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Abstract

Different methods can be used to incorporate longitudinal train dynamics (LTD) into multibody (MB)
models, which is crucial for understanding the dynamic behaviour of railway vehicles. The main
contribution of the paper is to test and compare different strategies under the same simulation scenario,
involving a group of four wagons with three-piece bogies. Some strategies are based on data exchange
between MB and LTD frameworks, while others are purely standalone MB models including LTD states.
The study confirms that all strategies can yield similar results, but they differ significantly in computational
efficiency. Modelling vehicles as masses with a single degree of freedom (DOF) within the MB
environment is 6.5 times slower than running a MB simulation with in-train forces from a preliminary LTD
simulation. On the other hand, co-simulation performs poorly, mainly due to the chosen communication
rate between LTD and MB codes. When an optimal data exchange rate is selected, computational speeds
can decrease by about three orders of magnitude in the reference scenario. A balanced solution can be
achieved by modelling wagon sets with large masses inside the MB framework, reducing the number of
DOFs and thus achieving computational speeds comparable to those of the straightforward methods.

Keywords: longitudinal train dynamics; multibody system dynamics; running safety; co-
simulation; three-piece bogie; heavy haul wagon

1. Introduction

Train dynamics is generally categorized into two main domains: longitudinal train dynamics
(LTD) and multibody dynamics. The first concerns the analysis of in-train forces and the motion
of each vehicle along the direction of travel, including phenomena such as traction, braking, and
coupler interactions, without considering the interaction of each body in the vehicle itself. In
contrast, multibody dynamics involves the vehicle’s motion both along and perpendicular to the
track and is inherently more complex. This complexity comes from the necessity of accurately
modelling the nonlinearities of wheel-rail contact problems and forces transmitted through the
suspension system at all levels. Capturing these interactions requires multibody dynamic models
(MB) and advanced numerical methods as lateral instabilities, hunting motion, and curving
behaviour critically influence ride quality and safety. !

LTD codes generally account for each car using a single degree of freedom (DOF) model
that follows the track layout with the application of resistance forces emulating curvature and
slope. On the other hand, studies on multibody dynamics are usually performed in MB system
codes with multiple bodies, multiple DOFs and a track layout accounting for curvature, slopes,
and irregularities. As MB models feature 6 DOFs (translation and rotation in three directions
each), this model is called full dynamics. The combination of those areas for a comprehensive
dynamic model is possible, accounting for the full dynamics of an isolated vehicle and its
interaction with the rest of the composition, including in-car forces from LTD analysis, although
higher computational power is needed. 3



Obviously, as LTD only considers a limited subset of coordinates in the dynamic
simulation of railway vehicles, it could be possible to develop LTD models within MB
frameworks, provided that all other coordinates are properly constrained. This was done by Bosso
et al. 4, who built a SIMPACK model including both detailed wagons, with may DOFs, and
simplified ones, with fewer DOFs. Similarly, Correa et al. °* implemented a SIMPACK model of
a freight train with 100 wagons modelling 3 pairs of wagons (6 wagons) in detail, while all other
vehicles were modelled as bodies with a single DOF along the track. Nonetheless, whilst detailed
MB models of railway vehicles are commonly implemented within commercial software
packages to investigate their full dynamics °, LTD models are usually built as in-house routines
to improve their computational efficiency, in view of the simplified modelling assumptions.
Therefore, for comprehensive dynamic models, it is often required to combine different codes and
simulation frameworks. This can raise some concerns about computational efficiency, as MB
models usually have poorer performances with respect to LTD models, in view of the larger
number of DOFs and strong nonlinearities.

In the past years, different strategies have been developed to combine the benefits of LTD
simulations with the MB detailed dynamics of one single vehicle. The most straightforward
technique involves the use of two codes separately: one LTD generating in-train forces and then
feeding these outputs into an MB standalone model of a single vehicle or small group of vehicles.”
A different approach is to build a detailed model of a small group of cars trailed by bodies with
big inertia and prescribed speed profile, and then calculate the in-train forces inside the group
using control elements to model the draft gear nonlinear behaviour. °. These approaches are easy
to implement but lack the mutual interaction between the long-train forces and the actual
behaviour of the vehicle. **

