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Validation of railway vehicle models is an important condition for the application of multi-body
system simulations in the context of vehicle authorisation. Validation investigations carried out in
the DynoTRAIN project represent a unique investigation. The measurements, received from a set of
vehicles running through four European countries equipped with a simultaneous recording of track
irregularities and rail profiles, were compared with simulations using vehicle models built in different
simulation tools by several partners. The presented analyses resulted in a proposal of model validation
based on 12 quantities covering the quasi-static and dynamic wheel/rail force measurements and
vertical as well as lateral vehicle body accelerations. For each quantity. a set of at least 24 comparisons
between simulations and measurements are evaluated using values based on EN 14363 from at least
12 sections, which represent all 4 test zones according to EN 14363. The proposed method, criteria
and limit values are intended for the validation of vehicle models applied in the vehicle acceptance
process.

Keywords: validation: multi-body systems: railway vehicle: running dynamics: vehicle acceptance;
authorisation

1. Introduction

Multi-body simulation tools are used in rolling stock design and development for several years
to optimise the vehicle parameters and to conduct a wide range of investigations,| 1] including
the assessment of vehicle running behaviour and the prediction of test results. Computer
simulations could be used to reduce the time and costs of testing for the acceptance of running
characteristics of railway vehicles according to EN 14363:2005 [2] replacing a part of physical
tests by ‘virtual testing’. Applications of multi-body systems (MBSs) using vehicle dynamics
simulations for vehicle acceptance purposes were introduced in UIC 518:2009 [3]: the recent
draft of revision prEN 14363:2013 [4] also contains this option.

Good agreement between the behaviour of a real vehicle and its MBS model is the crucial
requirement, when using MBS simulations. A model validation is used to approve this agree-
ment by comparing simulation and measurement results.[5.6] The criteria applied to assess this
agreement must consider that not only the vehicle model is not an exact representation of the
reality because of the limits of general MBSs but also the measurement can deviate from the
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reality due to the measurement errors and scatter of test conditions. The model validation in the
context of vehicle acceptance should take into account not only the errors of the measurement
of running dynamics quantities, but also that in the measurement of track layout and track
irregularities, measurement of rail profiles and wheel profiles, scatter of the test conditions,
e.g. friction coefficient between wheel and rail, as well as generally the stochastic character
of the test results.

Unfortunately, no quantitative limits for a successful model validation are specified in [3.4]:
an assessment by an independent reviewer is required instead. Publications on a common
methodology for the validation of MBS vehicle models for simulations of running dynamics
are rare too. The study by Jonsson et al. [7] can be mentioned as an example presenting a trial
carried out during the preparation of UIC 518:2009.

This article presents a new approach to define measurable criteria and quantitative limits
for the validation of railway vehicle models in the context of vehicle acceptance as investi-
gated in Work Package 5 of the DynoTRAIN research project. This investigation is a unique
approach analysing several types of vehicles. Most of the investigated vehicles were tested
under the same conditions as in DynoTRAIN project. The simulations of these tests were car-
ried out by different partners using different simulation software tools, compared to on-track
measurements and assessed by project partners.

The article is structured as follows. Section 2 presents, briefly, the measurements carried
out in DynoTRAIN and introduces the vehicle models as well as the selection of test sec-
tions and model configurations used for the investigations. Section 3 provides information
about the assessments applied and validation approaches compared. These comparisons con-
sist of the assessment based on quantities processed by analogy with EN 14363, the subjective
engineering judgement as well as the so-called validation metrics intended to replace the
subjective judgements by quantitative measures. Section 4 is dedicated to the evaluation of
methods and criteria suited for model validation and the experience with the investigated
assessments methods. The final proposal for the validation method, its criteria and limit val-
ues is described in Section 5, while Section 6 discusses advantages of the proposed method.
Section 6 also presents the experience of how the usage of measured track data (track irreg-
ularities and rail profiles) affects the validation results. A summary and an outlook regarding
further investigations are given in Section 7.

