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1. Executive summary

Project LOCATE aims at the development of tools and methodologies to implement a
condition-based maintenance policy for railway locomotives. WP4 aims at the development of
models and methods to monitor the condition of bogie components using computer simulations,
focusing on bogie frame and wheelset damage, as well as degradation of elements of the
suspension system.

The development of digital twins to support the maintenance decisions requires that
appropriate models of the locomotive are available in realistic operation conditions. Due to the
fact that freight locomotive have friction based damping suspension systems, a major effort in
modelling the locomotive and developing realistic operation scenarios is done here. Besides the
locomotive also typical wagons are modelled and linked to the locomotive in normal operation.
The computational models are verified through the comparison of the vehicle response, recorded
in a preliminary measurement campaign, with the response that results from computer
simulations. This process of model verification or validation is still an open point in both the
academic and industrial fields. The variability of the operating conditions and the parameter
uncertainty are considered in the definition of the simulations using experimental design
techniques. These strategies also contribute to solve the problem of the high computational cost
associated with simulations of highly non-linear railway dynamics using detailed vehicle models.
The simulated vehicle response is measured using a series of virtual accelerometers distributed on
the bogie components and the results are post-processed to obtain features that have different
levels of sensitivity to the degradation of the bogie components. The post-processing involves a
variety of methods including the analysis of signals in the frequency domain using the concept of
transmissibility, in addition to the use of regression and statistical tools to model the vehicle
response in the time domain. Condition classification methodologies are proposed to detect and
locate damage on the bogie frame and the failure of suspension elements.

The final results is the construction of digital twins for the cases and scenarios in which
they are feasible, the identification of their range of application and the limitations observed. In
particular digital twins for the condition monitoring of the locomotive bogie structural heath and
for the suspensions are successfully developed and presented. Although attempted, the digital
twin for the structural health of the wheelsets presents limitations in its use due to its lack of
sensitivity to intermediate health conditions of the wheelsets. In the process a methodological
framework is presented to allow the use of the developments obtained in this task to be used in
other applications in which the identification of physically based digital twins, for maintenance or
safety applications, are of importance.
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2. Abbreviations and acronyms

Acronym Description
FGC Ferrocarrils de la Generalitat de Catalunya
RLS Recursive Least-square
D Technology Demonstrator
WA Work Action
WP Work Package
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3. Background

The present document constitutes the Deliverable D4.3 “Simulation and Post Processing Results
Report” in the framework of Tasks 4.3 and 4.4 of WP4 — Reference Behaviour.
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4. Objective/Aim

This deliverable reports the development of models and methods to monitor the condition of
bogie components using computer simulations. These simulations describe the nominal and
abnormal behaviour of the locomotive, defining a data library for the reference behaviour of the
vehicle. These methods can be further tested in real operation scenarios to assess their
applicability in supporting the monitoring of the vehicle condition.

The final results are the construction of digital twins for the cases and scenarios in which
they are feasible, the identification of their range of application and the limitations observed. In
particular digital twins for the condition monitoring of the locomotive bogie structural heath and
for the suspensions are successfully developed and presented. Although attempted, the digital
twin for the structural health of the wheelsets presents limitations in its use due to its lack of
sensitivity to intermediate health conditions of the wheelsets. In the process a methodological
framework is presented to allow the use of the developments obtained in this task to be used in
other applications in which the identification of physically based digital twins, for maintenance or
safety applications, are of importance.
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5. Vehicle and Track Models

The vehicle and track models representing the vehicle-track interaction are required to study their
dynamic behaviours. Therefore, the multibody models of the locomotive and freight wagons are
developed in the simulation code MUBODyn. These are described in the following sections
together with the track models. To ensure that the models developed are representative of the
locomotive under investigation in LOCATE, a verification strategy for comparison between
simulations and measurements is proposed and applied to verify the locomotive model.

5.1. Vehicle Models

The dynamic simulations require the definition of models that incorporate the geometrical and
mechanical properties of the locomotive and wagons. Such models must accurately capture the
phenomena associated with the vehicle dynamics in order to represent the real operation. Focus
is on the modelling of the locomotive components, which requires a detailed representation of
the suspension mechanisms. To allow a study of the dynamics of the locomotive in the defective
condition, these models must be able to represent the different behaviours of the components. A
detailed description of the multibody model of the locomotive is given below. The models of the
wagons and knuckle couplers are considered in preliminary simulations, to assess the effect of the
presence of the wagons in the quantities measured in the bogies of the locomotive.

51.1. FGC 254 Series Locomotive

The FGC 254 freight locomotive, illustrated in Figure 1, is a diesel-electric locomotive composed of
a vehicle body two bogie frames and 6 wheelsets. The vehicle body carries a 10 tonnes 8V diesel
engine, traction related equipment and has two driver cabs, one on each end of the vehicle. It is
supported by the two bogies through a set of mechanical elements that link it to the bolster,
constituting the bogie-body connection. The bogie has two tiers of suspension, the first linking the
axle boxes to the bogie frame, and the second connecting the bogie frame to the bolster. The axle
boxes are linked to the bogie frame through horn guides and helical springs, while the bogie is
connected to the bolster using rubber springs and guide limits. Each bogie has three powered axles
individually driven by electric traction motors. Each electric motor is partially supported by both
the bogie frame and the wheelset it drives. The general technical characteristics of the locomotive
are presented in Table 1.

In the multibody model developed in MUBODyn, the vehicle body, bogie frames, bolsters,
wheelsets and electric motors account for most of the inertia of the vehicle. Compared to the
springs of the suspensions, these bodies are of a very high stiffness and are assumed as rigid bodies
in the model. Springs, horn guides, friction surfaces, centreplates and guide limits constrain the
relative movement of the bodies and are modelled as kinematic joints and force elements. The
bogie structure is illustrated in Figure 1, and highlights the primary suspension, the bogie-bolster
connection and the bogie-body connection. The connection between the electric motor and the
bogie frame/wheelset is simplified. The electric motors are rigidly connected to the bogie frame.
The inertia properties, as well as the initial positions and velocities of the centre of mass of the
bodies are given in Annex A together with a detailed description of the modelled elements.
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Figure 1 — Schematic representation of the locomotive and bogies with suspension mechanisms

highlighted.

Table 1 — Technical characteristics of the locomotive FGC 254.

Track gauge

Wheel diameter (new condition)

Wheelset rolling line distance (new condition)
Wheelset weight (including axle gear)

Bogie weight (w/ wheelsets, motors, braking gear, etc)

Vehicle body weight (half consumables)
Consumables weight (fuel, water and sand)
Electric motor weight

Bogie centre pivot distance

Vehicle height (max.)

Vehicle width

Vehicle length (including couplers)
Maximum service speed

Power output

Braking

UIC locomotive axle arrangement

1.000 m (Metric gauge)
0.914 m

1.066 m

1.243 t (approx.)
14.0 t (approx.)
50.860 t (approx.)
4.79 t (approx.)
2.002't

9.5m

3.8m

2.67m

16.346 m

90 km/h

1214 kW
Dynamic/Pneumatic
Co’Co’
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5.1.1.1. Primary Suspension

The primary suspension transmits the loads between the bogie frame and the axle boxes. It filters
the vibrations from the wheelset to the bogie frame and dissipates energy through friction damping
on the surfaces of the horn guides and viscous dampers, as illustrated in Figure 1. It also ensures the
guidance of the vehicle. The axle boxes are connected to the bogie frame through two vertical
concentric helical springs, and horn guides aligned with friction surfaces that allow longitudinal and
lateral displacements within defined clearances, as shown in Figure 2. The axle boxes and wheelsets
connect through bearings, which are modelled with revolute joints, only allowing the relative pitch
rotation between the two bodies. The concentric helical springs are modelled using three orthogonal
linear force elements that represent their axial and shear stiffness, as illustrated in Figure 2. The
viscous damper is modelled using one axial linear force element.

The horn guides are modelled by three cylindrical joints with clearance, as in Figure 2. The
cylindrical joints with clearance penalise the radial displacements and axial misalignment between
the two bodies. Physically, a cylindrical joint with clearance represents a cylinder inside a tube with
radial clearance. Normal forces develop when contact occurs in the radial direction and friction
forces arise when there is a relative tangential displacement at the contact point. Although
cylindrical joints with clearances have a circular cross-section, the adopted radii used here are large
enough to approximate flat surfaces. The longitudinal guides are modelled using two intersecting
cylindrical joints with clearance, as depicted in Figure 2, defining the real longitudinal clearance. In
the lateral direction the reduced longitudinal clearance does not allow significant yaw rotations due
to the two flaps that limit the lateral displacement. This enables a simplified modelling in which the
lateral clearance is represented by one cylindrical joint with clearance aligned with the wheelset
axle. This simplification reduces the model complexity and the computational effort while
guarantees that the suspension geometry is accurately represented.

Side View

Side View

Bogie frame

3 orthogonal linear
force elements

Springs

Axle box

Axle box Bogie frame
Section view A-A Cylindrical joint Top view
with clearance Axle box
Axle box \‘ /
NN =
S ]
< N frame \ | i
2 | 1Imm fi 1 * 2 cylindrical
- Bogie frame -
\
\ joints with

clearance

(a) (b)

Figure 2 — Schematic representation of primary suspension: (a) actual mechanism and
(b) multibody model.
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5.1.1.2. Bogie-Bolster Connection

Rubber springs and limit guides form the bogie-bolster connection at four different points, as
depicted in Figure 1. The rubber springs in the bogie-bolster connection transmit vertical, lateral and
longitudinal loads and dampen the vibrations. Rubber springs have non-linear elastic and damping
behaviour with hysteresis, where part of the energy is dissipated due to internal friction. Generally,
accurate modelling of rubber elements is challenging, as observed in [1,2]. In this work, the rubber
elements models are simplified. To define the behaviour of the rubber spring in the three directions,
three linear force elements, each consisting of a spring and damper in parallel, are defined,
orthogonal to each other, as illustrated in Figure 3.

The guides limit the relative displacements between the bogie frame and bolster in the
lateral and longitudinal directions, being modelled as revolute joints with clearance, as depicted in
Figure 3. The revolute joint with clearance penalizes the radial displacement and axial misalignment
between the two bodies, as well as the axial displacement but not the axial rotation. From the
physical point of view, the revolute joints with clearance represent a cylinder inside a hollow
cylinder, where the inner body movement is limited in the radial and axial directions by inner
surfaces of the outer body. The lateral guide is modelled with the contact between the bases of the
cylinders while the longitudinal guide is represented with the contact between the cylinder walls.

Side View Side View Revolute joint

2 mm 7 with clearance
— ™
[

Bolster

Bolster
3 orthogonal

Rubber spring ——m= linear Bt
spring/damper
Bogie frame

Top View Top view

Bolster Bogie frame

Bolster —=

Bogie frame —— Revolute joint

with clearance \s:

(a) (b)

Figure 3 — Schematic representation of bogie-bolster connection (a) real sub-systems;
(b) multibody model of the sub-system.

5.1.1.3. Bogie-Vehicle Body Connection

The vehicle body connects to the bogie through the centreplate, as depicted in Figure 4. The
centreplate connection allows the steering of the bogies and transmits the vertical, lateral and
longitudinal forces, as well as the roll and pitch rotation moments. The contacting surfaces
between the pivot and centreplate are lined with friction pads that provide yaw damping. The
connection at the centreplate-pivot is defined within a radial clearance, depicted in Figure 4.
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The centreplate-pivot connection is modelled by 4 revolute joints, as depicted in Figure 4.
The formulation of the revolute joint with clearance in MUBODyn does not allow to capture the
yaw friction moments developed at the centreplate-pivot bases. This happens because the contact
between the bases of the cylinders is detected at its centre points. Even though the use of one
revolute joint could be sufficient to capture the radial clearance and the contact forces in the radial
directions, when there is a rotation around the axis of the cylinders, the moment arm is zero,
hence leading to a null friction moment. The use of the four revolute bushings overcomes this
limitation as the four inner cylinders rotate around the vertical axis of the centreplate and allow a
friction moment to develop. When the pivot is displaced sideways, and contact occurs at the
centreplate walls, the normal and tangential forces are captured. It must be noted that the
clearance on the radial direction is a better modelling method as the number of revolute joints
increases. However, the use of four revolute joints offers a reasonable trade-off between model
complexity and physical accuracy.

Exploded view Centreplate-pivot model

R335 mm

Vehicle body —inner bodies of
4 revolute joints with
clearance

Vehicle body

Pivot

Centreplate

Bolster — bearing of the 4
revolute joints with
clearance

Bolster

R336.5 mm

(a) (b)

Figure 4 — Schematic representation of (a) vehicle body-bogie connection and (b) multibody
model of centreplate-pivot.

5.1.2. FGC 62.000 Series Wagons

The modelling of the freight wagon was not envisaged in the technical annex of the LOCATE
project. However, in order to perform the dynamics analysis of the locomotive in realistic
operation conditions, for the development of the digital twins, the dynamic effects due to the
wagon pull is very important. Therefore, freight wagons of the type used in the daily activities of
FGC are modelled here also.