Co-simulation strategies fix this mutual dependency issue, making it possible to run the
LTD simulation feeding the MB model and vice-versa, for each timestep, possibly taking
advantage of parallel computing. *'* However, the major drawback of this approach relies on the
fact that the communication rate between the two codes needs to be high to avoid data loss and
delays in the exchange of states, which often causes an increase in computational time. When
implementing co-simulation interfaces, a key factor is the selection of the communication
protocol. Wu et al. ' recently showed that for co-simulation between LTD models and pneumatic
modules for the simulation of the air brake pipe pressure, the communication overhead times
strongly depend on the data exchange protocol. Precisely, the Open Multi-Processing (OpenMP)
interface had the smallest overheads, thanks to shared memory, while the TCP/IP protocol had the
poorest performances. The Message Passing Interface (MPI) technique had a performance in
between the OpenMP and TCP/IP protocols. In their study, Spiryagin et al 2 developed a co-
simulation framework between an in-house LTD code and an MB model implemented in the
GENSYS commercial code, based on data exchange through the TCP/IP protocol. This approach
proved to be up to 6 times slower when compared to the straightforward approach mentioned
before.

Nowadays, some commercial MB software packages present LTD modules, such as the
longitudinal dynamics module for the non-linear creep solver on Vampire, introduced in 2022.
However, this module only allows to specify the coefficients for the calculation of ordinary
resistances acting on vehicles modelled in detail inside the code, thus neglecting the rest of the
composition. Conversely, the Train3D module on Universal Mechanism (UM) !* allows to define
detailed models for some vehicles in the train composition while modelling the rest of the train
as single DOF masses in the framework of LTD codes. The latter method can be implemented
within in-house LTD codes, too, as suggested by Cantone et. al ', but it requires that the numerical
integrator used for LTD simulations can effectively solve the wheel-rail contact problem.



Another methodology currently investigated by researchers consists of building the entire
composition to evaluate the in-train forces and phenomena within the MB formalism. Bosso et al.
15 created simplified versions of each wagon in the composition with three bodies (one wagon and
two bogies) on SIMPACK, but the method proved to be unstable for trains with many wagons.
To overcome these issues, Magelli and Zampieri '® recently suggested solving the LTD of groups
of wagons inside the MB environment through the definition of user-defined force elements with
associated dynamic states, achieving promising computational performances. However, this is a
brand-new method that requires low-level functions to interact with the MB solver, which makes
it trickier to implement. Therefore, the present paper only considers and benchmarks traditional
approaches.

Moreover, researchers have even started building digital twins of MB/LTD models by
deriving closed-form fast-to-evaluate surrogate models with machine learning and artificial
intelligence techniques. '!® Nonetheless, these on-the-edge approaches are not considered here
since they lose information on the physical background of LTD and MB systems when building
the surrogate models.

The state-of-the-art provided in the lines above highlights that different strategies exist in
the literature to combine LTD and MB simulations. Nonetheless, to the authors’ knowledge, the
literature lacks a thorough comparison of the different strategies, considering their numerical
accuracy, stability, efficiency and impact on the major simulation outputs. Therefore, as a major
novelty, this work intends to deeply compare the performances of different existing strategies in
the same reference simulation scenario, extracted from the international benchmark of LTD
simulators. '*2° The goal of the paper is to highlight the benefits and drawbacks of each method,
discussing several aspects related to practical implementation and numerical issues, as well as
investigating possible arising differences in terms of calculated outputs. In fact, in the authors’
opinion, this benchmarking activity is needed since in-train forces and their modelling strategies
are known to impact the running safety indexes.

The comparison of the tested approaches allows to gain a further understanding of the
effects that different LTD strategies have on the major safety indexes calculated using detailed
wagons, which are derived from the wheel-rail contact forces. It is believed that the results of the
activity shown in the paper can better drive scholars and researchers needing to implement their
own framework to combine LTD and MB simulations, providing a detailed overview on the
expected outputs and performances of different existing approaches.

The next section presents the SIMPACK model of the reference wagons and track, the
scenario used to validate the results, and the explanation of each approach developed to model
the composition. Then, the result section shows the validation and comparison of the tested
strategies. The final section provides the discussion and conclusions, summarizing the findings
of the activity and highlighting the benefits of each approach.

2. Computational framework
2.1 Scenario and SIMPACK Model

The selected scenario for simulations and validation is the "train 4" configuration, as documented
in the international benchmark of LTD simulators. This configuration bears similarities to the
train setup used in Brazil for freight transportation, particularly the gondola wagons that transport
ore from mining operations to coastal ports. The benchmark’s “train 4 comprises two “type 2”
locomotives, followed by a set of 120 “type 2” freight wagons, a remote “type 1” locomotive, and
a tail set of 120 “type 2 wagons. Detailed properties of these vehicles are provided in Table 1.