2. Validation exercises carried out in the DynoTRAIN project

The validation exercises used measurements carried out in DynoTRAIN Work Package | in
October 2010. The test train with 4 types of tested vehicles was equipped with a total of 10 force
measuring wheel sets and a number of other sensors recording over 300 measured signals. This
train travelled for a total of 20 days of test runs through Germany, France, Italy and Switzerland
reaching speeds up to 120 km/h with freight wagons connected and up to 200 km/h without
the freight wagons. Measuring vehicles integrated in the test train continuously recorded the
track irregularities and rail profile shapes during all test runs.

The following vehicle models were developed and assessed by comparisons with measure-
ments:

e Locomotive DB BR 120 — modelled by Siemens in simulation tool Simpack.

e Locomotive DB BR 120 — modelled by IFSTTAR in simulation tool VOCO.

e DB passenger coach Bim — modelled by Bombardier Transportation in Simpack.
e DB passenger coach Bim — modelled by IFSTTAR in VOCO.
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e Empty freight wagon Sgns with Y25 bogies — modelled by Technical University Berlin in
Simpack.

e Empty freight wagon Sgns with Y25 bogies — modelled by IFSTTAR in VOCO.

e Laden freight wagon Sgns with Y25 bogies — modelled by Technical University Berlin using

Simpack.
e Laas 2-axle flatbed wagon unit — modelled by Alstom in Simpack.

Furthermore, other models of two recently developed vehicle types were assessed using
measurement results provided by the suppliers of the vehicles. A high-speed train delivered to
Turkey by Construcciones y Auxiliar de Ferrocarrilles was modelled by this company using the
simulation programme SIDIVE. The train DMU IC4 delivered by AnsaldoBreda to Denmark
was modelled by the vehicle supplier in Simpack.

The vehicle model development was the responsibility of each partner using available
documents, including the modelling and derivations of model input data as well as estimations
of unknown parameters, such as parasitic stiffness of vehicle suspension. The vehicle models
used in the investigations are three-dimensional fully nonlinear models as used today in the
rolling stock engineering and applied research. The rigid bodies representing vehicle body,
bogie frame, wheel set, axle box, etc. are connected by springs, dampers, friction elements
and bump-stops modelling the suspension components. Damper models consist of a dashpot
together with series stiftness. The nonlinear wheel /rail contact models use Kalker’s simplified
theory (particular version of FASTSIM implemented in the applied simulation tool) with full
Kalker’s coefficients without reduction. The estimation of the friction coefficient between
wheel and rail was the responsibility of each partner. The partners were advised to adjust the
model mass parameters to achieve a good agreement between the static model wheel loads
and the static wheel loads measured during the on-track tests, before starting the comparisons.

The comparisons between simulation and measurement were carried out for all vehicle
models and model configurations under the same conditions over selected track sections of
the test runs, called validation exercises; in this context the word ‘section’ does not mean
a section according to the definition in EN 14363, but simply a part of track. One vali-
dation exercise consists either of a part of straight track or of one curve passing scenario,
including both transitions and parts of straight track. The selected 17 validation exercises
represented all 4 track zones according to EN 14363:2005 [2]: straight track and very large
curves were represented by 5 sections, large radius curves (R > 600 m) by 2 sections: 4
sections were from small radius curves (400m < R < 600 m) and 6 from very small radius
curves (250 m < R < 400 m). They were from three countries: Germany (11), Italy (4) and
Switzerland (2).

In order to assess the effect of using the actual measured infrastructure parameters, such as
track layout, track irregularities and rail profiles, several model configurations were compared.
Besides the model configuration applying measured input data, the configurations with esti-
mated rail profiles and estimated track irregularities data were investigated. In this context, the
term ‘estimated rail profile’ means nominal, i.e. design rail profile and rail inclination of the
particular country; similarly ‘estimated wheel profile’ represents design wheel profile S1002.
The ‘estimated track irregularity’ data used by partners are either generated based on the
power spectral density according to ORE B176 [8] or random track irregularities from other
measurements. The selection of track irregularities to be used instead of the actual measured
data was the responsibility of each partner.

The effect of using the results of stationary tests for the model validation with regard to the
simulation of the on-track tests was investigated by comparing the simulation results using
vehicle models before and after adjustments based on the comparisons with the stationary
tests.
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(a) (b)

Bim passenger coach by Bombardier Laas freight wagon unit by Alstom

Figure 1. Examples of vehicle models.