The FGC 62.000, depicted in Figure 5, is a freight wagon composed of the vehicle body and
two three-piece-bogies with constant damping [3—-5]. The vehicle body is supported by the two
three-piece bogies through a set of mechanical elements, which link to the bolster. The bogie
consists of three main pieces, i.e., the two side frames and the bolster, plus two wheelsets. The
bolster rests on vertical helical springs that connect it to the side frames while the side frames rest
on the axle boxes on top of rubber elements that isolate the high-frequency vibrations from the
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locate

wheel-rail contact. The technical characteristics of the FGC 62.000 are presented in Table 2. A
simplified multibody model of the freight wagon was developed in MUBODyn, using linear force
elements to represent the suspension systems. The model is described in Annex B.

Knuckle Coupler

Vehicle body

5.1.3.

Figure 5 — Schematic representation of the freight wagon FGC 62.000

Table 2 — Technical characteristics of the freight wagon FGC 62.000.

Track gauge

Wheel diameter (new condition)

Wheelset rolling line distance (new condition)
Wheelset weight (including axle box)

Bogie weight (w/ wheelsets, axle boxes, etc)
Vebhicle body weight (tare)

Vehicle body weight (laden)

Bogie centre pivot distance

Vehicle height (max.)

Vehicle width

Vehicle length (including couplers)

1.000 m (Metric gauge)
0.762m

1.066 m

0.990 t (approx.)
3.238 t (approx.)
13.970 t (approx.)
59.572 t (approx.)
9.6m

3.74m

2.75m

13.633 m

Knuckle coupler

Both the locomotive FGC 254 and freight wagons FGC 62.000 are equipped with knuckle couplers to
connect adjacent vehicles. The knuckle coupler mechanism, shown in Figure 6, consists of two stiff
bodies and one suspension element. The stiff bodies are the knuckle, used to connect the adjacent
vehicles. The follower is connected to the knuckle at one end allowing limited relative pitch and yaw,
and connected to the vehicle body at the other end through a translation joint and a draft gear. The
draft gear transmits the longitudinal forces between the follower and the vehicle body by friction
elements and steel helical springs or rubber components. The draft gear presents a highly non-linear

GA 881805
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behaviour which depends on whether the system is loading or unloading, and on the difference of
relative velocities between adjacent vehicles. Due to the limited information on the coupler
characteristics, a simplified multibody model of the coupler is developed. The values presented in
[6] are used as reference for the coupler geometry, while the stiffness of the draft gear is considered
linear based on [7]. The description of the coupler model can be found in the Annex C.

Side View Top view

i Draft Gear
Vehicle body

Vehicle body Follower Yaw Axis

Pitch Axis

Knuckle

Figure 6 — Schematic representation of knuckle couplers.

5.2. Track Geometry

The nominal geometry of a track is usually described by five parameters: curvature «, cross-level
cl, elevation h, gauge G, and rail inclination f. The first three are functions of track coordinate,
while gauge and rail inclination are usually constant throughout the track. Figure 7 depicts the
curvature, cross-level, and elevation of two track sections used in this work. One track section
belongs to the Quatre Camins — Santa Coloma de Cervellé line, on the outskirts of Barcelona, in
general characterized by longer straight track sections. The second track section belongs to the
Manresa — Suria line, located in a mountainous area, and characterized by a large number of
medium and small radius curves. Figure 8 illustrates the gauge, rail inclination, and cross-level for
cross-section. Track irregularities are deviations from the track nominal geometry described as
function of track coordinate. The longitudinal level and alignment are respectively the vertical and
lateral misalignment of the track, and the cross-level variation and gauge variation are the
difference between measured and ideal values of both rails. Figure 9 depicts the track irregularities
of the track section in Figure 7. For rail vehicle simulations, the nominal geometry and track
irregularities were pre-processed and superimposed to obtain the position and direction of the
rails [8,9].

5.3. Verification process in the context of LOCATE

This section aims at a comparison of the measured and simulated quantities to verify the
computational model of the locomotive. The measured quantities are firstly described and
followed by a preliminary assessment of the impact of coupled wagons in the simulations results
of the locomotive. Then, a verification process is proposed and applied to evaluate the
computational model of the locomotive.
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5.3.1. Measured Quantities

To verify and compare the computational model with the real locomotive it requires a comparison
between the measured and simulated quantities. The measured quantities for comparison are
described in Figure 10, whose selection is explained in LOCATE Deliverable D3.2. The setup includes
one inertial measurement unit (IMU), one unidirectional accelerometer and one displacement
sensor. In total, the quantities consist of two angular velocities, three accelerations and one
displacement. Other quantities were obtained in the preliminary campaign, however the selected
guantities are the most suitable for the verification of the computational multibody model.

(a) 0.003 : : T T T T T 0.15 35F ¥_¥
— Curvature
—— Cant 30l
€ —_ =
= 0.000 Jooo E E
— S <
€ 251
-0.003 L L L L L L L -0.15 20¢ L L L L L L L
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
PK [m] PK [m]
(b) 0.010 T T : 0.15 275
— Curvature
— Cant
—_ 270+
£ \ M = =
S 0.000} [ ) [V Jdooo E E
= S <
€ \—/ / 265}
-0.010 L L L L -0.15 260 L L L L
0 1000 2000 3000 4000 0 1000 2000 3000 4000
PK [m] PK [m]

Figure 7 — Curvature, cross-level, and elevation of the (a) QC-CL and (b) MA-SU sections.

Figure 8 — Gauge, rail inclination, and cross-level.
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Figure 9 — Longitudinal level, alignment, cross-level variation, and gauge variation of the QC-CL
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Figure 10 — Quantities for comparison between on-track measurements and simulation results.

5.3.2. Wagons Impact on Locomotive Dynamics

This section evaluates the impact of coupled wagons on the dynamics of the locomotive bogie to
understand the necessity for considering them in the simulations. Two simulations of the locomotive
running alone and coupled to two trailing wagons are developed. The simulation conditions
represent those obtained in the preliminary measurement campaign, where the vehicle runs at a
variable speed in the track segment Manresa-Suria. The lateral and vertical accelerations measured
at the bogie frame, depicted in Figure 11, indicate a smaller impact of the coupled wagons in the
curves, in contrast to a more significant impact in the straight sections. In addition, the lateral
accelerations are more affected by the coupled wagons than the vertical accelerations.
Nevertheless, the impact of the coupled wagons in the locomotive bogie dynamics is considered
small and the inclusion of the wagons increases the amount of uncertainty. Therefore, the
simulations used for the locomotive verification and further analysis of the locomotive in abnormal
conditions only consider the locomotive running alone. This allows a reduction of the computational
effort and avoids considering the complex effects of the longitudinal train dynamics [10].
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5.3.3. Verification Strategy

The current standards include strategies for the validation of computational models of railway
vehicles for vehicle acceptance [11], however, the framework of these strategies differ from the aim
of the LOCATE project. Therefore, the measurement system and operation conditions are not the
same. The requirement of measurements at specific points in the vehicle at specific track sections
and at approximately constant speeds is not met in LOCATE. Hence, an adapted method for the
verification of the computational model is defined to meet the project aims. The proposed
methodology is based on the strategy presented in the standard, consisting in the comparison
between statistical quantities of the measured and simulated signals in track sections with constant
curvature and cant. The proposed method is described in Table 3. The quantities are selected
according to those available data from the measurement campaign. The filtering of the signals is
based on the standard [11]. No limits values are defined since these are not regarded in the standard.
Therefore, the proposed strategy allows a verification by evaluation of the quantities rather than a
validation by comparison to limit values.
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Figure 11 — Simulation results for lateral and vertical accelerations measured at the bogie frame
for the locomotive running alone and with two coupled wagons.

5.3.4. Verification Results of Locomotive Model

The verification of the locomotive model consists in the comparison of the measured and
simulated quantities when the locomotive is running at variable speeds in two specific track
segments: Manresa — Suria and Quatre Camins — Santa Coloma Cervello. The track segments are
approximately 2 km long, with curves and straight sections with variable radius and lengths. The
signals are evaluated in different sections with constant radius, as suggested in the standard [11].
At each section the signals are filtered and processed according to Table 3 to obtain the maximum
and average values. Table 4 describes the characteristics from the sections selected from each
track segment. In total, 10 straight sections and 10 curves are considered.
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Table 3 — Quantities for model verification with respect to on-track test in the context of LOCATE.

. . . I . Definiti f .
Quantity Notation Unit Filtering Processing eslcl m ° Differences
Bogie frame lateral bf m/s Low pass filter 0.15/99.85 Sv. Mv =|a,,f
acc. maximum v max 2 10 Hz % - value ’ ymax
Bogie frame vertical bf m/s  Low pass filter ~ 0.15/99.85 sv. My =la®
acc maximum zmax 2 10 Hz % - value ’ z,max
Axlebox vertical acc ab m/s  Low pass filter  0.15/99.85 Sv. Mv =la®® Dv
maximum Zmax 2 20 Hz % - value ’ 2 max =
(Sv-Mv)
Displ axle-box to ab—bf Low pass filter o ab—bf *Mv/|M
Sv, Mv =|Az v/|Mv|
bogie frame, avg max m 0.1Hz to 4Hz 50% value | max
Roll angle of bogie bf o Low pass filter o bf
o Sv, Mv =|w
frame, average v /S oaHztoawy  CO%Vvale [
Yaw angle of bogie bf o Low pass filter o bf
2 | Sv, Mv =|w
frame, average pavs /S oiHrtoam  C0%vale il

Table 4 — Description of track sections used for the model verification.

Segment: Manresa - Suria Segment: Quatre Camins - Santa Coloma Cervelé

Section Type Radius [m] Cant[m] Length [m] Section Type Radius [m] Cant[m] Length [m]
1 Curve 350 0.03 40 1 Straight - - 100
2 Curve 150 0.03 25 2 Straight - - 100
3 Curve 200 0.02 60 3 Curve 640 0.035 20
4 Straight - - 100 4 Curve 1267 0.0 20
5 Straight - - 100 5 Curve 1002 0.0 50
6 Straight - - 100 6 Curve 350 0.110 85
7 Curve 300 0.03 100 7 Curve 350 0.110 85
8 Straight - - 100 8 Straight - - 100
9 Straight - - 100 9 Straight - - 80
10 Curve 100 0.06 30 10 Straight - - 50

The verification results are shown in Figure 12 to Figure 17 and include the time-domain
signals for each quantity, with the track section highlighted in grey, filtered according to Table 3. The
average and maximum values for both measurements and simulations at each section are also
shown. In addition, the differences (D,) between measurements and simulations are represented by
bar plots together with the mean and standard deviation. The comparison of the measured and
simulated time signals shows a good match for most of the quantities. Similarly, the mean and the
standard deviation of the quantities at the specific track sections indicates that the measurements
and simulations are often similar. The uncertainties regarding the exact wheel profile, the track
irregularities, and the clearances at the suspension elements during the measurement campaign are
unknown. Additionally, the evaluation of a friction damped vehicle for the purpose of a
computational validation is considerably difficult as described in [12,13]. Finally, the coupling of the
locomotive to trailing wagons and the measurement of operation at variable speed are other
sources of uncertainties causing modelling difficulties. With the available data and consideration of
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the realistic and detailed modelling of the vehicle and track, the results suggest a
proximity between the simulations and the measured data.

Manresa - Suria

w;f [deg/s]
o

—M __S
A\ A\
-5 ‘ \—‘ i
0 500 1000 1500 2000
PK [m]
6 Values Differences
X 0.2
— xM, >3, X ) 2
) Q0 0
iy )
o 4 5 &
5 X = -0.2 e
._.m X §° IS
S - 2
532} % 5.< -0.4
s a -0.6
0 -0.8
12345678910

S
12345678910
Track Section

Quatre Camins - Santa Coloma Cervelld

Track Section

2F J— MV S SV
)
g
o 0
s
B3
21
0 500 1000 1500 2000
PK [m]
Values Differences
15
. xM, xS, » 0.05
X B B
LR S o “’
[
— Aho ©
2 . & -0.05 £
< 0.5 § e
L x 2 01
X o> '
0L 3 -0.15
12345678910 123456780910

Track Section Track Section

Figure 12 — Verification results: yaw speed of the bogie frame.
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Figure 14 — Verification results: lateral acceleration of the bogie frame.
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Figure 15 — Verification results: vertical acceleration of the bogie frame.
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6. Methods
6.1. Multibody Formulation

The dynamic analysis of a multibody system involves the study of its motion and the internal and
external forces developed during a certain time period. A general multibody model is defined as a
collection of rigid bodies interconnected by kinematic joints and force elements. The kinematic
joints constrain the relative motion between the bodies, while the force elements represent the
internal forces that develop between the bodies due to their relative motion. External forces may
also be applied to the system components, as a consequence of their interaction with the
surrounding environment, such as those developed in imperfect kinematic joints or due to the
wheel-rail contact. Both internal and external forces are described by using suitable constitutive
relations between kinematic quantities. The multibody simulation algorithm is represented in
Figure 18, and follows the sequence: (i) set the initial time to, positions of bodies qg , and velocities
q of the multibody model; (ii) assemble the mass matrix M, the Jacobian matrix associated with
the constraint equations @_, the force vector g, and the vector of the right-hand side of the
acceleration constraint equations Y; (iii) solve the equations of motion to determine the vectors
of the accelerations q and Lagrange multipliers A; (iv) determine the auxiliary vector
h,=[q d]tr; (v) integrate vector h, to obtain h =[q q]:w; (vi) update time step t =t + At;

t+At T
(vii) stop simulation if t >t_, otherwise go to step (ii).

end’?