Table 1 - Measurements for the wagon and the locomotives.

Vehicle Number of axles Axle Load (tonne) Overall length (m)
Type 1 Locomotive 6 22.33 22.95
Type 2 Locomotive 6 32.50 24.35
Type 2 Wagon 4 40.00 11.00

The wagons are grouped in sets of 120 cars, divided into 60 wagon pairs connected by a
rigid drawbar with draft gears. The wagon pairs are connected to each other and to the locomotives
using couplers with 10 mm of slack. Locomotives are also connected using couplers. Both bars
and couplers feature nonlinear mechanical impedance characteristics with hysteresis.

Apart from the data given in Table 1, the international benchmark does not explicitly
provide the details of the cars used to inspire the vehicles, so a three-piece bogie gondola wagon
is proposed to represent the type 2 wagon. A wagon pair with the relevant dimensions is sketched
in Figure 1, which also provides snapshots of the three-piece bogie model implemented in
SIMPACK. For brevity, the multibody model built in SIMPACK will be referred to as the MB
model. The MB model of the four wagons behind the remote locomotive is built in SIMPACK,
starting from existing models developed in past activities >2'2*. For each wagon in the MB model,
the payload is adjusted to consider the effect of the wheelset rolling inertia. Still, this contribution
is negligible to the total vehicle weight on rails. The other dimensions were taken from existing
bogies and vehicles with similar characteristics. The vehicle runs on a track with a broad gauge
of 1.6 m.

a)

b)

c)

0.68m 541 m 1.83m

11m 11m

Figure 1 — Model of benchmark type 2 wagon (a) with three-piece bogie (b) and relevant

dimensions (c).



The vehicle model totals 11 rigid bodies and 62 DOFs each. The connection between the
detailed wagons is obtained with nonlinear hysteresis point-to-point (Ptp) forces, acting purely as
traction and compression elements, considering fully nonlinear mechanical impedance
characteristics for the coupling elements. For each of the four detailed wagons, the model
incorporates an additional force element defined between a moving marker along the track and a
marker on the carbody, used to apply the curving and ordinary resistance. Different expressions
exist in the literature for the evaluation of the ordinary and curving resistant forces.?* Usually,
ordinary resistances are evaluated as second-order polynomial functions of running speed, while
curving resistances are commonly calculated as a function of the curve radius only, although some
laws that account for the effect of the unbalanced acceleration exist, too. 2> Nonetheless, since the
simulation scenario selected for this paper is extracted from the international benchmark of LTD
simulators, the contribution of ordinary and curving resistances is calculated with the following
expression, derived from the LTD benchmark paper. '’
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where m is the wagon mass, P, is the axle-load in tonne, S is the joint speed state, 714 is the
number of axles and finally y’(S) is the curvature along the track.

The wheel and rail profiles used for the simulation are new profiles, and the contact
problem is addressed using models available in the SIMPACK code. Specifically, the normal
problem is solved using an equivalent elastic approach, namely a semi-Hertzian method that
converts non-Hertzian contact patches, identified as a function of the relative penetration between
wheel and rail, into equivalent ellipses. The tangential contact problem is subsequently solved
with the FASTSIM algorithm, which is widely used in railway dynamics simulations and provides
a balance between accuracy and computational efficiency.?¢?’

The track used in this work, shown in Figure 2, is the one proposed in the international
benchmark of LTD simulators ' Still, it includes cross-level superelevation data on curves, which
were determined considering the prescriptions of Brazilian railways.?® Since the goal of the
present paper is to compare different strategies for the combination of LTD and MB dynamics,
rather than investigating in detail the dynamic behaviour of the reference wagons under specific
operating conditions, the track is modelled without irregularities. This is done to avoid the effect
of stochastic parameters in the comparison of the tested strategies. Furthermore, although line
irregularities do have an impact on railway vehicle dynamics, it can be expected that the effect of
irregularities would be similar for all modelling strategies shown in this paper.

For all strategies, the simulation time of 3863 s is defined as the stop criteria. This is the
time the simulation should take to complete the 50 km of track with the expected speed profile.
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Figure 2 - Track layout, elevation, curvature, and superelevation.