This article presents the investigations conducted by the whole project team and the proposed
approach for the model validation. The validation results are illustrated with examples of two
vehicle models, both developed in the MBS simulation tool Simpack:

e DB passenger coach Bim prepared by Bombardier Transportation, see Figure la. This
vehicle is a single-deck passenger coach with two 2-axle bogies of Minden-Deutz design.
The wheel set guidance is provided by leaf springs, and coil springs are used in the primary
suspension. The secondary suspension is of swing bolster-type design with coil springs
and friction damping between the bogie bolster and the car body. Yaw dampers are used to
ensure the stability at speeds up to 200 km/h.

e Freight flatbed wagon Laas modelled by Alstom, see Figure 1b. This wagon unit consists
of two 2-axle wagons with UIC double link suspension, connected by a short coupler to
one vehicle unit. One wagon of this unit was tested in empty condition while the other one
was laden. The simulation model represents the complete freight wagon unit, including the
simplified models of neighbouring vehicles. The validation exercises concentrated on the
empty wagon, which was equipped with force measuring wheel sets during the on-track
test runs.

3. Validation assessments compared

3.1. Assessments based on quantities processed by analogy with EN 14363

The assessments by comparisons between the simulation and the measurement results
contained:

e Assessment based on measured quantities, filtered and processed by analogy with EN
14363:2005.(2]

e Subjective engineering assessment using a simple ‘Yes/No’ method by project partners as
well as during a project workshop with invited experts.

e Validation metrics, i.e. quantitative measures comparing simulation and measurement in
the time histories with the aim to maintain agreement with engineering judgement.

The evaluation of quantities filtered and processed using the EN 14363 considers constant
curvature track sections only, see Figure 2. The results used for comparisons consisted of
48 quantities per model configuration: quasi-static as well as dynamic wheel-rail forces and
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Figure 2. A validation exercise and its sections used for the assessments.

vehicle body as well as bogie frame accelerations. Moreover, 10 quantities based on power
spectral densities of bogie and vehicle body accelerations were compared too.

3.2. Subjective assessments by engineering judgement

Comparisons between simulation results and measurements taking into account time-domain
plots (time or distance diagrams) and power spectral density diagrams were carried out for
a selection of vertical and lateral forces between wheel and rail, the derailment ratio Y /Q
and for accelerations (20 plots per model configuration). The signals were post-processed
by a low-pass filter of 20 Hz and compared for the full length of the validation exercise, i.e.
including both curve transitions.

The project partners were asked to assess diagrams with comparisons of measurement
and simulation signal quantities by using a simple ‘Yes/No™ method. Assessing a diagram
with “Yes’ states that for the displayed signal quantity of the particular diagram the reviewer
considers the model as validated. The complete simulation model would be confirmed as
validated, if a large majority of diagrams are classified as validated. Overall, 16 time or distance
plots and 4 power spectral density diagrams were provided for the subjective assessment of
each model validation exercise.

Furthermore, a workshop was held in November 2012, during which 26 European run-
ning dynamics experts (professors for railway vehicle dynamics, experts from industry,
railway companies, testing and research institutes, members of standardisation committees
and DynoTRAIN project partners) assessed a selection of 120 diagram plots using the same
Yes/No-method.

3.3. Validation metrics

As an alternative option to replace the subjective engineering judgement about the agreement
between measurement and simulation, the application of so-called ‘validation metrics’ was
investigated. Using these metrics, the curves of the simulation and measurement signals were
compared with each other quantity by quantity in the time or distance domain by an inte-
gral approach, described by Magnitude, Phase and Comprehensive error factors proposed by
Sprague and Geers.[9] By using the same sampling rate and length of time or distance interval
for the compared measurement and simulation signals, the definitions of error factors proposed
by Sprague and Geers in [9] can be expressed by the following formulae.[ 10]
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Sprague and Geers Magnitude error factor:

(1)
where ¢; are the simulated values and m; the measured values.
Sprague and Geers Phase error factor:
| s cin;
Psg = —cos ™! izt (2)

T
I8 R

Sprague and Geers Comprehensive error factor:

Csc = MZ; + P26 (3)

Following the explanations of [11] and investigations carried out in the DynoTRAIN project,
the better the agreement between simulation and measurement signals, the lower the error fac-
tor values shall be, i.e. error factor values near to zero demonstrate perfect agreement between
simulation and measurement signals while high values represent disagreement. Since for
vehicle homologation there are no applicable limits available to separate validated simulation
models from non-validated ones, the evaluated validation error factors were combined with
the partners’ subjective assessments in order to check existing correlations for developing such
validation limits.