Initialization: o Form: o Solve equations of motion:
# - - T
toquaqo M, g,¢qand Y M m‘; q _ g
No ¢q 0 A _Y_2a¢_ﬂ2¢

t=tr At 2t Y& [

Y

. : Form auxiliary vector:
Integration: h, - h,,, = h

t

Figure 18 — Direct integration algorithm to develop the multibody simulation.

In the equations of motion, shown in Figure 18, @ is the vector of the kinematic constraint
equations, ® is the first time derivative of the constraint equations and « and f are the
parameters of the Baumgarte stabilization method [14]. The time integration of the vector ht is
performed using the Gear algorithm [15], which is a time integration method with variable time
step and variable order. In this work Cartesian coordinates and Euler parameters describe the
position and orientation of the bodies.

The bodies of the locomotive model considered in this work are interconnected by force
elements, perfect kinematic joints, and imperfect kinematic joints. The force elements contribute
to the force vector g by developing forces due to the relative motion between the bodies. Perfect
kinematic joints [16], on the other hand, are defined by algebraic equations, expressed in terms
of the coordinates of the connected bodies, that contribute to the Jacobian matrix (Dq and to the

acceleration equation right-hand-side vectors Y. Imperfect kinematic joints impose the kinematic
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constraints through sets of contact forces due to the contact between the bodies on selected
surfaces, contributing to force vector g.

The multibody formulation can be extended to include the structural flexibility of the
bodies, which is described using nodal deformations u’ [17]. The full system of equations of motion

is expressed by:
M M, O, |[q g, s,] [0 0o o]fo
M, M, ®|{i't=1g —1s,{-|0 K, 0| (1)
®, ®, 0 [[A Y o] |0 o o]0

where Mg is the lumped mass matrix of the flexible body and M, is the matrix of the coupling
terms between the rigid and flexible motions. s, and sy constitute the rigid and flexible components
of the vector of quadratic velocity terms. K is the standard stiffness matrix, which can be obtained
from any available finite element software. The reference conditions that ensure the uniqueness
of the flexible displacement field are the mean axis conditions [18]. If the number of nodal
coordinates is too large, the mode component synthesis can be used to reduce the problem
dimension, under the assumption of small and linear elastic deformations. In these conditions, the
nodal displacements, velocities, and accelerations can be expressed using the matrix of modes of
vibration X, according to:

u' =Xw
u' =Xw (2)
U’ =Xw

where w is the vector of modal coordinates, that replace the nodal coordinates u’. The dimensions
of vector w are equal to the number of modes of vibration considered in the modal matrix X. The
orthonormality conditions of the mass and stiffness matrix are:
T _
XM X=I
T —
XK X=NA
where A is a vector of the squares of the natural frequencies associated with the modal matrix X.

Consequently, the equations of motion undergo a transformation from Cartesian to modal
coordinates:

(3)

M, MX O q, 8, s, 0
XM, 1 XOp XU p=1X"g, -~ X's, s~ Aw (4)
o, O X 0 A 4 4 0

q, qds

The flexible formulation is complemented by the use of the virtual bodies methodology, that
allows the functional connection between the rigid and flexible bodies using kinematic joints and
force elements [19,20].

In this work, the general purpose multibody software MUBODyn [21] is used, which
includes modelling features such as wheel-rail contact [22], allowing the study of railway
dynamics. It also includes a large collection of kinematic joints, force elements, imperfect
kinematic joints, and a library of normal and friction contact force models. MUBODyn also
comprises a flexible multibody dynamics package.
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6.2. Transmissibility

The concept of transmissibility is commonly defined, for single degree-of-freedom systems and
assuming harmonic motion, as the ratio between the amplitude of the response and the amplitude
of the imposed motion. This concept can also be extended to systems with multiple degrees of
freedom, including those that are used to represent continuum structures using a process of
discretisation. Figure 19 illustrates a system with multiple degrees of freedom characterised by a
vector of amplitudes of harmonic forces Fa applied on a subset of points A, the vector of
amplitudes of the responses Xy on a subset of points U, and a vector of amplitudes of the
responses Xx on a subset of points K.

Figure 19 — System with subsets A, K and U.

The responses Xy and Xk are related with the forces through the receptance matrices Hya
and Hga according to the expressions:

Xy =Hy,F, (5)
X, =H,F,
The two equations can be related by eliminating Fa, as in:
X, = HUAHI:XK =Ty X, (6)

where Ty is the transmissibility matrix, which establishes the relationship between the response
vectors Xy and Xk. The invertibility of Hka in Eq. (6) requires that the number of points in subset A
equals the number of points in subset K. If the number of points in subset K exceeds the number
of points in subset A, the pseudo-inverse matrix H,, must be used. Eq. (6) shows that the

transmissibility matrix Tux does not depend on the amplitudes of the forces, and for this reason
the entries of the matrix are called global transmissibilities. However, it is also possible to directly
divide the magnitudes of the responses on any two points to define local transmissibilities, which
are scalar entities. For example, dividing two known scalar amplitudes X; and Xs, renders:

X
Tf$:7-f$:_r 7
" )

S

where 15, or Ty, is a scalar quantity, and r and s are indices that identify the measured points of
the structure. Even though the above expressions concerning the transmissibilities are deduced
assuming harmonic loading and motion, it can be shown that they are also valid for other types of
loading, such as random excitation [23].
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6.2.1. Transmissibility Damage Indicator

The concept of transmissibility raises an opportunity for condition monitoring through the
assessment of changes in the response of the structure. The Transmissibility Damage Indicator
(TDI) is an approach developed to detect and quantify structural damage, proposed by Maia et al.
[24]. The development of TDI is inspired by the Response Vector Assurance Criterion (RVAC),
defined by Heylen et al. [25] as the correlation between the frequency response functions of the
undamaged and damaged structures for a given frequency. One relevant feature of TDI is that is
does not require a previous modal identification of the structures, nor the knowledge of the forces
involved, depending only on the measured response of the structure. The transmissibility can be
evaluated in the frequency domain using the power spectral density (PSD) of the response. Also,
the transmissibility curves do not reflect the maxima and minima of the FRFs, hinting they have a
local nature that suggests their significance to detect damage.

The rationale of the TDI is that when a structure is damaged, there are changes in the
transmissibilities of the system. Matrix T"(w) is defined by the local transmissibilities between all
the N measured points of the structure in nominal condition, as a function of the frequency w,
according to:

T (w) th(w) - 1) (w)
T (W)= Tgl:(w) ng:(w) T;N.(w) (8)
1_/'\1/1 (w) TZZ (w) - 1_/’\7//\/ (w)

Likewise, matrix T9w) expresses the local transmissibilities of the structure in the unknown
condition. For the sake of simplicity, hereafter T9(w) is called the transmissibility matrix of the
structure in the damaged condition. The Response Vector Assurance Criterion (RVAC) [24] defines,
for each frequency, the correlation between the values of the local transmissibilities of the
undamaged and damaged structures. The RVAC is originally defined considering a sequential
progression over the points of the structure and is expressed by:

S el o
> (@) Yt w)rl ()

Assuming the forces are always applied in the same locations, the TDI is a normalisation of the
contributions of RVAC over N, frequencies of interest, as in:

TDI = iz _ ‘Z’r\/:_ll T:s (w)Tlgs_(lw) 2
N, —* Zr=1 (Tg ((U)Trns(w))zhl (Ti (w)ri(w))

TDI is valued between 0 and 1, and values close to unit indicate there is a strong correlation
between the nominal condition and the measured response, suggesting the structure is healthy.
Lower values of TDI suggest the structure is damaged.

The geometry of the structures analysed in the framework of LOCATE is intricate, and this
motivated the development of alternative expressions for TDI, based on the original formulation
of TDI. These expressions concern with how the transmissibilities of the different measured points
of the structure are correlated. The sequential scheme presented in the original formulation is:

s=r+1 (11)
meaning the transmissibilities are evaluated in successive pairs of points in terms of the indices
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that identify them. In terms of the transmissibility matrices, this means relating all the entries of
the upper diagonal. One first alternative, named symmetric scheme, is defined considering the
transmissibilities of all the measured points in the structure are involved in the calculation of TDI
for each frequency, defined by the expression:

r=1,.,N , s=1,.,N , r#s (12)
In terms of the transmissibility matrices, this means relating all the entries of the matrices, except
the entries in the main diagonal. A second alternative, named non-symmetric scheme, involves
considering only the entries of the upper triangles of the transmissibility matrices, excluding the
entries in the main diagonal, according to:

r=1,..,(N-1) , s=(r+1),..,N (13)
These three approaches provide different results in terms of the values of TDI.

The use of the TDI method to assess the condition of structures relies on the processing of
the response according to the methodology depicted in Figure 20. The signals in the time domain,
in general accelerations, velocities, or displacements, obtained either through dynamic
simulations or experimental testing, are transformed to the frequency domain through the
computation of the PSDs of those signals. The PSDs of the structure in nominal condition, that
represent the nominal response, are combined to define the nominal transmissibility matrix T"(w),
which is a three-dimensional matrix that is a function of the frequency and the indices r and s of
the measured points. Conversely, the PSDs of the structure in the unknown condition to be
assessed are used to define the transmissibility matrix of damaged structure T%(w). The value of
TDI is then computed by combining the entries of matrices T"(w) and T%w) are combined to
compute the value of TDI.
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Figure 20 — Methodology for condition monitoring using the Transmissibility Damage Indicator
(TDI) and Maximum Occurrences (MO) methods.
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6.2.2. Maximum Occurrences

The Maximum Occurrences method, also called Frequency of Maximum Differences algorithm, is
proposed by Sampaio et al. [26,27] for the localisation of damage, after proper damage detection
is achieved. For each frequency, the transmissibility matrices T"(w) and T¢(w) are used to compute
the subtraction:

AT =T"(w)+ T (w) (14)
and the coordinate pair (r,s) of the entry of AT with the highest value is recorded as the maximum
occurrence for that frequency. All the occurrences of maxima at each coordinate pair are summed
according to the expression:

AT =AT+AT (15)
and the indices of the entry of AT* with the highest value suggest the most probable location for
damage is between the points of the pair. It is worth highlighting that the sum of the occurrences
associated with each pair of points (r,s) is the sum of the contribution from both the upper and
lower triangles of AT, as per Eq. (15).

6.3. Design and Analysis of Computer Experiments

The degradation of the suspension elements is studied using Design and Analysis of Computer
Experiments (DACE). The vehicle dynamics are analysed using computer codes and
comprehensively testing the degradation of the suspension elements becomes time-consuming
due to the expensiveness of the code, the high number of simulations, or both. A DACE approach
allows finding surrogate models, cheaper models that can replace the computer code. The process
entails: (a) defining an input space, usually a hyperrectangle; (b) filling the input space with points,
where each point is a set of inputs of the computer code; (c) evaluating the code at these points;
(d) estimating a surrogate model; and (e) assessing the surrogate.

In this section, x; represent the j input of a computer code, X, =[x,,%,..,x.] a k-

dimensional vector comprising the inputs, and X an nxk design matrix organized as

X=|: |. (16)
X

Moreover, y(x) represents the output of the computer code, and vy, :[y(xl),...,y(xn)]T is nx1

vector comprising the evaluations of the code at X.

6.3.1. Designs

This work considers a custom design and Latin Hypercubes Designs (LHDs). An LHD is obtained by
dividing the domain of each input into n cells and randomly permutating these cells. The result are
n random points in the input space that, projected on a specific input, guarantee one sample per
cell, i.e., the marginals of the inputs are uniform. Figure 21 (a) depicts an example of an LHD. In
short, LHDs assume inputs are equally important and try to fill the input space as best as possible
without repeating observations.

. . T
The custom design takes two inputs, x = [xl,xz] , and assumes a reference value for xz, xar.
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Let x1 be divided into n1 cells, and n; be the number of x; points inside each cell. The custom design
ensures that x, is sampled n; times in each cell, and that the sample includes x,.. Figure 21(b)
illustrates an example of a custom design. An intermediate step divides the input space into
smaller cells to ensure a single sample per cell along x1 (uniform marginal), and a single sample per
cell along x2, except for the reference value, which is sampled n; times (non-uniform marginal).
The design produces n=nixn; points. The rationale behind this non-uniform sampling is that it is
essential to predict x,r accurately over the whole input space.
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(a) (b)

Figure 21 — (a) LHD with n=20 and (b) custom design with n1=5, n,=4, and x=0.5.

6.3.2. Gaussian Process Surrogates

This work uses Gaussian Process (GP) surrogate modelling due to its flexibility to fit a broad class
of response functions and capture non-linearities. If a stochastic process represents the output of
the computer code as [28]

y(x)=p+2z(x), (17)
where u is the overall mean and z(x) is a zero-mean stationary Gaussian Process (GP), the best
linear unbiased predictor of Eq. (17) is [28,29]:

y(x)=a+r(x)" R, +al) (v, —1,0), (18)
with mean squared error [28]
270\ _ A2 B T =] (1_1:(Rx +gl)711n)2
s‘(x)=0 (1+g r(x) (R, +gl)"r(x)+ 1Z(Rx+g|)_11,, j (19)

In Egs. (18) and (19), r(x):[r(x,xl),...,r(x,xn)]T is a nx1 vector comprising the correlations
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between x and the design points, R, is an nxn matrix comprising the correlations between the
design points as R =r(x,,xj), I is the nxn identity matrix, 1,is an nx1 vector of 1s, g is the nugget

parameter, and o? is the variance. The correlation function used is the separable Gaussian
correlation function, which is given by [30]:

k
r(B,x,x’):exp(—Zﬁj‘xj —x/’.‘zj, (20)
j=1

where 9, > 0 is the rate parameter of the /™ input. This correlation function is suitable to model
continuous and smooth surfaces. The estimates of u, 02, 0, and g are obtained using maximum
likelihood estimation. u and o? have closed-form expressions given by [31]:

A= R, +gl)"1,) (1 (R, +g) 'y,)
5 VLA R+g) My 1,4 (21)
n
while 8 and g are estimated using numerical optimization because there is no analytical solution.