2.2 Strategies for LTD

This paper proposes the comparison among the four strategies that combine the effects of LTD
with the benefits of having a 3D MB model, as sketched in Figure 3. The strategies tested in the
present paper rely on two base models developed in past activities, namely the MB model of the
gondola wagon, described in the previous section, and the LTDPoliTo code developed by the
research group from Politecnico di Torino in MATLAB !° for LTD simulations. The LTDPoliTo
code adopted in this work solves the system of ordinary differential equations (ODEs) that
describe the longitudinal dynamics of each vehicle in the train composition, which can be written
as:

myS; = Fej = Fej-1 %+ Frapj = Fair,j = Fresj — Fg @

where subscript j refers to the j-th vehicle in the train composition, s is the curvilinear abscissa
along the track length, the double dots identify a second-order derivative, m is mass, F. is the
force acting on the coupling systems, Fa is the force due to tractive/dynamic braking efforts, F
is the contribution of air brake forces, Fl is the resistant force due to ordinary and curving
resistances, calculated according to Equation (1) and finally Fy is the resistant force due to track
slope. Please note that the traction/dynamic braking forces are non-zero on locomotives only, and
that the air brake forces are neglected since the LTD benchmark input dataset did not consider air
braking. The LTDPoliTo code calculates the in-train forces on the coupling elements from LUTs
storing the force values as a function of deflection, with a smoothing transition function when the
deflection speed is lower than a pre-defined threshold and a transition occurs between the loading
and unloading curves, as suggested by Zhang et al.”
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where F. is the force provided by the coupling system, Ax and Av stand for deflection and relative
speed, respectively, F; and Fy are the LUTs storing the loading and unloading characteristics and
finally vus is the threshold speed value, acting as defined above and set to 0.001 m/s in the
simulations shown in the present paper. The LUTs defining the non-linear relationship between
deflection and loading/unloading forces are defined according to data provided in the international
benchmark !° and are the same as those reported in references. 24332

Train 4 configuration

126512128 Fjyond®)

4 detailed type 2 Wagons

b) Strategy b) MB with all the bodies: 283 bodies, 487 DOFs:

116 type 2 wagons 4 detailed type 2 wagons 1type 1 Loco. 120 type 2 wagons 2 type 2 loco.

c) Strategy c) MB with big masses: 53 bodies, 257 DOFs:

116 type 2 wagons 4 detailed type 2 wagons 1type 1 Loco. 120 type 2 wagons 2 type 2 loco.
3 masses 3 masses

d) Strategy d) Co-sim: 44 bodies, 248 DOFs for the MB model:

Simat TCP/IP
co-simulation

4 detailed type 2 wagons

Figure 3 - Strategies for LTD simulation proposed by this work.

For every strategy proposed in this work, the four-car 3D MB model is positioned right
behind the remote locomotive, where the largest in-train forces are produced.”” Both MB and LTD
models are solved through variable step-size predictor-corrector numerical integrators. Precisely,
the MB model of the wagons is solved using the SODASRT?2 solver **, based on backwards
differentiation formulas (BDFs) and suited for dynamic algebraic equation (DAE) systems, while
the LTDPoliTo code relies on the odel5s solver available in MATLAB **, which uses numerical
differentiation formulas (NDFs), with preliminary specification of the Jacobian sparsity pattern.
The use of variable step-size solvers is the key to adapt the step-size based on the conditions of
the system under analysis and according to the estimation of the numerical error. The major
parameters of the solvers, including the absolute and relative tolerances, were tuned and
optimized in previous works for each base model.



Strategy a) is the easiest way to combine the effects of longitudinal and lateral dynamics
in MB models because it imports the in-train forces from the outputs of an external LTD code,
which in this paper is the LTDPoliTo code. The imported forces include the one acting between
the remote locomotive and the first 3D wagon (Fron.) and the force acting between the tail 3D
wagon and the car behind (F,.,;-). As described before, this method fails to present the relationship
between the MB forces and the LTD forces because the MB forces acting on the detailed cars do
not affect the longitudinal forces generated previously.

Strategy b) allows to calculate all the in-train forces directly within the MB formalism,
building in SIMPACK the entire pack of 243 cars included in train 4 configuration. Each car and
locomotives are modelled as just one body each and are connected to the track using a follow
track general rail joint with only the longitudinal (S) direction as a DOF. The four-3D car pack is
then added to the train in positions 124 to 127. Just like the detailed wagons, each vehicle body
in the model includes a dedicated force element to implement the expression in Equation (1) to
account for the ordinary and curving resistances. For locomotives, the same approach is used to
apply traction/dynamic braking, with the calculation of the force values based on the driving
command and locomotive mechanical characteristics extracted from the international benchmark
dataset. The connection between adjacent vehicles is modelled with SIMPACK default library
elements for hysteresis behaviour (“Spr-Damp nonlin Hysts” SIMPACK force element), which
implements a smoothing transition strategy similar to the one provided in Equation (2).