3.4. Examples of validation exercises

Examples of comparisons between simulation and measurement as well as assessment results
for two tested vehicles — passenger coach Bim and freight wagon unit Laas — are shown
in Figures 3-5. All three examples represent the test zone 4 (curves with very small radius).
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Figure 3. Validation examples Exercise F1.01, Germany, curve radius 282 m, speed 68 km/h.
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Figure 4. Validation examples Exercise F1.12, Italy, curve radius 295 m, speed 76 km/h.
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Figure 5. Validation examples Exercise F1.15, Switzerland, curve radius 294 m, speed 74 km/h.

Figure 3 displays guiding force on the leading wheel from the validation section 1 in Germany.
The diagrams show the time or distance plots, respectively. The tables on the right side present
the values from simulation and measurement evaluated according to EN 14363 in the part
of the section with constant curvature as well as their absolute and relative difference. Fur-
thermore, the tables show the percentage of positive assessments during the workshop (if
applicable) and the percentage of positive assessments by project partners. They also present
the Magnitude, Phase and Comprehensive error factors of the validation metric by Sprague
and Geers calculated for the displayed diagrams. Similarly, Figure 4 shows the ratio Y /Q in
the validation section 12 (Italy) and Figure 5 the vertical vehicle body accelerations of the
validation section 15 (Switzerland). The displayed results use actual measured wheel and rail
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profiles as well as measured track irregularities. The model configurations F1 represent the
first development level of the vehicle models using available parameters but without any model
adjustments by comparisons to stationary tests or to on-track test measurements.

4. Evaluation of validation criteria and limits

4.1. Preliminary validation limits for quantities based on EN 14363

The assessments based on quantities according to EN 14363 were carried out using a common
preliminary set of validation limits, which was evaluated from the proposals provided by
project partners. These proposals deviated significantly against each other as it is schematically
shown in Figure 6 displaying the area satisfying the validation condition. If the simulated value
Sy and measured value M, are identical, the point is on the diagonal line. A deviation from this
diagonal line characterises the deviation between simulation and measurement. A deviation
acceptable for a successfully validated model is defined by the limit conditions displayed in
Figure 6.

The following in principle differing definitions of the limit condition were proposed by the
project partners:

e Deviation limit as a percentage of the measured value (relative deviation limit), Figure 6a.

e Deviation limit decreasing with the measured value increasing towards the limit for vehicle
acceptance according to EN 14363 and constant for high measured values, Figure 6b.

e Constant deviation limit (absolute deviation limit), Figure 6c.

A reasonable justification can be provided for each of these differing proposals. Any devi-
ation or error is usually considered with regard to the relative deviation hence supporting the
first approach. However, as the vehicle is intended to be used for simulations of vehicle accep-
tance tests, it is important to achieve a good agreement for values, which are close to the limit
values for vehicle acceptance, thus supporting the second, contradicting approach. Finally, it
was agreed to use constant validation limit values for the deviation simulation—measurement,
which is rather easy and at the same time the most appropriate compromise of the proposals
discussed during the investigations.

A preliminary set of validation limits have been agreed based on the partners’ proposals.
These preliminary validation limits were then applied for the comparison of model con-
figurations and for the investigation of a possible approach for validation. The effects of
input data, like measured track irregularities, measured wheel and rail profiles, adjustment of
model parameters by comparisons with stationary tests or differing depth of modelling, were
compared and the quality of the model configuration was evaluated.

(a) Vehicle
acceptance %
limit <
S, o
'
4
e
e
&
7
#
/v, Area fulfilling the
< validation condition

M,

Figure 6. Principles of validation limit definitions proposed by project partners.
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Figure 7. Correlation studies and investigations leading to the identification of the proposed validation limits.