6.3.3. k-fold cross-validation

The performance of the surrogates is assessed using k-fold cross-validated metrics. k-fold cross-
validation is a technique that partitions the data into k folds (subsets) of approximately equal size.
It uses (k — 1) folds to estimate the surrogate and the remaining one for validation. The process is
repeated k times, and each fold is used exactly once for validation. For clarity, the points in the (k
— 1) folds are referred to hereafter as training set and the points in the left-out subset as the test
set. The metric is calculated k times, one for each fold, using the true values of the test set and the
predictions given by the estimated surrogates on the test set. The average of the k metrics
provides an estimate of the metric. This work considers two metrics: the coefficient of
determination, R?, to assess fit and the Mean Absolute Percentage Error, MAPE, to assess error.
Cross-validated metrics are evaluated using k = 5, a typical number of folds [32].

6.3.4. Sensitivity analysis
The sensitivity analysis used here is based on the following variance decomposition of y(x) [31]:
V=Zk:V]. +iivj +... 4V, (22)
where i o
V=V[yx)]
v, =V[E[ylx,]] : (23)

\A =V[E[y|xi,xjﬂ—V, -V,
and higher-order variances are derived recursively in a similar fashion. In Eq. (23), operators V[ ]

and [E[ ] denote variance and expectation. In summary, Eq. (22) decomposes the variance of y(x)

in terms attributable to the inputs and their interactions, which in turn allows defining sensitivities
indices as [33]
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S, =—2, (24)

where Qc{l,...,k}. Particularly interesting here are the first-order sensitivity indices, S,
corresponding to the proportion of variance due to input x;, and the second-order sensitivity
indices, Sj, corresponding to the proportion of variance due to the combined effect of inputs x;
and x;. The sensitivity indices are evaluated using the surrogate model, y(x), a quasi-Monte Carlo
integration [31,33,34], and Latin hypercube sampling.

6.3.5. Variance-based limits

Limits are found by exploring the response and its conditional variance in discrete subregions of
the input space. Input x1 is divided into n cells, and x; is divided into two cells by a reference value,
Xar, resulting in 2n cells in total. This discretization assumes variable x; has two different regimes,

above and below xar. Assume that x2i0w < X2r is @ lower limit for xz, and let V__ denote the variance

sub

= [X1b, X1ub]X[X2b, X2r], Where X and xiup are the lower and
= VIy(x|x,)]+ Viy(x|x,,x,)]

'
low

of the response in subdomain X

low

upper bound of the /" input in the subdomain. Additionally, let V.

2sum

denote the sum of the conditional variances involving x in subdomain X7 = = [X1ub, X1ub]X[X2low, X2r].
A limit for x20w can be found by imposing the condition V,  =aV, , , where a € [0, 1]. In other
match a% of the

variance in X . The process is similar for the upper limit. Assume that xaup > Xar, where xayp is the

words, x20w defines the point at which the variances associated with x; in X"

low

upper limit for x2, and let 'V, denote the variance in X, = [xub, X1ub]X[X2r, X2uo] and 'V, , - the sum
of conditional variances involving x; in X;p = [X1lb, X1ub]X[X2r, X2up]. A Limit for xoup can be found
using the same expression. Finally, the response limits are the maximum and minimum of y(x) in

A, UX,, . Figure 22 illustrates the process for n = 5.

- —-
X. L
2up
'
X
o~
< Xor
’
XlOW
XZIow I
Xl " ‘
1lb 1lub

Figure 22 — Subdomains X

low

and X, in dark grey, and Aj,

low

and & in light grey. Note that A"

overlaps X .
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7. Studies for Condition Monitoring Using Transmissibilities and Surrogate
Models

The work developed in WP4 focuses on bogie frame damage, wheelset fatigue cracking, and
degradation of the primary suspension elements. Structural damage and component degradation
change the modal properties of the locomotive (natural frequencies, vibrations modes, and
deflections shapes), which are related to the mechanical properties of the locomotive components
(stiffness, mass, and damping). Therefore, the vibrational characteristics of the locomotive might
be useful for condition monitoring, and computer simulations allow safely assessing the
degradation of components. Particularly, a multibody formulation with an appropriate vehicle-
track interaction model ensures the vehicle is excited by realistic loads.

7.1. Structural Damage of Bogie Frame

Although, the FGC 254 series of locomotives does not have a history of developing bogie cracks,
the study of this failure mode is relevant for the railway industry, including vehicle manufacturers,
railway operators, and technical regulators. The causes of the development of bogie cracks range
from fatigue due to loads during the operation to collisions with objects during the operation. This
subsection provides an analysis on the detection of bogie cracks using computational tools, which
supports the development of a methodology to monitor the bogie condition using the selected
sensor data.

7.1.1. |dentification of Critical Locations

The absence of a history of crack initiation and propagation in the bogies of the FGC 254
locomotives implies that the analysis requires the definition of critical locations in the bogie. These
physical points in the structure are determined using standard EN 13749, which regulates the
methods required to assess the design of bogie frames [35]. This standard defines the
considerations and provides examples of static and dynamic tests to evaluate the suitability of
bogie designs. The critical locations are also established by prioritising the welded connections of
the bogie frame, which are especially prone to crack propagation [36—38].

Annex F of EN 13749 details the static test programmes that can be used to verify the static
strength requirements, to verify a FEM model, and to support the design life estimation. The static
test programme for bogies of locomotives under normal service loads resulting from operation
running is stated in point F.2.2.2 Loads resulting from bogie running. A 3D model of the bogie
frame is developed in a 3D CAD software and the static analysis is performed using a finite element
software, following the considerations of the standard. The finite element model comprises
approximately forty five thousand structural 3D 10-node tetrahedral solid elements, with three
nodal displacement degrees of freedom. The static load arrangement and the boundary conditions
are an adaptation of the examples provided in the standard to the configuration of the bogie,
considering three axles, and four connection points between the frame and the bolster. The
magnitudes of the normal service loads are specified in section C.4.2. Normal service loads. The
total vertical force applied on each bogie frame is:
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2
where M, is the total vehicle mass, m* is the bogie mass, and g is the gravity acceleration. The
transverse force applied to each bogie frame is:

(25)

F+m'g
F, :T (26)
The longitudinal force applied to each wheel due to the tractive effort is:
M. g

a

where n, is the total number of axles. Figure 23 depicts a simplified diagram of the loads
distribution and the boundary conditions. Concerning the boundary conditions, the bogie frame is
clamped on the top surface of the middle right horn guide, preventing all the displacements of the
nodes of this surface. The bogie frame is simply supported on the top surface of the remaining
horn guides, preventing only the vertical displacements of the nodes. Three different load
scenarios are considered, and the set of forces associated with the first scenario is:
F,=F,=F;=F, =Fz/4
{le =F,=F,=F,

where F; is the vertical force acting on each of the four rubber springs. Fm; is the weight of a
traction motor. The loads associated with the second scenario are:

F,=F,=F;=F, =Fz/4

Foi =Fn, =F,s=F, (29)
F.=F,=F;=F,=F =F, :Fy/6
where Fy;jis the transverse force applied on each pair of horn guides. The loads associated with the
third scenario are:

(28)

T
I

F

z3

:FzA:Fz/4

1

1

2 m3
x1 FXSZFX4:Fx5:Fx6:Fx

where Fx is the longitudinal force applied on each of the six horn guides.

‘rl
30N

3N
3N

(30)

‘n
I
T
I

2

Figure 23 — Schematic representation of the static test programme.
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The output quantities of the static analysis are the distribution of the von-Mises stress
along the structure, depicted in Figure 24. The candidates to critical locations are the areas of
higher stress concentration, subjected to tension or shear forces, which contribute to the
propagation of cracks. Additionally, the effect of the mesh discretisation on the magnitude of
stress must be recognised - the formulation of the finite elements presents a singularity, such that
the smaller the discretisation in sharp corners, the higher the stress concentration values.

Figure 24 depicts three positions that are candidates for critical locations. Location 1 is a
sharp transition between a bore and a stiffener on the right side frame, when the bogie is
subjected to load scenario 1. This location is discarded as a critical location because the magnitude
of stress is magnified by the proximity to the clamped connection on the middle right set of horn
guides. Location 2 is defined by two edges of the welded connection between the front transversal
beam and the right side frame, when the bogie is subjected to load scenario 2. This is a relevant
location because the lateral forces due to the action of the front wheelset result in the
development of traction forces in the welded connection, that may contribute to the propagation
of cracks in this area. However, and as expected, the maximum stress is well under the limits of
steel, for the load case considered. Location 3 is a bore in the left side frame. This area is
disregarded as a relevant candidate for critical location because it does not involve welded joints
or sharp corners where crack initiation and propagation are expected. The further analysis of
location 2 is favoured due to the presence of the welded connection. Additionally, it is expected
that damage in location 2 results in a larger change of the modes of vibration of the bogie frame,
in particular the lateral movement of the sections of the side frames that protrude in the
longitudinal direction.

Load Case 1

Load Case 2

Figure 24 — Candidates of critical locations in the bogie frame.
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7.1.2. Modal Analysis

The modal analysis aims at the study of the vibrational characteristics of structures. This type of
analysis supports the development of models that can accurately describe the dynamics of
structures, allowing their further analysis, optimisation, and the definition of limits in the
operating conditions. Most finite element software provide tools to perform the modal analysis,
requiring the definition of a FEM model similar to that of a standard linear static analysis. The
modal analysis is a linear analysis, requiring a linearised model of the bogie frame and ignoring
physical non-linearities such as the absence of normal and tangential forces between the surfaces
of the crack, that are involved in the crack breathing mechanism [39]. The output of the modal
analysis is a vector of natural frequencies and the associated matrix of modes of vibration.

The baseline FEM model developed is the same previously used in the static analysis, but
in free-free conditions. The analysis of the influence of structural damage of the bogie frame on
its vibration characteristics is supported by a set of scenarios characterised by different
magnitudes of the crack area: 0%, 20%, 63%, and 100% of the area of the cross-section of the
connection between the transversal beam and the side frame.

Table 5 shows the natural frequencies of the four different models, ordered in ascending
order. The first six natural frequencies are associated with the six rigid-body modes of vibration and
this is the reason why they are not shown. The results show that a crack with 20% of the area of the
cross-section causes a negligible impact on the natural frequencies of the bogie frame. The increase
in the crack area results in moderate changes of the vectors of natural frequencies: only the
scenarios of 100% crack area presents noticeable changes in the natural frequencies, and the
different frequencies are impacted in distinct magnitudes. These results suggest that the natural
frequencies alone are not a sensitive damage indicator. Additionally, from a practical point of view,
obtaining the natural frequencies of the real structure is a complex task that would require a large
number of sensors.

Table 5 — Natural frequencies associated with the 4 scenarios for the bogie frame condition.

Mode 7 8 9 10 11 12 13 14 30 50

Nominal 3057 | 46.56 | 51.95 | 52.33 | 60.79 | 73.40 [112.09(113.06| .. [309.85| .. |s561.51

Natural I haged (20%)| 30.56 | 46.56 | 51.91 | 52.46 | 60.80 | 73.39 |112.24]|11293| .. |309.73| .. |s61.56

f

requenc

Y Damaged (63%)| 29.30 | 38.63 | 46.53 | 51.96 | 59.58 | 71.51 |110.54|11258| .. |306.98| .. |558.68
[Hz]

Damaged (100%) 13.19 | 14.98 | 26.94 | 37.82 | 46.88 | 54.30 | 61.63 | 7012 | .. |27154| .. |s41.20

The matrix of modes of vibration presents information which is complementary to the
natural frequencies. The values of the modal matrix that are associated with the three
translational degrees of freedom of one node n of the bogie frame are given by:

X X

n1,§ n,M,§
Xn,f/n/( = Xn,l,n Xn,M,n (31)
Xn1g Xomz

where M is the total number of modes of vibration considered. Figure 25 depicts the values of a
node located on the top surface of the front right horn guide of the bogie frame, identified with
number 2 on Figure 27. The results reveal that the modes of vibration are influenced by damage
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and that the magnitude of damage results in different changes in the magnitude of the amplitudes.
For example, the 10™ mode of vibration, which is depicted in Figure 26, is associated with the
lateral movement of the front ends of the side frames, and is disturbed by the existence of the
crack in position 2, as shown in Figure 25.
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Figure 25 — Amplitudes of the entries of the matrix of modes of vibration associated with a node
on the top surface of the front right horn guide.
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Figure 26 — Bogie frame deformation associated with the 10t mode of vibration — lateral
movement of the front ends of the side frames, in phase opposition.

7.1.3. Flexible Multibody Simulations

The assessment of the condition of the bogie frame using computational tools is supported by
multibody simulations to simulate the vehicle-track interaction, including the dynamics of the
bogie frame. The vehicle model follows the description of Section 5.1.1., with some adaptations.
The rigid body of the bogie frame is replaced by a flexible model. Also, the imperfect kinematic
joints, that represent the clearances and friction damping in the primary suspension, are replaced
by linear elements such as springs and dampers, to improve the numerical efficiency of the
simulations. The flexible multibody simulations are performed using a straight track section, with
synthetic track irregularities that follow the statistical properties of a real track section from FGC.
The locomotive moves at a constant speed of 60 km/h.