Strategy c) replaces each group of 1 DOF wagons with only 3 bodies with 1 DOF each.
This approach simplifies calculations for estimating energy consumption or optimizing energy
consumption and timetabling *, but it cannot calculate in-train forces within the wagon pack. The
wagon pack is split into three bodies: two 1 DOF cars ahead and behind the pack (“pivot”
vehicles), and a central big mass. Clearly, this approach is not able to calculate the values of the
in-train forces within the wagon pack, since the latter is modelled as a single point mass body.
Nonetheless, when only focusing on the simulation of the detailed dynamics of a small group of
well-defined wagons, this approach can easily account for the effect of the train composition at
the cost of just adding a small number of bodies and DOFs. The connection between the big mass
body and the pivot vehicles cannot be modelled with PtP hysteresis force elements, as during
curve negotiation, the large overhang of the big mass body would produce numerical instabilities
due to a huge length of the coupling element itself. Therefore, the connection between the central
big mass and each pivot car is obtained with two pairs of additional forces, F; and F», that act as
control forces to constrain the wagon pack to keep a constant length along the track curvilinear
abscissa. In total, four additional force elements are defined, namely one force element on the
pivot vehicle at the front, one force element on the rear pivot vehicle, and two force elements on
the big mass body. The two forces acting on the big mass body have the same value in magnitude
as the two forces on the pivot vehicles, but opposite direction to comply with the action-reaction
principle, see forces F| and F in Figure 4. For each pair of forces, one force element is defined
between the pivot vehicle and the inertial reference system, while the other force, with the same
value in magnitude, is applied between the big mass body and the inertial reference system.
Precisely, the forces always act along the longitudinal direction, i.e., the direction that is tangent
to the track centreline in each position. This is achieved by defining SIMPACK follow track
connection/joint markers on the inertial reference system. These are special markers belonging to
the reference system, that follow a body along the track curvilinear abscissa.
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Figure 4 — Modelling of the big mass: a) overhang problem and b) addition of outer bodies and

control force elements.

Each of the two pairs of forces Fi and F; is calculated as:

Fi = Kp(Sf,i = Sri = Snom) + Ke(Sp.i = Sr0) )

where subscript i can be either 1 or 2; Sy and S, represent the position of the body in front and
behind, respectively; the upper dot stands for derivative, S,om, is the nominal distance between the
bodies along the track curvilinear abscissa; and finally, K, and K. are control force element
parameters. These parameters are tuned to obtain small errors in the wagon pack length during
the simulation while, at the same time, not compromising the computational efficiency of the
model. The values adopted in the simulations shown in this paper, which were identified through
trial-end-error, are K, = 10’ N/m and K. = 5-10* Ns/m. For the pivot vehicles, the resistant forces
are applied in the same way as for strategy b). For the central body, due to its large value of mass
and length of the middle body, calculating the curving and slope resistant forces based on the
position of its centre of gravity only would strongly modify the real train dynamics. Therefore,
the curving and slope resistances for the central body are pre-calculated outside the MB
environment considering the real mass distribution along the set, and they are indexed as a
function of the position of the big mass centre of gravity in SIMPACK. Furthermore, an additional
force must be applied to balance the longitudinal component of the middle body gravitational
force when running on grades. This force is applied between the body reference frame marker
and a follow track connection/joint marker on the inertial system along the longitudinal direction,
and its value is calculated as:

Fcomp =—g- Mbig 'Z,(S) 5)

where g is gravity, My, is the mass of the middle body and finally Z’(S) is the slope along the
track. The biggest benefit of this strategy is that it allows to consider the whole inertia of the train
within the MB formalism with a small number of bodies and DOFs.

Strategy d) models the detailed pack of four-3D vehicles and obtains forces ahead and
behind from a Simulink model with the LTDPoliTo code, using co-simulation. SIMPACK
includes SIMAT, which enables co-simulation of the MB model with an external SIMULINK
model via TCP/IP or S-functions. The main limitation is determining the sampling period, which
is inversely proportional to the data exchange rate. A trade-off exists between accuracy and
computational speed; larger sampling periods lead to accuracy loss. This paper investigates data
transmission via the TCP/IP (Transmission Control Protocol/ Internet Protocol) protocol with
communication rates of 0.1 ms and 0.01 ms. Please note that in the co-simulation architecture



selected in this work, the MB model still relies on the SODASRT?2 solver, while the LTDPoliTo
code implemented in SIMULINK is solved again with the odel5s solver. This means that each
solver can independently adjust its own step-size during the simulation. However, data exchange
is performed at discrete times depending on the communication period, which forces additional
evaluations of the right-hand side terms and hinders from an increase of the step-size even when
the errors are well below the tolerances.