4.2. Evaluation of method and criteria suited for model validation

Several variations of model input data, model adjustments and modelling depth together with
variations of track input data resulted in a total of 78 model configurations and more than 1000
simulations of validation exercises. The comparisons between simulation and measurement
using values based on EN 14363 represent more than 50,000 single comparisons. The evalua-
tion of time or distance as well as power spectral density diagrams comparing the simulation
and measurement totalled more than 21,000 plots. About 6800 plots of selected model con-
figurations were assessed by 7-10 project partners and 120 selected plots by 26 workshop
attendees.

The correlations between the different groups of assessment (EN 14363 quantities, subjec-
tive assessments and validation metrics) as well as the relationship between the assessments and
the achieved results were investigated, see Figure 7. They provided the following knowledge.

Subjective assessments by engineering judgement carried out by project partners as well
as during the workshop demonstrated that these assessments vary significantly. Moreover, the
presentation of the provided measurement and simulation results, such as different diagram
axis scaling or change of front or back plane presentation of the signals, are influencing the
reviewers’ assessments.

Although some tendencies can be confirmed, the final assessment of each single comparison
as well as the total assessment depends on the ‘strictness’ of each reviewer. The strictness
deviation can be illustrated on the results from the workshop, in which a group of 26 workshop
attendees assessed selected diagrams. The percentage of diagrams assessed positively by each
reviewer varied significantly, see Table 1. The observed strictness variation was neither related
to the set of plots nor to the reviewer’s affiliation or experience. Although the workshop
assessments were related to single diagrams only, without any background information about
the vehicle type, test conditions and simulation procedure, and thus cannot be considered as
representative validation assessments, they illustrate the weakness of subjective judgements.
Therefore, it can be concluded that a subjective assessment by engineering judgement is not
ensuring the feasibility of an objective model validation.

The investigations related to validation metrics were introduced with the intention of replac-
ing subjective engineering judgement by quantitative, measurable criteria. This activity was
motivated by information about the ongoing investigations on this topic carried out by TTCI in
Colorado, USA, as reported in [12]. Unfortunately, based on the presented investigations, the
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Table 1. Variation of the percentage of positive assessments in the workshop.
Percentage of positive

assessments by a reviewer
Set of plots Number of plots Minimum Maximum
Guiding forces Y 22 9.1 81.8
Vertical wheel forces Q 22 13.6 81.8
Ratios Y /0 22 18.2 71.3
Bogie accelerations 22 10.0 95.5
Vehicle body accelerations 22 227 86.4
PSDs of bogie and body accelerations 10 0.0 100.0

evaluated correlation between subjective assessments and validation metrics is not suited to
establish limits distinguishing between validated and not validated simulation models. Devi-
ations between simulation results and measurements are often neglected using engineering
judgement, if these deviations occur at very small values close to zero or well within the limits
for vehicle acceptance according to EN 14363. Since the validation metric error factors are
based on a relative deviation, they do not regard effects like this, see Figure 8.

Another drawback of the validation metric is the strong influence on Phase error factor by
the level of synchronisation between simulation and measurement signals, see Figure 9. An
importance of the synchronisation of the compared signals is stressed in the investigations
regarding the validation metrics presented in [13]. However, a perfect synchronisation is not
easy to achieve and is usually not requested, which can lead to high values of the Phase as
well as the Comprehensive error factors suggesting disagreement between simulation and

measurement.
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to high Phase and Comprehensive error factors.
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Figure 10. Exercise FI1.13, Italy. curve radius 292 m, speed 76 km/h: rather negative assessment by partners in
contrast to low error factors.

Moreover, combined deviations, such as the simulation signal’s size of its quasi-static value
combined with its dynamic amplitude deviation from the measured signal, can result in low
validation metric error factors suggesting a good agreement (Figure 10), although a subjective
acceptance for positive validation is small.