As explained in Section 6.1., the flexible multibody formulation used employs the mode
component synthesis, which defines that the structural deformations are described using a set of
modes of vibration of the structure. Therefore, the structural flexibility of the bogie frame is
defined in the vehicle model using the vector of natural frequencies f and the associated matrix of
modes of vibration X. Each crack size scenario is associated with a pair of natural frequencies
vector and matrix of modes of vibration, presented in subsection 7.1.2. The choice of the mode
shapes considered is relevant. There is the need to reduce the number of flexible degrees of
freedom to minimise the number of equations of motion that must be solved, and the number of
modal coordinates that must be integrated to obtain the positions and velocities. There is also the
priority of minimising the highest natural frequency considered, allowing the maximisation of the
time step used in the integration scheme. However, the increase of the number of modes of
vibration improves the accuracy of the description of the deformations of the bogie frame. The
choice for the 30 lowest flexible modes of vibration, associated with a frequency range of
approximately 15-375Hz, provides a reasonable compromise between all these factors, and
includes several modes of vibration that involve the lateral movement of the side frame in the
vicinity of the crack.

The flexible model of the bogie frame also includes 18 nodes that are distributed in the
bogie frame, as shown in Figure 27. These nodes represent a baseline system of sensors, which is
reduced after the results of the simulations are post-processed and interpreted. Nodes 12 to 18
are distributed in the vicinity of the crack, with the purpose of recording local changes in the
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accelerations. Nodes 5 to 11 are positioned symmetrically with respect to the plane of symmetry
of the bogie frame oriented in the longitudinal direction, and define a reference that can be used
to evaluate asymmetries in the dynamics of the structure. Nodes 1 to 4 are distributed in outer
points of the bogie frame with the intention of determining changes of the vibrations of the bogie
frame, in a more global scale.

Figure 27 — Baseline set of virtual accelerometers.

The outputs of the simulations that are relevant for monitoring the condition of the bogie
frame are the lateral accelerations of the 18 sensors depicted in Figure 27. In theory, both the
longitudinal and vertical accelerations could also be used to define the transmissibilities between
the points, but the results show the lateral accelerations are the most sensitive to presence of the
crack defined for the study. The accelerations are post-processed according to Figure 20 on section
6.2.1 to obtain the transmissibilities. Figure 28 illustrates the types of results obtained in different
scenarios. Figure 28 (a) shows the two transmissibility curves 7,,(w) between sensors 1 and 3, for

the locomotive running in two subsequent track sections, each with a duration of 20 seconds. The
condition of the bogie frame is nominal in both sections, therefore the differences in the curves
are explained by the effect of the different track irregularities found in the two track sections.
Figure 28 (b) depicts the two transmissibility curves T,;(w), for the locomotive running in the same
track section during 40 seconds and using the nominal bogie frame model and the model
associated with 100% crack area. These preliminary results show that the transmissibilities are
affected by the existence of damage with moderate dimension.
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Figure 28 — Transmissibility curves relative to the lateral accelerations on sensors 1 and 3: (a)
comparison of two different short track sections with bogie in nominal state, and (b) comparison
in a long track section with bogie in nominal and fully damaged state.

7.1.4. Transmissibility-based Damage Indicators

This section focuses on the use of the method of the Transmissibility Damage Indicator (TDI) and the
method of Maximum Occurrences (MO), presented in Section 6.2., with the goal of monitoring the
condition of the bogie frame. These methods explore the changes in the transmissibilities, that are
computed using the Power Spectral Densities of the lateral accelerations measured in the virtual
sensors depicted in Figure 27. Table 6 reports the values of TDI that are the result of post-processing
the outputs of the set of dynamic simulations in the frequency range of 10-150 Hz. This frequency
range focuses on the lower frequencies of the response of the bogie frame, which is most accurately
simulated by the flexible model. Additionally, this is the frequency range where the values of TDI are
most consistent with the magnitude of damage for the simulations performed.

Table 6 presents 5 different scenarios, from the top to the bottom of the table. “Nominal
Two Track Sections 20s” refers to a single simulation of the locomotive running in perfect
conditions, and the values of TDI result from the comparison of the response in two subsequent
track sections, each one amounting to 20 seconds of running. The aim of this comparison is the
assessment of the impact of the length of the time signals on TDI, considering that the track
irregularities that excite the locomotive are not perfectly ergodic relative to the track distance.
“Nominal Two Track Sections 40s” is associated with a similar simulation, this time considering
two subsequent track sections, each one amounting to 40 seconds of running. The results of the
two simulations are close to unity, confirming the bogie frame is not damaged, and the values of
scenario “Nominal Two Track Sections 40s” are consistently higher than the values of scenario
“Nominal Two Track Sections 20s”. This result shows that the increase in the length of the time
signals used to compute the PSDs is positive, because it contributes to reduce the effect of the
differences in the track irregularities on the values of TDI.

The values of TDI associated with the 3 damage scenarios are the result of the comparison,
in the same track section, of the simulated response of the vehicle in nominal condition with the
simulated responses of the vehicle using 3 different bogie frame models that comprise a crack.
The results show that the values of TDI decrease with the increase in the crack area. However, the
values of TDI for the scenario of 20% crack area are virtually unitary and even higher than the
values of scenario “Nominal Two Track Sections 40s”. This result shows that the impact of the
differences in the track irregularities exceeds the effect of the existence of the bogie crack with
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20% crack size. In the other scenarios, the values of TDI present noticeable reductions, and are
consistently lower with the increase in damage size, as expected. These results suggest that the
method of TDI is adequate to detect moderate to large, local bogie frame damage, while the
sensitivity of the method is low for small magnitudes of damage. A TDI value of 0.7 is a reference
threshold that can be used to identify the existence of damage in the structure, in circumstances
similar to those of the simulations.

The method for the calculation of TDI is also a relevant factor that has an influence on the
results. The sequential scheme consistently provides the higher values of TDI but requires the
definition of the sequence used to relate the responses between the different sensors. This may
not be a trivial task depending on the geometry of the structure, and the sensor data available,
but has the potential to contribute to the process of damage localisation. The non-symmetric and
symmetric schemes do not require such a sequence, instead relating all the transmissibilities
between the sensors. The non-symmetric scheme provides values of TDI higher than those using
the symmetric scheme. The symmetric scheme is moderately more sensitive to the existence of
damage, but also more sensitive to external perturbations unrelated with the vehicle condition,
such as the differences in the track irregularities.

The five rightmost columns of Table 6 are associated with 5 different sensor sets
considered in the analysis, from a larger sample not presented for the sake of brevity. The results
show there is a trade-off between the quantity of sensors and the sensitivity to damage. The
increase in the number of sensors is followed by an increase of the sensitivity of TDI to damage,
but also to the external perturbations.

Table 6 — Results of TDI considering different scenarios, methods of calculation, and sensors sets.

Sensors
1,3,4,2 1,11,18,2 |1,11,3,4,18,2 1,511,3,4,18,11,511,8,3,4,
12,2 15,18,12,2

Nominal Two Sequential scheme 0.9625 0.9796 0.9391 0.9359 0.9297
Track Sections | Non-symmetric scheme 0.9611 0.9764 0.9267 0.9202 0.9158
20s Symmetric scheme 0.9301 0.9432 0.9096 0.9046 0.9044
Nominal Two Sequential scheme 0.9830 0.9874 0.9781 0.9756 0.9701
Track Sections | Non-symmetric scheme 0.9803 0.9795 0.9678 0.9600 0.9562
40s Symmetric scheme 0.9680 0.9674 0.9565 0.9494 0.9469
Sequential scheme 0.9993 0.9999 0.9991 0.9982 0.9972

Damage 20% -
40s Non-symmetric scheme 0.9993 0.9995 0.9980 0.9923 0.9923
Symmetric scheme 0.9989 0.9991 0.9977 0.9919 0.9920
Sequential scheme 0.9222 0.9184 0.8054 0.7019 0.6884

Damage 63% -
40s Non-symmetric scheme 0.9099 0.8236 0.7551 0.6856 0.6647
Symmetric scheme 0.7490 0.6788 0.6404 0.6068 0.5961
Sequential scheme 0.6791 0.8777 0.6227 0.5579 0.3104

Damage 100% -
40s Non-symmetric scheme 0.6548 0.7491 0.4814 0.4174 0.2679
Symmetric scheme 0.4833 0.5295 0.3715 0.2883 0.2636
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The method of the Transmissibility Damage Indicator for damage detection can be
complemented by the method of Maximum Occurrences to locate the structural damage. Figure
29 depicts three matrices of Maximum Occurrences for the sensor system involving sensors 1, 2,
11 and 18. Each matrix is associated with a different magnitude of crack area and the results are
obtained considering the frequency range of 10-150 Hz. The colours of the squares are a measure
of the number of occurrences. The matrix on the left shows the sensor pair with the maximum
number of occurrences for 20% crack area is (2-11), which, according to an inspection of Figure
29, cannot be associated with any particular location of the bogie frame. The matrix in the middle,
associated with the scenario of 63% crack area, shows the sensor pair with the highest number of
occurrences is (2-18), which in fact corresponds to the area where the crack is located, in the
connection between the right side of the front truss and the right side frame. The matrix in the
right, associated with the scenario of 100% crack area, also successfully indicates the sensor pair
(2-18). Figure 30 shows similar results for the sensor system involving sensors 1, 2, 3,4, 11 and 18.
The sensor pair with the maximum number of occurrences is consistently (2,18). The combined
inspection of the results in Figure 29 and Figure 30 suggests that the increase in the number of
sensors may improve the sensitivity of the method of Maximum Occurrences and enhance the
capacity to locate the damage.

Damage 20%

Damage 63%

Damage 100%

1 0 | 105|189 | 45 1 0 64 | 194 | 131
2 11)105| o | o [EL 2 S 11)6a| 0| 0 [125
[e] o o
(%] (%] (%]
g 18 |189| 0 | 0 4 g g 18 194
2 | 45 0 ‘N0 2 131
1 11 18 2 1
Sensor ID Sensor ID Sensor ID
Figure 29 — Matrices of Maximum Occurrences for sensor system (1,11,18,2).
Damage 20% Damage 63% Damage 100%
1| o |87] 30| 18 38 0 | 30 | 82 | 67 |WAEN 4 0 | 40 | 14 | 102 | 106 | 72
11|87 | o |18 6 | © o) 30| 0 |12 |16 | 0 | 34 40 | 0 [ 10| 22| o |100
% 3 13|18 o | o |18 | 67 8 | 12| o | o | 12 | 98 14 (10| o | o | 14| 27
o
§ 4 118 6 | 0| o 67 |16 | 0 | 0 | 32| 85 102 22 | o | 0 | 71 | 42
18 0 | 18 | 14 YN 0 | 12 | 32| © 106 0 | 14 [ 71 | 0 [BEB
2 | 38 [N 67 | 30 4 | 34| 98| 85 0 72 |100| 27 | 42 [PEEN O
1 11 3 4 1 11 3 4 18 2 1 11 3 4 18 2
Sensor ID Sensor ID Sensor ID
Figure 30 — Matrices of Maximum Occurrences for sensor system (1,11,3,4,18,2).
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7.2. Structural Damage of Wheelsets

The wheelsets are one of the most safety-critical components of any railway vehicle and one of
their most relevant failure modes is the propagation of axle cracks. The cause for the propagation
of cracks in the axle of the wheelset is fatigue due to the cyclic axial traction and compression
loading that the axles endure during the regular operation. This subsection aims at assessing the
viability of the detection of wheelset cracks using computational tools.

The wheelset is a challenging component to monitor, due to the adverse conditions of
operation and the axial rotation motion, despite its importance from the safety point of view.
Access to the axle during the operation is impractical without wireless technology and the
protection of the measuring equipment is precarious. One alternative, discussed in
complementary projects such as INNOWAG, is the measurement of the longitudinal accelerations
of the axle boxes to search for harmonics that can be associated with the speed of revolution of
the axle. Project LOCATE employs the use of flexible multibody simulations to study the possibility
of detecting changes in the response of the structural components. These simulations require a
prior modal analysis to extract the natural frequencies and modes of vibration.

7.2.1. Impact of cracks on the modal properties of the wheelset

The modal analysis of the wheelset requires the geometrical modelling of the component using a
3D CAD software and technical drawings. To assess the effect of damage on the modal properties,
four different models are developed: one model without damage; a second model with a crack
with a depth of 10% of the axle diameter; a third model with a crack with a depth of 25% of the
axle diameter; a fourth model with a crack with a depth of 50% of the axle diameter. The crack is
shaped as a minor segment of a circle, perpendicular to the axis of the wheelset, and is located at
mid-distance between the wheels. The model is discretised using solid finite elements, as show in
Figure 31.

(a) (b)

Figure 31 — Graphical representation of the wheelset: (a) model discretised by solid finite
elements, and (b) first bending moment of the wheelset.
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Table 7 presents the values of the natural frequencies as a function of the axle condition.
The 8" and 9" mode shapes are the first and second bending modes, which are the ones relevant
for the measurement of the radial vibrations of the wheelset. The first bending mode is depicted
in Figure 31 (b). The results show that the for the damage cases of 10% and 25% crack depth the
natural are frequencies are marginally affected by the damage. In the most adverse case, of 50%
crack depth the natural frequencies are more sensitive to the crack, but this scenario most
probably exceeds the limit after which it is not possible to correct the damage and the crack
propagates at an exponential rate, until catastrophic damage occurs.