The diagrams in Figure 5 illustrate communication and data exchange between LTD and
MB codes for each strategy. For strategies b) and c¢), LTD is fully modelled within the MB
framework, eliminating communication between LTDPoliTo and SIMPACK. For strategy a),
LTDPoliTo runs a standalone simulation to obtain forces at the front and rear of detailed wagons,
which are stored and inputted to SIMPACK. For strategy d), data exchange occurs at discrete time
steps through TCP/IP, with LTDPoliTo feeding in-train forces and receiving wagon positions and
velocities from SIMPACK.

For all strategies, the main simulation input is represented by the locomotive notch level,
which is extracted from the international benchmark input dataset !°. The notch level is provided
as a function of the simulation time through indexing and interpolation of a dedicated LUT, which
stores the time history of the driving command with a fixed step of 1 ms. Please note that the
notch level characteristics is the only driving command input for the simulations shown in this
paper, since the international benchmark only considers dynamic braking operations and does not
include air brake applications. However, both the MB and LTD models could easily calculate air
brake torques/forces by adding air brake modules implementing common literature approaches as
reviewed in *°. Other simulation inputs defined on all strategies are those related to the track
layout, namely the track slope and curvature characteristics, which are given as a function of the
position along the track curvilinear abscissa. During the simulation, curvature and slope are
extracted by indexing specific LUTs storing data with a fixed track discretization step of 1 m. The
discretization steps for both the notch level and track layout characteristics were optimized and
tuned in previous activities dealing with the development and implementation of the LTDPoliTo
code. 3?
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Figure 5 - Diagrams for each strategy’s data exchange and results.



3. Results

All strategies shown in the section above are preliminary validated against the benchmark results
20 considering the speed profile, i.e., speed versus track location, for car 124, namely the car
behind the remote locomotive, as shown in the train configuration sketched in Figure 3. This
validation is essential to highlight any possible discrepancy among the strategies. Figure 6 shows
the speed profile calculated with all four strategies, considering two sampling period values for
strategy d) (co-simulation), i.e., 0.1 and 0.01 ms, corresponding to data exchange rates of 10 and
100 kHz, respectively. The benchmark results are presented in dashed black curve while the
strategies are drawn in solid-coloured lines. For all strategies, the simulation time is set to the
same value (3863 s), hence the final position along the track can differ due to discrepancies in the
speed profile.

From Figure 6, all the strategies feature a good agreement in speed profile against the
benchmark except strategy d), whose accuracy proves to be related to the sampling period
between the Simulink and SIMPACK solvers. For the communication period of 0.1 ms, the speed
profile starts to diverge around 4 km of simulation travel and the car tends to have a lower speed
across the entire simulation. Around 27 km of simulation, the speed decreases by more than 10
km/h from the benchmark one, which causes the simulation to end before the end of the track
since the simulation time was kept as the stop criteria. A smaller difference in speed is noticed in
strategy d) when the communication period is reduced to 0.01 ms, thus confirming that small
communication periods are needed to effectively capture the real train dynamics. On the other
hand, strategies b) and c) are the most consistent with the benchmark, as they do not rely on data
coming from other codes, and the MB models represent the inertia of the whole train. Finally,
strategy a) shows a good level of consistency except for minor deviations seen around the 30 km
mark and between 35 km and 40 km.

Speed profile for car 124

100
--#-- Benchmark
Strategy a)
Strategy b)
Strategy c)
804 Strategy d) (0.1 ms)

Strategy d) (0.01 ms)

604

Speed (km/h)

4(H

20H

0 5 10 15 20 25 30 35 40 45 50

Location on track (km)

Figure 6 - Speed profile for car 124 along the track.