Summarising the correlation analyses and other project results, it is believed that the com-
parisons of simulation and measurement using quantities based on EN 14363 represent the
means for a more objective assessment. The validation metric, which was considered as suit-
able for the replacement of subjective assessment, does not show any valuable improvement
and is thus not used in the proposal. Further investigations and modifications of the validation
metrics would be required for its future applications in the context of the validation of railway
vehicle models.

Moreover, the project investigations showed that assessments of single comparisons
between simulation and measurement do not provide relevant information about the model
quality with regard to validation. To approve the model validity, it is more important to assess
an overall agreement between simulation and measurement, than to concentrate on differences
in a few individual comparisons. An assessment of a large set of comparisons between simu-
lation and measurement values evaluated by analogy with EN 14363 was finally selected as
the best way to an objective and reliable model validation. The preliminary validation limits
agreed in an earlier step of the project were used to assess the validation of the investigated
model configurations. The feedback about the validated models was then used for the final
adjustment of the validation limits; see schematic of this process in Figure 7.

From a total of 78 model configurations evaluated in this project, only 20 model configu-
rations fulfilled the proposed model validation limits. The validated models were only those
vehicle models, which were tested in the framework of DynoTRAIN WP1, where the measured
track layout and track irregularity data were available and could be used for the model valida-
tion. The models successtully validated were only the models of locomotive DB BR 120 and
DB passenger coach Bim. Neither a model configuration of the freight vehicles nor a model
configuration without the usage of measured track irregularities could be validated. This result
demonstrates the difficulties of modelling freight vehicles with large uncertainties of friction
suspension parameters and stresses the importance of the actual measured infrastructure data
for a successful model validation.

5. Proposed validation criteria and limits

The investigations resulted in a proposal of analysing 12 quantities covering the quasi-static
and dynamic wheel-rail force measurements and vertical and lateral accelerations in the car
body, filtered and processed by analogy with EN 14363, to be compared on at least 12 test
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Figure 11. Example of evaluation of differences between simulated and measured values.

sections. A ‘section’ means either a test section according to EN 14363 or a part of test track
longer than the minimum length specified for test sections in the particular test zone according
to EN 14363. The selected validation exercises should contain sections from all 4 test zones,
at least 3 sections from each test zone.

Each quantity is evaluated using at least two signals, e.g. the vertical accelerations above
the leading and the trailing bogies, thus at least 24 simulated values can be compared with
their measured counterparts for each quantity, see Figure 11. Each compared simulated as
well as measured quantity is filtered and processed according to the requirements given within
Table 2. The percentiles (0.15%-, 50%- and 99.85%-values) are calculated from the cumulative
curve as described in EN 14363. The definitions of simulated values S, and the corresponding
measured values M, are given in Table 2. For the maximum value calculated as 0.15%- or
99.85%-value, the higher magnitude of the 0.15%- and 99.85%-values (absolute value) is used.
The 50%-value (median) is applied with its sign to approve the agreement of both magnitude
and direction of the particular quantity.

The difference D, between the simulated value S, and the corresponding measured value
M, is evaluated for each value and quantity, whereby this difference is transformed depending
on the sign of the measured value M, so that, if the magnitude of the simulation value is higher
than that of the measurement (simulation overestimating the measurement), the difference is
positive, and vice versa:

M,
D, = (S, — MV)—lM | for M, # 0, 4)

D,=S8, forM,=0.

The following values shall be calculated for the whole set of differences D, between the
simulation and measurement for each quantity (e.g. for all Yy values) and compared with the
validation limits:

e Mean value.
e Standard deviation.