The assessment of the condition of wheelsets using computational tools requires
alternative methods to those used in the previous section for the analysis of cracks in the bogie
frame. Additionally, the difficulty of developing methods to monitor the structural condition of
wheelsets is aggravated by other problems. It is impractical to measure the vibrations of the
wheelset directly, and the feasibility of the indirect measurement of the vibrations on the axle box
is yet to be confirmed. Also, the timely detection of changes in the response of the wheelset in an
environment polluted by the vibrations that result from the wheel-rail contact is not trivial.

Table 7 — Natural frequencies associated with the four levels of wheelset condition.

Mode 7 8 9 10 11 12 13 14 15 16 17 18
Nominal 75.22 | 88.92 | 89.00 (160.47160.79|242.70|286.24]287.07333.61|395.56|395.77 [ 395.79
Damaged (10%)| 75.14 | 88.68 | 88.91 | 160.56 | 160.93 | 242.89 | 286.34 | 287.08 | 333.92 | 395.84 | 395.87 | 395.95
Damaged (25%)| 74.52 | 86.23 | 88.60 [160.56 | 160.77 [ 242.53 [ 284.43 | 286.02 | 333.75 [ 395.68 | 395.79 | 395.85
Damaged (50%)| 71.22 | 74.41 | 85.75 |161.12|161.41|241.35|277.11|285.43|336.28396.45|396.75 [ 396.81

Natural
frequency
[HZ]

7.3. Degradation of suspension elements

The failure modes or degraded elements in this section concern the helicoidal springs and viscous
dampers of the primary suspension, illustrated in Figure 32. These elements connect the axle boxes
to the bogie frame and were identified as critical components defined in LOCATE Deliverable 4.1.

The failure modes are modelled by changing the mechanical properties of the multibody
models described in Section 5.1.1. Specifically, the axial and shear stiffness of the springs and the
damping coefficient of the dampers. An increase in stiffness represents a jammed spring, while a
decrease in stiffness represents a buckled or broken spring. A reduction of the damping coefficient
represents a leaking damper, while an increase of the damping coefficient represents a blocked
damper.

The condition of the springs and dampers is monitored by the sensors depicted in Figure
32. The sensors are one biaxial accelerometer in each axle box, six biaxial accelerometers in the
bogie frame, one at the end of each spring, and one IMU in the centre of the bogie frame. The
sensor layout is based on the preliminary measurement campaign described in Deliverable 3.2,
but includes more sensors. One benefit of the computational model is that the number of sensors
is unlimited. Moreover, the simulation results might provide insight on sensor placement for
future measurement campaigns.

Hereafter, the simulation results presented concern the rigid multibody simulations of the
model described in Section 5.1.1. The signals from the multibody simulations are reported at
1000Hz and filtered with a 20Hz low-pass filter.
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Bogie frame

o-Imu
o — biaxial accelerometers

k — helicoidal spring
c—viscous damper
ab —axle box

b — bogie frame

Wheelset

Figure 32 — Suspension elements and sensors used for condition monitoring of the primary
suspension.

7.3.1. Design Variables and Experimental Setup

The design variables are the vehicle speed, v, spring stiffness, ki, and damping coefficient, ¢;. The
subscript i refers to the numbering in Figure 32. Curvature is not used as a design variable.
Curvature implies other considerations concerning cross-level and vehicle speed, and building an
input space that respects the relationships between these variables is challenging. Moreover,
available track data consists mainly of straight segments and does not provide enough information
to define the boundaries of such input space reliably. For these reasons, the same track is used in
every simulation, and it comprises a single straight section. The simulation time is 200 s to ensure
measured signals have the same length across simulations. Considering a straight track allows
exploring the symmetry of the suspension. The designs consider only failures on the left side of
the bogie, namely in elements ki, ks, ks, and c1. The track irregularities should be different for each
run so that the surrogate generalizes well to other irregularities. Since the available irregularity
data covers about 5 km, the existing irregularities are used to estimate a vector autoregressive
model. The vector autoregressive model allows generating irregularities with the same spatial
correlations as the measured irregularities and thus, eliminates the problem of data availability.

/.3.2. Designs

The custom designs are used to study isolated failures, i.e., one faulty component while the others
are healthy. The custom design approach is used to ensure the nominal value of the component is
correctly represented in the surrogate. Inputs x1 and x; are the speed, v, and the faulty component
property, g, i.e., ki for the spring and c; for the damper. The lower and upper bounds of v and g;
are respectively [25, 70] km/h and [0.1gn, 1.9gn], Where gn is the nominal value of the faulty
component (k, = 0.680x10°8 and ¢, = 0.020x108 Ns/m). The healthy components (remaining inputs)
are normally distributed in the interval [0.9gn, 1.1gn] to consider some variability about their true
value. The total number of points in each design is 25 (n1 =5 and n; = 5).
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7.3.3. Threshold Definition Using Surrogate Models

The goal is to find surrogates for the statistical quantities of measured signals, namely, mean and
standard deviation. Two types of GP models were explored: interpolation and regression. The
observations of the GP interpolation model are the statistical quantities of the whole signal (200
s). For the GP regression, the observations are the statistical quantities of five signals obtained by
partitioning the measured signal into five (5x40 s). In other words, the GP regression considers
five observations per set of inputs.

It is necessary to cover several combinations of statistical quantity, measure, position,
body, and faulty component. For example, one might be interested in the mean of the lateral
acceleration at position 2 of the bogie frame when k; is faulty or the standard deviation of the
vertical acceleration at position 4 of the axle box when c; is faulty. Additionally, there are two
types of of models (interpolation and regression) for every combination. In total, 416 models were
estimated to cover every combination of isolated failures on the left side of the bogie. A three-
stage screening process was applied to find reliable models. The metrics hereafter are cross-
validated metrics. The first stage compared the R? between the interpolation and regression
models and dropped the one with the lowest score. The second stage dropped models with an R?
<0.8 and MAPE 2 0.1. The second stage ensured that the remaining 104 models had a good fit and
low prediction error. However, these metrics only ensure the surrogates provide good predictions
and not that the faulty components influence the predictions. Therefore, the third stage is a
sensitivity analysis using LHDs with 2x10° points. Models with Stayit < 0.2 were dropped, where Stayit
is the sensitivity index associated with the faulty component. Table 8 lists the remaining models
at the end of the screening process and their sensitivity indices. These surrogates have few
elements in common. They are GP regressions and represent the standard deviation of the lateral
accelerations of the bogie. Depending on the model, the faults explain between 24 to 48% of the
variance, and second-order sensitivities are negligible. Finally, there are two symmetries. First,
sensitivities of surrogates modelling positions above the same wheelset (positions 1&2, 3&4, and
5&6) are equal. Additionally, Table 9, which lists the parameters of the models, shows that these
coefficients are virtually the same. In other words, despite the failure being on the left side of the
bogie, the sensors on the left and right sides are measuring the same. Second, the surrogates of
positions above the first and second wheelset (positions 1, 2, 3, and 4) are sensitive to failures in
k1, and surrogates of positions above the second and third wheelset (positions 3, 4, 5, and 6) are
sensitive to failures in ks.

Limits for the response were found for the standard deviation of the lateral acceleration of
the bogie frame at positioni=1, 3, 5 when k;is faulty, i.e., for surrogates modeling sensors directly
connected to faulty springs. Limits values were found using the variance-based approach
described in 6.3.5 and considering x1 = v and x2 = k, and xzr = kn. v was discretized into five intervals,
the same number used to generate the designs, and limit stiffness value for each interval were
found for a = 0.05, 0.10, 0.15. In Figure 33, the dashed grey lines show the input space discretized
into cells. The greyed-out areas correspond to the region between the kiow and kyp for a = 0.05 in
each speed interval. The regions obtained for a = 0.10, 0.15% are omitted to avoid cluttering the
figure. For each speed interval and a = 0.05, 0.10, 0.15, the figure depicts points corresponding to
maxima of the response as “0” and points corresponding minima as “x”. Finally, these points are
connected by lines to show how the response limits change with v. The upper stiffness limits for
k1 and ks decrease as speed increases. The algorithm could not find upper limits for ks, which
means the variances due to k3 never reach a% of the variance in the cell (the variance is mostly

GA 881805 Page 48| 107



hift2Rail IS Eed

Horizon 2020 g
European Union Funding
for Research & Innovation

due to v). This behaviour difference relative to k1 and k; is likely due to the damper installed next
to k3. The lower stiffness limits are less sensitive to v and show similar behaviour for the three
springs. Table 10 lists the values of the surrogate at these points, i.e., maxima and minima
according to a for each speed interval.

Table 8: Sensitivity indices of the isolated failure models

GP type

Statistical Faulty Sensor Sensitivity indices
. Measure Body e
quantity component | position Sy Stault Sufault

Regression

1 0.52 048 0.00
0.52 047 0.01
0.68 032 0.01
068 032 0.01
0.72 0.27 0.01
0.72 0.28 0.00
0.77 0.23 0.00
0.77 0.23 0.00
0.77 0.23 0.00
0.77 0.23 0.00
0.72 0.28 0.00
0.72 0.27 0.00
0.60 040 0.00
0.60 040 0.00

ki

Standard Lateral Bogie

. . ks
deviation | acceleration | frame

ks

Ok woupbwNERPRBWON

Table 9: Parameters of the GP models.

Model Parameters Metrics

Statistical
quantity

Measure

Body [Component| Sensor 8 o’ Oy Urault g R, MAPE

Standard
deviation

Lateral
acceleration

-0.7020 0.5044 0.0179 0.0272 0.0014|0.9986 0.0091
-0.7018 0.5045 0.0179 0.0272 0.0014|0.9932 0.0175
-0.2707 0.1492 0.0156 0.0359 0.0030|0.9915 0.0196
-0.2706 0.1493 0.0156 0.0359 0.0030|0.9919 0.0197
-1.2089 0.2026 0.0156 0.0359 0.0040|0.9964 0.0106
-1.2086 0.2026 0.0156 0.0359 0.0040|0.9906 0.0213
-0.3555 0.0842 0.0118 0.0625 0.0063|0.9956 0.0114
-0.3547 0.0843 0.0118 0.0625 0.0063 |0.9993 0.0080
-0.1494 0.0948 0.0118 0.0625 0.0089 | 0.9983 0.0082
-0.1491 0.0948 0.0118 0.0625 0.0089|0.9993 0.0084
0.2101 0.0607 0.0118 0.0625 0.0076|0.9983 0.0085
0.2106 0.0607 0.0118 0.0625 0.0076|0.9979 0.0120
1.1978 0.1186 0.0156 0.0359 0.0050|0.9889 0.0213
1.1979 0.1186 0.0156 0.0359 0.0050|0.9892 0.0225

ky

Bogie

frame ks

ks

U, WOUPSWNRIPPWUNPR

GA 881805

Page 49| 107



hiftZRail I

PV
I

(@) 1292220
£
S~
=3
Ll
X
& b b
0.68 | |
25 34 43 52
v [km/h]
5
10
(c) 129225
(d)
£
=3 6.8}
mn
x
o
e & &
0.68 I 1 1
25 34 43 52
v [km/h]

70

Horizon 2020
European Union Funding
for Research & Innovation

locate

(b) 12,9210
€
z 6.8}
o0

X
Yan o P2y
— = = 2 )

068 1 I 1 I
25 34 43 52 61 70
v [km/h]

—6—argmax y, a =0.05
———— arg min y, « = 0.05
—O—argmaxy, a =0.10
—>»——argminy, a =0.10
argmax y, a =0.15
argminy, a =0.15

Figure 33: Upper and lower stiffness limits in the design space for a = 0.05 and arguments of the

maxima and minima of the response for a = 0.05, 0.10, and 0.15: (a) k1 and sensor 1, (b) k3 and

sensor3, and (c) ks and sensor 5.

Table 10 — Maxima and minima of the response in the input space.

Component, sensor a v [km/h]

position [25, 34] [34, 43] [43, 52] [52, 61] [61, 70]
005 Ymn 0.1492 0.2451 0.3251 0.3868 0.4288
Vmax 0.3261 0.3982 0.4499 0.4813 0.4938
ki1 0.10 Ymin 0.1379 0.2374 0.3189 0.3811 0.4246
! Vmax 0.3517 0.4218 0.4714 0.5002 0.5099
0.15 Ymin 0.1379 0.2317 0.3134 0.3771 0.4217
Ymax 0.3713 0.4399 0.4877 0.5145 0.5223
0.05 Ymin 0.1105 0.1692 0.2266 0.2796 0.3265
Vmax 0.2207 0.2745 0.3231 0.3645 0.3979
ks.3 0.10 Ymin 0.1093 0.1692 0.2266 0.2796 0.3264

! Vmax 0.235 0.2882 0.3363 0.3772 0.41
015 Ymin 0.1093 0.1692 0.2266 0.2796 0.3264
Vmax 0.2459 0.2988 0.3463 0.3869 0.4191
005 Ymin 0.1404 0.2031 0.2656 0.3253 0.3791

Vmax 0.2634 0.3264 0.386 0.4395 0.485
ks.5 0.10 Ymin 0.1312 0.197 0.2603 0.3205 0.3743
’ Ymax 0.2825 0.346 0.4062 0.4602 0.5059
0.15 Ymin 0.1312 0.1932 0.2539 0.3165 0.3711
Ymax 0.2971 0.361 0.4216 0.4759 0.5219
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7.3.4. Condition Monitoring Using Transmissibilities

This section focuses on the use of the Transmissibility Damage Indicator method (TDI) and the
Maximum Occurrences method (MO), described in Section 6.2., with the aim of detecting damage
in the springs and dampers of the primary suspension. The transmissibilities between the Power
Spectral Densities (PSD) of the accelerations measured at the virtual sensors in the axle boxes and
bogie frame, depicted in Figure 32, are employed in the analysis.