Similar considerations on the accuracy of the tested strategies can be made by observing
the coupling forces generated between the wagons. Figure 7 shows the in-train forces on the
coupling element connecting cars 123 and 124, found to be the highest coupling force generated
in the entire composition, as described in %. The strategies align with the benchmark, except for
the co-simulation strategy with a smaller communication rate (higher sampling period). Because
of the delay observed in the position from Figure 6, the forces acting on the wagons deviate from
the expected results, generating a higher level of buff forces around the 26 km mark and higher
traction forces between the 30 km and 35 km marks. These higher forces explain the difference
observed in the speed profile. Strategy d) with the communication rate of 0.01 ms also presents a
smaller deviation from the other results between 30 km and 35 km marks but the model shortly
regrouped with the benchmark. The reason for the discrepancies in the results calculated with co-
simulation is mainly to be related to the driving command (locomotive notch) input, which is
provided as a function of time according to the international benchmark of LTD simulators
dataset. Consequently, small errors produced in the co-simulation due to bad convergence of the
solvers lead to deviations in the speed profile, so that the driving command shifts in position with
respect to the expected trend, thus further increasing the error, especially for large values of the
sampling period.

Force on the coupler between remote locomotive (123) and wagon 124
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Figure 7 - Force acting on the coupler between cars 123 and 124 vs. the position of car 124.

The results shown above highlight the good agreement with the benchmark outputs for
strategies, a), b), and c). The good accuracy of strategy c) proves the efficacy of the approach
based on the application of the control force elements to keep a constant length of the wagon set,
see Figure 4. For strategy d) (co-simulation), it is shown that a better agreement with all other
strategies can be achieved if the sampling period is reduced from 0.1 ms to 0.01 ms, thus forcing
additional data exchanges between the SIMULINK and SIMPACK environments. Residual
discrepancies that appear around the 30 km mark can be related to the definition of the notch level
as a function of time, so that possible deviations with respect to the theoretical speed profile
generate additional cumulated errors. Unfortunately, a further refinement of the sampling period
could not be tested due to the huge drop of computational times that this would cause.



As stated in the introduction, the major goal of this work is to investigate the effects of
the tested strategies on the calculation of the running safety indexes. From each strategy, the Y/Q
derailment coefficient is plotted for the two most critical curves, of 200 m of radius. Figure 8
shows the plot of the Y/Q parameter for the outer wheel on the leading wheelset of all 3D cars
modelled, for strategies a), b) ¢) and d) only with 0.01 ms of communication rate, disregarding
the results for the smaller communication rate, that proved to be unsatisfactory. For each strategy,
the left part of the plot refers to the right-handed curve, while the right part of the plot refers to
the left-handed curve. Strategies a) and d) have very similar results because the models are closer
in their conceptions, having only the 4-car setup connected to an external code, with the forces
acting ahead and behind coming from the LTD code and acting only on the running direction,
thus not generating lateral components. On the other hand, for strategies b) and c), the forces
acting on the head car, namely wagon 124, come from the connection to the locomotive. As the
locomotive hangs more on the curve, this coupling element has a wider angle and generates a
lateral component that affects the lateral forces on the wheel, creating the difference observed in
both curves for the results of car 124. To get a further understanding of this effect, it would be
necessary to develop a detailed model for the draft gear inside the MB model, severely increasing
the model complexity. Other cars have very similar behaviours across all strategies.
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Figure 8 - Y/Q for outer wheels of leading wheelsets for each 3D wagon.

Car 124 also presents a dissimilar behaviour when comparing strategies b) and c).
Strategy c) has a noisier characteristic with a vibration in the forces along the curves, which is
caused by the control element used on the big masses representing the wagon block, not present
in strategy b), which contains several bodies connected with multiple damping elements. The
forces acting on car 127, the tail wagon of the group of detailed vehicles, are smaller. Hence, it is
expected that less external effect is observed in this vehicle. Nonetheless, the results show that
even for the most critical wagon (car 124), the derailment coefficient has limited variations when



changing the modelling strategies, thus confirming that all methods can be effectively adopted
for a preliminary evaluation of the running safety indexes.

Finally, comparing the methods altogether, Table 2 presents the CPU time, wall clock
time and real-time factor (RTF) recorded when launching the simulations with each strategy
running on the same computer. The simulation computer features an AMD Ryzen 9 (7950x)
processor with 16 cores and 32 GB of RAM. For each run, 6 physical threads are deployed while
keeping the computer idle without other demanding tasks. The RTF presented in the table is the
ratio between the wall clock time, i.e., the elapsed time since the beginning of the simulation, and
the total simulation time, which is set to 3836 s for each strategy. RTF values below 1 mean the
simulation runs faster than the real-time.