Table 2 presents the proposed validation limits for the standard deviation of the differences
simulation—measurement. The validation limits for the mean values are equal to two-thirds of
the limits for the standard deviation. The validation limits for accelerations (mean as well as
standard deviation) for freight vehicles or vehicles without secondary suspension are twice
the relevant limit values stated in Table 2.
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Table 2. Quantities and limits proposed for model validation with regard to the simulation of on-track test.
Validation limit for
standard deviation of
the differences between
Quantity Notation  Unit Filtering Processing simulation and measurement
Quasi-static guiding Yst kN  Low-pass filter 50%-value 5
force 20Hz (median)
Quasi-static vertical Ogst kN  Low-pass filter 20 50%-value 4 (1 40.01Q0). Qo —
wheel force Hz (median) static vertical wheel
force [kN]|
Quasi-static ratio Y /Q (Y/Q)qgst —  Low-pass filter 50%-value 0.07
20Hz (median)
Quasi-static sum of X ¥gst kN  Low-pass filter 20 50%-value 6
guiding forces Hz (median)
Guiding force, Yidsis kN  Low-pass filter 0.15%/99.85%- 9
maximum 20Hz value®
Vertical wheel force, Omax kN  Low-pass filter 99.85%-value® 6 (1 4+0.01Q0). Qo -
maximum 20Hz static vertical wheel
force [kN]
Ratio ¥/Q, maximum (Y/Omax —  Sliding mean 2m  0.15%/99.85%- 0.10
window, step value®
0.5m)
Sum of guiding forces, 2 ¥ nax kN  Shding mean (2m  0.15%/99.85%- 9
maximum window, step value?®
0.5m)
Car body lateral o m/s?  Band-pass filter rms value 0.15
acceleration, rms 0.4-10Hz
value
Car body vertical P m/s>  Band-pass filter rms value 0.15
acceleration, rms 0.4-10Hz
value
Car body lateral a m/s?> Band-pass filter 0.15%/99.85%- 0.40
acceleration, 0.4-10Hz value?
maximum
Car body vertical i m/s2 Band-pass filter 0.15% /99.85%- 0.40
acceleration, 0.4-10Hz value?®
maximum

2Absolute values of simulated value S, as well as measured value M,.

6. Experience with the proposed model validation method

6.1. Advantages of the proposed validation method

The proposed validation method represents an overall assessment of a large number of data,
which are not practical to carry out by using engineering judgement of the plots, as it
would involve having to display, check and document the approval of such a large num-
ber of plots. This method allows a fast identification of quantities with the highest deviation;
data of a particular quantity can be easily checked in detail to identify the validation exer-
cise (section) and the signal (sensor position) that provides large deviations between the
simulation and measurement. The specified set of 12 quantities to be evaluated covers the
quasi-static as well as dynamic behaviour of the vehicle with regard to the vehicle accep-
tance, which is the intended range of the application for a validated model. The vehicle’s
safety relevant behaviour and the track loading results are validated by comparing quantities
measured using force measuring wheel sets. The representation of vehicle ride is validated
by comparing the root mean square (rms) values and maximum values of the car body
accelerations.
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The signal processing is carried out by analogy with EN 14363 for both the measurement
and simulation, thus allowing the direct use of the acceptance tests data. Only the quantities
Yimax. ZYgq and (Y /Q)qq proposed for model validation are not requested according to
EN 14363:2005,[2] however: they are recommended for evaluation in recent draft prEN
14363:2013.[4] Thus, there are almost no additional requirements on measurement with regard
to the proposed model validation.

The DynoTRAIN investigations confirmed that the proposed validation criteria and limits
represent a suitable and robust methodology for the validation approval of railway vehicle
models. A large number of compared pairs of values simulation—measurement ensure an
approval of the overall vehicle’s behaviour: it is difficult to improve the validation results by a
simple modification of uncertain parameters or by a certain selection of validation sections. The
evaluated values of the mean and the standard deviation of differences between simulation and
measurement can be normalised by the proposed validation limits to visualise the weaknesses
of the investigated models and to compare the quality of models against each other: see
examples of such an assessment for the Bim passenger coach and the Laas freight wagon unit
in the next section.

The quality of vehicle model can be improved by adjustments of uncertain or estimated input
parameters. The identification of model parameters can be supported using comparisons of sta-
tionary tests measurements with simulations of those tests; however, this may be accompanied
by some problems and pitfalls as reported by Evans.[14] Moreover, the project investigations
showed that an improvement of the overall model quality regarding the simulations of on-track
tests using comparisons with stationary tests is often marginal.[ 5]