Figure 34 shows the transmissibilities between the PSD of the lateral and vertical
accelerations measured at the axle box and bogie frame in position 1. Three cases are shown that
correspond to: the vehicle in nominal condition; stiffness of spring k1 is 200% of the nominal value;
and stiffness of spring k1 is 10% of the nominal value. The simulations correspond to the
locomotive running at 60 km/h for 200s in a straight track with real irregularities. The results show
a significant difference between the nominal case and that corresponding to the stiffness
decrease. In contrast, the results between the nominal case and the stiffness increase are similar.
Additionally, the transmissibilities using the lateral accelerations, in Figure 34 (a), shows a stronger
sensitivity to the spring stiffness decrease than those using the vertical accelerations, in Figure 34
(b). The TDI is appropriate to detect and quantify such differences in transmissibilities.

Transmissibility bewteen PSD of lateral accelerations
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Figure 34 — Transmissibility between the PSD of the (a) lateral and (b) vertical accelerations
measured at axle box 1 and bogie 1 for changes in the stiffness of spring k1.

The simulations of the design of experiments for single failures, described in Section 7.3.2.,
is used hereafter to study the TDI and MO methods. The TDI method requires a reference,
corresponding to the vehicle in nominal conditions. Since the simulations are performed at
different constant speeds, it requires a database of the nominal responses of the locomotive that
covers the range of velocities used in the design. Hence, 18 simulations that correspond to the
locomotive in nominal conditions running at speeds between 25 km/h and 70 km/h, with a step of
2.5 km/h, are performed. Thus, the maximum speed difference that can occur between a
simulation from the design and the corresponding reference is of 1.25 km/h. This is considered
acceptable and realistic, since during real operation the exact repeatability of velocities is unlikely.
The reference and design simulations consist on the vehicle running for 200s in the same straight
track with real irregularities.
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The TDI value is calculated using pairs or groups of four sensors. In the first case, it
considers the transmissibility between the signals at the axle box and the closest sensor in the
bogie frame. In the second case, it considers the transmissibilities between the four sensors
associated to one wheelset. This is done to associate each TDI value to a spring, damper or
wheelset. The transmissibilities can be obtained for the PSDs of the vertical or lateral accelerations
measured at the axle boxes and bogie frame. The following four cases were considered: 1) only
vertical accelerations; 2) only lateral accelerations; 3) combining the lateral accelerations at the
axle boxes and vertical accelerations at the bogie frame; 4) combining the vertical accelerations at
the axle boxes and lateral accelerations at the bogie frame. In what follows, the results for cases
2) and 4) are shown, as these show the most significant sensitivity to damage. Nevertheless, cases
1) and 3) also show a reasonable sensitivity.

Figure 35 shows the TDI values (in the horizontal axis) as a function of the variation of the
spring stiffness (in the vertical axis), corresponding to case 2) — transmissibilities between the
lateral accelerations at the axle boxes and bogie frame. In the present case and in all that follows,
the TDI values are calculated using the symmetric scheme, described in Section 6.2.1., since it
shown consistently the best results. The bold darks circles in Figure 35 represent the TDI values
for the combinations of signals in the vicinity of the damage. In contrast, the coloured lighter
circles correspond to groups of sensors that are not directly associated to the damaged element.
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Figure 35 — TDI results using lateral accelerations measured at the axle boxes and bogie frame for
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Figure 36 — TDI results combining the vertical accelerations measured at the axle boxes and

lateral accelerations at the bogie frame for simulations considering single failures of springs and

GA 881805

the viscous damper.

The results show a significant sensitivity to the decrease in the spring stiffness in opposition
to a low sensitivity in the case of stiffness increase. The results also show a significant impact of
the stiffness reduction in all combinations of sensors, making it difficult to locate the damage
through the lowest value between the different pairs/groups of sensors. The simulations of
damage in the viscous damper and corresponding TDI values are omitted as these do not show
any sensitivity to the variation in the damping coefficient.

Figure 36 shows the TDI values corresponding to case 4) — transmissibilities between the
vertical accelerations at the axle boxes and the lateral accelerations at the bogie frame. The results
show a good sensitivity to the spring stiffness decrease when using groups of four points. In
addition, when varying the damper properties, the TDI shows a significant sensitivity to both the
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increase and decrease of the damping coefficient, either using pairs or groups of 4 points.

Figure 37 shows how the definition of thresholds for the TDI can be used for the detection
of damage on both springs and dampers. Figure 37 (a) suggests that a reduction of 50% in the
stiffness of spring k1 is associated to TDI values below 0.8. Similarly, Figure 37 (b) suggests that a
reduction or increase in 40% of the damping coefficient implies TDI values below 0.95. However,
it is difficult to determine whether the damage in the damper corresponds to an increase or
decrease in the damping coefficient. In all cases, the TDI method does not allow to locate the
damaged element. The damage of one component implies significant changes in all groups of
sensors and often the lowest TDI value does not correspond to the location of the damaged
component.

Damage in Spring k1 Damage in Damper c1

N

O abl-bl-ab2-b2 O O % abl-bl-ab2-b2 O%
3 1.5¢ O ab3-b3-abd-bd %}- 3 ii'_ O ab3-b3-ab4-b4
'g il ab5-b5-ab6-b6 'g Al O ab5-b5-ab6-b6
-5 o
= o5 00 X% = 8'? L
00 54 O & ' o
e o © ¢ o : ; passalosealc)
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.7 0.75 0.8 0.85 0.9 0.95 1
TDlyy TDlyy
if TDl(ab1-b1)< 0.8 =» k1 < 0.5 Knominal if TDlab3-b3)< 0.95 = c1 < 0.6 CNominalOF €1 > 1.4 CNominal

(a) (b)

Figure 37 — Threshold for damage detection using the TDIy, for the failure of (a) spring 1 (b)
damper 1.

The MO method, described in Section 6.2.2., can be used to complement the TDI method
in the localisation of the damage. Table 11 shows the results of the MO method using the
trasmissibilities between the lateral accelerations at the axle boxes and bogie frame. The results
focus on the reductions of the springs stiffnesses, since these are effectively detected using the
TDI. The method evaluates, at each frequency, the pair of sensors where the difference between
the nominal and measured transmissibilities is the largest, adding one to the wheelset, ws,
associated to that pair. The method shows a good accuracy in identifying the wheelset associated
to the damaged element when this occurs in the springs of the leading and trailing wheelsets.
However, when the damage is in the middle wheelset, k3, the maximum occurrences are
constantly in the trailing wheelset, ws 3. According to the results, when there is a stiffness
reduction in one of the springs, the use of the maximum occurrences can identify whether the
damage is in a spring in the leading wheelset, or in opposition, in the middle or trailing wheelsets.
In the case of damage in the viscous damper, the maximum occurrences proved ineffective on
locating it. Other possibilities using the MO method were explored, including the use of vertical
and lateral accelerations at axle boxes and bogie frame, as well as the study of pairs of sensors in
each wheel. However, none of the possibilities provided any valuable information.
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Table 11 — Results of maximum occurrences method, between 1-20 Hz, for locating the wheelset
connected to a buckled/broken spring.

Damage in spring 1 Damage in spring 3 (wheelset Damage in spring 5
(wheelset 1) 2) (wheelset 3)
n*klpom wWs1 ws2 ws3 n*k3pom Ws1l ws2 ws3 Nn*kS5nom Ws1 ws2 ws3
040 189 70 54 0.31 91 59 163 0.49 36 68 209
0.57 144 75 94 0.66 89 80 144 0.66 84 76 153
0.23 165 72 76 0.23 101 84 128 0.40 49 63 201
0.74 125 84 104 0.74 101 89 123 0.74 81 84 148
0.31 144 91 78 0.14 109 49 155 0.31 63 72 178
0.83 99 73 141 0.91 116 87 110 0.83 116 101 96
0.14 109 133 71 0.49 107 85 121 0.23 49 62 202
0.91 108 104 101 0.57 84 120 109 0.57 83 84 146
0.49 119 93 101 0.40 88 100 125 0.14 69 84 160
0.66 110 101 102 0.83 94 104 115 0.91 100 115 98

So far, the TDI values were calculated using a nominal reference of the vehicle running in
the exact same track as the measured scenario. To evaluate the impact of using different track
sections between the nominal and measured cases, the TDI values were obtained by comparison
of the vehicle running in two different straight sections with statistically similar irregularities. In
addition, the signals are also shortened, corresponding to the locomotive travelling for 100s in the
straight track. Figure 38 shows the results obtained when using the same track sections and signals
of 200s length, in the left, and the results for 100s length signals where the nominal and measured
simulations were obtained on different straight tracks. The results show a general decrease of the
TDI values corresponding to the nominal situation, as highlighted, but the sensitivity to the
stiffness decrease remains. Therefore, the TDI method does not require that the nominal and
damaged cases are compared in the exact same track sections. If two straight track sections have
similar irregularities, the transmissibilities can be compared to obtain the TDI and assess the
suspension condition.

The TDI method can be implemented for testing in real operation. In this work, some of
the sources of variability in real operation were considered, including the variation of all
suspension properties around +/- 10% of its nominal value and the use of different track sections
and velocities between nominal and measured cases. In all cases, the method shows promising
results. If the time signals of the accelerations are long enough and consider the locomotive
running at approximately constant speed in a straight track, the PSDs can be used to compute the
TDI values. The method requires the nominal response that could be obtained by the sensoring
system after a maintenance action to verify the integrity of all components. The condition can be
continuously monitored by calculation of the PSD of the signals and respective TDI values.
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Figure 38 — TDI results using (a) 200s signal and a reference from the same straight track
segment; (b) 100s signal with a reference from a different straight track with similar

irregularities.

Further work on the TDI methodology can include the use of some type of data analysis
process, to aid on the interpretation and crossing of the TDI values obtained across the different
groups of sensors. This could allow to identify the damage cases with more precision as well as
locating the damaged element. If sufficient data can be obtained via simulations, machine learning
might be experimented. Finally, the case of multiple failures is not addressed in the analysis, but
the TDI method should be equally sensitive to such occurrences.
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8. Contribution to the Second Experimental Campaign

8.1. Motivation

The second experimental campaign aims to demonstrate the condition monitoring strategy
developed in LOCATE. The campaign should record quantities involved in the condition indicators
identified in WP4, namely, the quantities used for the Transmissibility Damage Indicator (TDI) and
Maximum Occurrences (MO) methods and surrogate models. Results from the second campaign
will allow understanding the impact of other factors (e.g., speed variation, track condition, and
braking) on the sensitivity of the methods used to monitor the condition of bogie components.
The results from the experimental campaign will also allow evaluating and correcting the
thresholds proposed, which were defined exclusively using computer simulations.

8.2. Sensor System and Operation Conditions

Based on the simulation results presented in Section 7, the sensor system depicted in Figure 39 is
proposed to detect damage in the bogie frame and primary suspension. The system consists of six
biaxial accelerometers (lateral and vertical directions), one on each axle box, four uniaxial
accelerometers (lateral direction) on the bogie frame, and one IMU at the centre of the bogie
frame that records longitudinal, lateral, and vertical accelerations and roll, pitch, and yaw speeds.
The IMU can be used to calculate the rigid body accelerations at other points in the bogie by
differentiating angular velocities. Additionally, the yaw velocity measured by the IMU allows
distinguishing straight and curved sections. The goals and frequency domains required for each
sensor are described in Table 13. The methods for damage detection require selecting long straight
track sections that allow capturing signals with the maximum length possible with the locomotive
running at approximately constant speed. For reference, the simulations used to assess damage
on the bogie frame involved track sections with a length of approximately 800m. The simulations
associated with the evaluation of the condition of the primary suspension involved track sections
with a maximum length of 4000m. Nonetheless, multiple straight sections can be used to
concatenate the data and obtain the maximum signal length to calculate the power spectral
densities. Finally, track irregularities for the track sections considered in the campaign should be
recorded, ideally, as close as possible to the time of the campaign.
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Figure 39 — Sensor system for damage detection in the bogie frame and primary suspension.

Table 12 — Sensors specifications for damage detection in bogie frame and primary suspension.

