
gives information on the linear dependency between the two signals x and y. The calculation of 
cxy depends on the mean values ӯ and �̅� 
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with L as the length of the sampled signals. The normalized results of cxy are depicted togeth-
er with eO in Figure 4b, both evaluating the first braking scenario described in the previous sub-
section. As it is stated in Bendat & Piersol (1993), the correct calculation of the cross-
correlation coefficient demands ergodic signals, i.e. the signals have to be stochastic and their 
mean values might not vary over time. Since this requirement is not met in the current scenario, 
cxy provides some essential derivations with respect to eO. First of all, cxy rates βB, ∆xL and aCx 
on the same level, whereas eO shows an optimum for ∆xL. As described in the discussion of Fig-
ure 3a there are some characteristic differences between βB and ∆xL, so benchmarking them on 
the same level would disregard this information. Another deviation can be seen for aBx, that is 
rated almost as good as ∆xL in case of cxy but almost as low as ∆zS in case of eO. This fact comes 
from the higher weighting of single outstanding events in eO like the anti-slide overlay in the 
current scenario. A feature that both approaches share is the consideration of process noise that 
allows for a meaningful benchmark of potential observer inputs in terms of signal analysis.  

Considering the results of eO in Figure 4b the measurement of the lemniscate strain ∆xL and, 
if possible, also the bogie pitch angle βB might be used to achieve the best observability of the 
longitudinal dynamics of a railway bogie. To assure the observability rating of eO it is recom-
mended to simulate different scenarios and average their results, that would however have ex-
ceeded the scope of the present work. To sum up, the major advantage of the new index is its 
generality, since it does make requirements neither on the system nor on the signals that are 
compared. However, the envelope index is not consistent to the control theoretic meaning of ob-
servability, so a control theoretic observability check of the favored sensor configuration is ad-
vised. 

 

Figure 4. a) normalized mO for two systems linearized at a low longitudinal velocity and a high longitudi-

nal velocity, respectively; b) normalized cxy and eO for the first braking scenario in chapter 3.1. 



4 CONCLUSION AND OUTLOOK 

In the preceding sections a new observability measure is defined and applied to the longitudinal 
dynamics of a railway bogie. Some advantages as well as weaknesses of the newly developed 
index are presented. The results support a reasonable choice of the most characteristic and influ-
ential dynamic effects that might be measured and used as observer inputs. 

Based on the presented and compared observability measures, the upcoming step to further 
enhance the envelope index is to extend it to the evaluation of an entire sensor configuration 
with multiple sensors. Another task to be tackled in the future is an upgrade of the index, so that 
it is able to incorporate sensor resolution and accuracy. 
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