6.2. Experience regarding the effect of the usage of measured track data on the
validation results

The model configurations with measured track parameters and with estimated or nominal
parameters, respectively, were evaluated using the proposed validation method and criteria in
order to assess the importance of the usage of measured track data concerning a successful
model validation. Figure 12 shows such an assessment for the Bim passenger coach and the
Laas freight wagon unit. Three model configurations of each vehicle with differing knowledge
of wheel and rail profiles are compared using non-dimensional values. The passenger vehicle
Bim provides values with lower magnitude than the Laas freight vehicle. As the Bim coach’s
magnitudes of all values are below the validation limit, all three model configurations are
considered as validated. The validation of the Bim coach model could thus be demonstrated,
also without measured rail and wheel profiles. The Lass unit is not validated, because of
it exceeding the Yy, (Y/Q)gs and (Y /Q)max and the vehicle body accelerations. In spite
of the fact that with measured wheel and rail profiles the model configuration of the Laas
unit provides better results than other Laas vehicle model configurations, the exceeding of
validation limits occur for the same quantities. Thus, the Laas wagon unit cannot be confirmed
as validated.

Figure 13 shows validation results without the actual measured track irregularities (i.e.
using estimated track irregularity data) in comparison to the initial model configurations
F1 with the actual measured track irregularities. The profiles of rails and wheels use
the actual measured data in both cases. As expected, the comparisons show better agree-
ment when the actual measured track irregularities are applied. But, it is interesting to
see that the differences are smaller than one probably would expect. The model of the
Bim coach fulfils the proposed validation limits using measured track irregularities and
fails without the measured data, however, the exceeding of the validation limit is only
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Figure 12. Normalised mean and standard deviation of differences between simulated and measured values for
the validation of two vehicle models using actual measured wheel and rail profiles as opposed to estimated
profiles.

Mean of differences simulation - measurement Standard deviation of differences simulation - measurement

~
o
N
o

15 ! Bim passenger coach ] = Track imegulanties estimated

-
o

® Track imegularities measured

o
o

6 b
@0

Value/ Validation limit [-]
o
=)

<10 - 5
1 1! I||

20 00

o °i\°*fc‘ “#o“& A *&0& o & A“ycf‘y\“‘c\“ @

- Mean of differences simulation - measurement - Standard deviation of diffe imulation -
S | Laas freight vehicle | - “
E 10 15 =
£ 05
L — ) o
g os :
3 10 ' 05 :
T

20 0.0

& 0& ’&4‘& 4 “‘9 *“&4&&4@ {@ o ,c& & °§é€>§¢é-&‘° o“‘ 4“4{“& £§ “y

Figure 13. Normalised mean and standard deviation of differences between simulated and measured val-
ues for validation of two vehicle models using the actual measured track irregularities as opposed to
random ones.

marginal. The Laas freight vehicle fails in both model configurations because of exceed-
ing the Yy, (Y/Q)qs and (Y/Q)max and the vehicle body accelerations. As expected,
larger deviations between simulations and measurements occur without the measured track
irregularities.



140 0. Polach and A. Béticher
7. Summary and outlook

This article presents investigations of the validation process, the criteria and the limits for
the validation of MBS vehicle models with regard to simulations of on-track acceptance tests
carried out in the DynoTRAIN project. These investigations represent unique work with regard
to both simulations as well as measurements. The analyses are carried out using measurements
with a test train consisting of several vehicles and using 10 force measuring wheel sets, running
over 20 days through 4 European countries and being equipped with a simultaneous recording
of track irregularities and rail profiles. The simulations, comparisons with measurements and
evaluations were conducted using vehicle models built in different simulation tools by several
partners.

The proposed criteria and validation limits are based on 12 quantities covering the quasi-
static and dynamic wheel-rail force measurements and vertical as well as lateral vehicle body
accelerations. For each quantity, a set of at least 24 comparisons between simulation and
measurement are evaluated using values based on EN 14363 from at least 12 sections, which
represent all 4 test zones according to EN 14363, from straight to curves with very small radius.
It is intended to use these criteria for model validation in the context of vehicle acceptance
according to EN 14363 and gain experience with this method in future projects.

The assessments using error factors of validation metrics are analysed too, but do not provide
better and more reliable assessment than subjective assessments. This can be explained by
the identified drawbacks of the validation metrics. Future investigations could remove these
drawbacks by a modification of the validation metrics with regard to railway vehicle dynamic
behaviour.
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