As shown in Table 2, strategy a) is the fastest, taking 639.79 seconds (10 minutes and 40
seconds) to execute, excluding measurements and previous LTD simulation time. Strategy b)
doubles the number of DOFs and is about 7.4 times slower than a). Strategy c) is much faster than
b) and only 14% slower than a) for the MB simulation. However, a) requires an additional
computational time of 141 s, making c) even faster. Co-simulation strategies are slow due to
communication between LTD and MB codes. With a 0.1 ms sampling period, it takes over a day
(26 hours and 25 minutes), with an RTF of 24.632, much slower than real-time. However, a 0.1
ms sampling period leads to inconsistent results. Improving accuracy requires a 0.01 ms or lower
sampling period, resulting in drastically slower performances (153 hours and 36 minutes, or 6
days!) and 143 times slower than real-time.

The slower computational speed of co-simulation (strategy d) is mainly due to the need
for communication and data transfer between LTD and MB environments, which triggers different
sources that contribute to the loss of computational performances. In fact, as the SIMAT block
based on the TCP/IP protocol requires the definition of a fixed communication rate, the step-sizes
selected by the odelS5s solver for the LTD simulation and by the SODASRT?2 solver for the MB
model are always kept below the sampling period. This leads to extra evaluations of the right-
hand side functions in both SIMULINK and SIMPACK environments. Furthermore, the SIMAT
co-simulation requires the implementation of the LTDPoliTo code within SIMULINK, which
does not enable a preliminary specification of the Jacobian sparsity pattern. This means that in
failed steps, the solver calculates all elements in the LTD Jacobian matrix, with an additional
increase of the computational times when compared to the standard implementation of LTDPoliTo
in MATLAB. Finally, the communication itself between the SIMULINK and SIMPACK
environments though the TCP/IP communication protocol contributes to an additional increase of
the computational times. As the SIMAT block is a standard co-simulation interface between
commercial software packages, it is not possible to obtain an estimate of the actual drop in
computational performance given by each individual source, and only the overall increase of RTF
is observed. Distributed computing could improve performance by running LTD and MB
simulations on different computers, managing computational resources efficiently. However, this
work compares simulations on the same computer for fairness. Higher efficiency could be
achieved by developing customized co-simulation interfaces, as suggested by Spiryagin et al. ¥,
with the aim of reducing the simulation idle times and improving the convergence of the LTD and
MB solvers.



Table 2 - CPU time, wall clock time and real-time factor for each strategy. The total simulated

time is 3863 s and the times do not include measurements.

Strategy CPU Time (s) Wall clock time (s) RTF real-time factor
Strategy a 3,678.531 639.790* 0.166

Strategy b 24,679.953 4,173.66 1.080

Strategy ¢ 4,313.328 730.963 0.189

Strategy d (0.1 ms) 277,554.125 95,152.258 24.632
Strategy d (0.01 ms) 1,556,773.125 552,976.624 143.147

*Wall clock time does not include the time for LTD simulation with LTDPoliTo code, run
previously

4. Conclusions

The simulations shown in this paper confirm that all tested literature strategies can lead to similar
results and running safety indexes as calculated on the detailed wagons. Nonetheless, for co-
simulation, accuracy proves to be strongly affected by the selected sampling period for data
exchange between the LTD and MB code, thus generating a trade-off between accuracy and
computational efficiency. The observed results have led to several conclusions, which are
presented below in the form of a bullet list:

e Derailment coefficient varies minimally among strategies, with a minor influence from
the methods used to apply in-train forces. For the selected simulation scenario, the
derailment coefficient is well below the safety limits defined by the international
standards. Future work should investigate detailed MB models of the coupling system.

e For the strategies that exchange data with LTD codes (strategies a) and d)), the forces in
the longitudinal direction result in traction forces affecting speed profiles but omit lateral
forces' impact than can be observed in strategies ¢) and d).

e Computational efficiency should guide strategy selection, as discrepancies in Real-Time
Factor (RTF) arise among tested strategies.

e Strategy a) is the fastest, running six times faster than real-time (RTF = 0.166).

e Strategy b) uses detailed modelling but is slower than real-time (RTF = 1.08) due to its
complexity.

e Strategy c) simplifies wagon packs as a much more efficient mass set, leading to just 14%
slower performance than strategy a) but maintaining good efficiency (RTF = 0.189).

o Co-simulation is the slowest strategy, with accuracy strongly dependent on the data
exchange rate between environments. The co-simulation architecture investigated in the
present paper is the SIMAT block, relying on TCP/IP connection. Future upgrades of the
activity should assess the influence of different communication protocols and
architecture, which could improve the co-simulation performances.

It should be noted that certain aspects of railway simulation, including worn wheel and
rail profiles, wheel-rail friction variation, track irregularities and defects, traction and braking
forces, are beyond the scope of this work, as forementioned, and therefore not addressed in the
conclusions.
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