Type Sensor Direction (lj: c:ﬁ%’:ﬁ?gg] Monitored System
. 1-20 Primary suspension
Uniaxial b1/b2/b5/b6
accelerometer Lateral (y) .
10-150 Bogie frame
Lateral (y) 1-150 Bogie frame
IMU b10 Primary
Roll/Pitch/Yaw 1-20 Suspension
Biaxial ab1/ab2/ab3/ Lateral (y) 1-20 Primary suspension
accelerometer  abd/abS/abé Vertical (z) 1-20 Primary suspension

8.3. Data Post-processing

The methods proposed in this deliverable are based on a library of nominal and abnormal vehicle
responses. In this database, simulations concerning nominal behaviour provided baselines, while
simulations regarding abnormal behaviour allowed defining thresholds. For the TDI and MO
methods, the library defines the nominal transmissibility matrix, which is compared to the
transmissibility matrix of the measured response to obtain the condition indicators. For the
surrogates models, the nominal and abnormal conditions are represented by continuous variables,
whose domains are explored to find thresholds. It is sensible to complement or revise the
baselines using results from the second measurement campaign. Assuming the locomotive is in
nominal condition after leaving the workshop, the recorded measurement can be added to the
library as baselines. Vehicle speed is a key variable affecting the vehicle response, and, therefore,
baselines must be defined considering different average velocities of the locomotive in the track
section selected for measurement.

Figure 40 depicts the proposed data flow concerning the methods for condition monitoring
implemented in WP4. Depending on the method, the accelerations are post-processed in the time
or frequency domain. The standard deviation of the low-pass filtered lateral acceleration of the
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bogie frame is compared with speed-dependent thresholds to assess the condition of the primary
suspension. The Power Spectral Densities of the accelerations are used to compute different
transmissibility matrices that, separately, allow monitoring the condition of the primary
suspension, or the bogie frame, using the TDI method. The MO method complements the TDI
method when the value of the TDI is below the threshold defined, either for the bogie frame
damage detection or the degradation of suspension elements. It is advisable to store the raw
measured data in the time domain to allow other analyses not foreseen in the document.

Sensor System Post-processing Condition Indicators Comparison with thresholds
- 20Hz!ow - Std. deviation - Condition Prlmary
pass filter Suspension
Reference
bf Min. sample Transmlss?lblllty Maximum Occurrences
a’ — rate: — Matrix
g 1000 Hz F =[10,150] Hz
Transmissibility TDler,vy
- = Matrix (symmetric and - Condition Bogie Frame
F =[10,150]Hz non-symmetric scheme)
Reference
Transmlsslblhty Maximum Occurrences
Matrix
F =[1,20] Hz
Lam| Transmissibility . .
afb = E t'PSDt' ™ Matrix (s mmZItJrIiZSl:::heme) = ConSdL:zlogn:ircl)rr?ary
stimation F = [1,20]Hz Y| p
Min sample
rate:
200 Hz
Reference
Transmlsslblhty Maximum Occurrences
Matrix
F=[1,20] Hz
Lam!| Transmissibility . .
afb - Matrix (s mm-tla-lt)rlizsilheme) = ConSdL:ZIOQn:ir(;r:ary
F=[1,20]Hz v P

Figure 40 — Data flow for the condition monitoring methods.

8.4. Thresholds for Condition Indicators

Computer simulations of the damaged locomotive and its components allow setting thresholds
values for some of the studied quantities. The quantities identified are sensitive to cracks in the
bogie frame, buckled or broken springs, and damaged dampers. However, note that these
thresholds were defined for specific speed ranges using simulations. They should be reviewed and
adapted using data from on-track measurement campaigns. Table 13 lists thresholds for the TDI,
defined using the methods described in Sections 7.1.4 and 7.3.3. Table 10 lists the upper and lower
thresholds for the standard deviation of the lateral accelerations of the bogie frame measured at
position 1, 3, and 5, to detect damage in ki, k3, and ks, as described in Section 7.3.2.
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Table 13 — Limit values for quantities used in condition monitoring.

Speed

System Quantity Description Range ‘Il'z;mt Occurrence
[km/h]
TDI using lateral acceleration
TDlps,yy at axle boxes and lateral 25-70 0.85 BuckISedr{E roken
. accelerations at bogie frame pring
Primary
Suspension ] ] ]
TDI using vertical acceleration Buckled/Broken
TDlpszy at axle boxes and lateral 25-70 0.95 Spring or Damaged
accelerations at bogie frame Damper
TDI using vertical acceleration : ;
Bogie Frame  TDI gr vy at axle boxes and vertical 57-63 0.7 Crati:kr;r;n%ogle
accelerations at bogie frame
GA 881805
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9. Alternative Approach for Suspension Parameter Estimation Using RLS

In this section, the general configuration of the condition monitoring system of the vehicle
suspension system is specified based on the FGC (Ferrocarrils of the Generalitat de Catalunya)
diesel locomotive Series 254 (shown in Figure 38) and the suspension layout (shown in Figure 39).

9.1. Definition of Suspension Components

In this type of vehicle, the primary suspension consists of primary rubber and coil springs and
dampers (see Figure 39 and Figure 40). The primary rubber chevron spring provides the
longitudinal (yaw) and lateral stiffness of the primary suspension, while the coil spring provides
the vertical stiffness. The middle axle, the primary damper provides the vertical damping of the
primary suspension. The secondary suspension components are mainly the rubber springs
(see Figure 39), which provides the vertical, lateral and yaw stiffness of the secondary suspension.
In addition, the motors are flexibly connected to the bogie frame with rubber bushings
(see Figure 39 and Figure 41). In this project, it is agreed to design a condition monitoring system
concerning most of the suspension components related to the vehicle running behaviour.
Table 10 summarises the suspension components of the vehicle and their general functions.

=i

Figure 38 — FGC 254 diesel locomotive
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Figure 40 — Wheelset plot for FGC 254 locomotive
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Figure 41 — Bogie frame assembly for FGC 254 locomotive

Table 10 — List of suspension components to be monitored for the FGC 254 locomotive

Suspension Component Quantity General Function

Primary coil springs 6 per bogie Primary stiffness in vertical direction

Primary rubber springs 6 pairs per bogie Primary stiffness in longitudinal (yaw) and
lateral directions

Primary hydraulic dampers 2 per bogie Primary damping in vertical direction

Secondary rubber springs 4 per bogie Secondary stiffness in vertical, lateral and yaw

(8 per vehicle) directions
Motor connection springs 3 per bogie Primary stiffness for motor in vertical direction

For the vehicle dynamic system, it is well known that the vehicle suspension is a coupled
system. Concerning each body of the vehicle (e.g., carbody, bogie frame and wheelset), there are
6 rigid modes: longitudinal, lateral, vertical, roll, pitch and yaw motions. Actually, each suspension
component contributes to at least one mode. In order to realize the fault detection of the
suspension system, it is necessary to decouple the contributions of the suspension components.
To solve this problem, one straightforward way is to estimate the parameter value of the
suspension element from the measured signals. With the identified value of suspension element,
any deviation from the normal value can indicate a faulty condition. Table 11 lists the dynamic
parameters to be estimated for realizing the fault diagnosis of the suspension components (with
reference to Table 10).
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Table 11 — Dynamic parameters of suspension components to be identified

Notation Dynamic parameter Quantity
Kox Primary longitudinal stiffness 3 averages per bogie
Koy Primary lateral stiffness 3 averages per bogie
Koz Primary vertical stiffness 6 sets per bogie
Co: Primary vertical damping coefficient 2 sets per bogie
Ksx Secondary longitudinal stiffness 1 average per bogie
Ksy Secondary lateral stiffness 2 averages per bogie
Ks, Secondary vertical stiffness 4 per bogie
Kz Motor vertical stiffness 3 per bogie
9.1.1. Subsystem Configuration

In this case study, the condition monitoring of suspension component is achieved by using
vibration signals collected at key locations of the running gear. The approach employed is able to
realize the fault detection of the anomalies in the suspension system and provide the prompt
diagnosis information to the railway operator for an efficient decision-making. In this case, the
selection of the condition monitoring components is based on one fault detection method for the
suspension system, known as Recursive Least-square Algorithm (RLS). In this section, the hardware
selection based on this RLS approach will be illustrated.

The RLS approach relies on the vehicle-mounted equipment to measure the relative
displacements and the velocities of the suspension components (springs and dampers), and the
absolute accelerations of the bodies (bogie frames, carbodies and/or wheelsets). These physical
guantities relate to the vehicle motions and can be measured directly or indirectly. The numerical
integration and differentiation can be applied to the measured signals in order to obtain the
required physical quantities. Generally speaking, the sensor types applicable could include the
accelerometer, displacement transducer, gyroscope and inertial measurement unit (IMU).
However, the most commonly used sensor in the railway application is the accelerometer due to
its reliability in the harsh operational environment. Theoretically, other sensors could be utilised
to realise the same function on the condition, however, their reliability and costs cannot be
guaranteed for the operational environment. In this case study, the prototype of the condition
monitoring system which uses only accelerometers will be introduced.

Figure 42 illustrates the original sensor layout proposed in the LOCATE project. It is possible
to develop a condition monitoring system for the vehicle suspension based on this configuration.
The suspension condition monitoring system incorporates three modules: vertical, lateral and yaw
modules. Figure 43, Figure 44 and Figure 45 demonstrate the sensor layouts of the vertical, lateral
and yaw (longitudinal) modules respectively.
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Figure 42 — Original sensor layout for FGC 254 locomotive bogie
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Figure 43 — Sensor layout for condition monitoring of vertical suspension components

WI}eeI H 4 o Wheel : 4 Wheel : 6

Figure 44 — Sensor layout for condition monitoring of lateral suspension components
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Figure 45 — Sensor layout for condition monitoring of suspension components in yaw direction

Figure 46 is a comprehensive sensor layout of the combination of these condition
monitoring modules. In Figure 46, 6 accelerometers are installed on the axle boxes, including three
triaxial accelerometers (measuring longitudinal, lateral, and vertical signals) and three biaxial
accelerometers (measuring longitudinal and vertical signals). Three accelerometers are mounted
on the corners of the bogie frame above the axleboxes, including two biaxial accelerometers
(measuring lateral and vertical signals) and one monoaxial accelerometer (measuring the vertical
signal). In addition, another three accelerometers are installed on the motors to measure the
vertical acceleration of motors. On the carbody, two accelerometers are mounted on the bolster
above the secondary springs, including one biaxial accelerometers (measuring lateral and vertical
signals) and one monoaxial accelerometer (measuring the vertical signal).

Figure 46 provides the example for the realization of the monitoring system with the sensor
installation from the theoretical view, however, the selections of the accelerometers can be more
flexible according to the performance requirements. For instance, in order to improve the
redundancy and the accuracy of the system, more sensors and/or channels can be added to the
monitoring system. On the other side, certain accelerometers or channels could be removed
without affecting the diagnosis performance: For example, the accelerometers on the carbody and
motor could be removed, since the carbody and motor motions are relatively small compared with
wheelsets. Besides, given the wheelbase is known and vehicle speed is recorded during the
operation, the acceleration signals from one axle could be approximated as a time delay/advance
of the signals measured from a different axle of the same bogie. That is also because for the
unsprung mass, the force from the rail is much higher than that from the suspension. Definitely,
the sensor reduction should be carried out in a very cautious way. Figure 47 provides a possible
sensor layout with a minimum sensor installation.
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Figure 46 — A comprehensive sensor layout for condition monitoring of all suspension
components

Wheel 5
Figure 47 — Sensor layout for condition monitoring of suspensions with minimum sensors

Table 12 lists all the quantities needed for the parameter estimates. All these quantities
can be derived readily from the measured acceleration signals together with straightforward
geometric calculations. It is possible to acquire the relative displacement of the spring and relative
velocity of the damper. The velocity and displacement data can be obtained by the integrations
the relative acceleration signals from the accelerometers. The high-pass filtering is required for
the convergence of the integration procedure. In reality, the band-pass filtering should be utilised,
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because the high-frequency components of the measurements, which may be due to the elastic
vibration without obeying the rigid dynamics, should be eliminated from the RLS-based fault
detection algorithm.

Table 12 — Deduced quantities from measured signals

Notation Dynamic parameter Quantity
Dy Displacements for primary longitudinal stiffness 3 data sets per module
Dyy Displacements for primary lateral stiffness 3 data sets per module
Dy, Displacements for primary vertical stiffness 6 data sets per module
Viz Velocities for primary vertical damping 2 data sets per module
Dy Displacements for secondary longitudinal stiffness 1 data set per module
Dy Displacements for secondary lateral stiffness 2 data set per module
Dy, Displacements for secondary vertical stiffness 4 data sets per module
Dy, Displacements for motor linkage vertical stiffness 3 data sets per module
Abtz Vertical acceleration of bogie frame 1 data set per module
Avty Lateral acceleration of bogie frame 1 data set per module
Abfy Yaw angular acceleration of bogie frame 1 data set per module

9.1.1.1. Vertical module

The vertical module monitors the vertical suspension parameters, including primary vertical
stiffness, primary vertical damping coefficients, secondary vertical stiffness, and motor vertical
stiffness. In the vertical module, the states are the relative displacements for the primary,
secondary, and motor vertical stiffness and relative velocities for the primary vertical damping
coefficients, 15 quantities in total.

The output observation is the vertical acceleration of the bogie frame. The fundamental
dynamic equation is:

6 4 4 3
beAbfz = z sziDpzi + Z szijzj + z Ksszszk + Z szlezl (32)
i=1 j=3 k=1 1=1

where Myt is the mass of the bogie frame.
According to the dynamic equation in the form of least square, the estimate parameter
matrix is

ez = [szl szz sz3 sz4 szS sz6 sz3 sz4 Kszl KSZZ Ksz3 Ksz4 szl szz sz3]T (33)
The state matrix is:

Xz = [Dpzl Dpzz DpZ3 Dpz4 DpzS Dpz6 VpZ3 sz4 Dszl DSZZ Dsz3 Dsz4 szl szz sz3 ]T (34)
The observation is:

Y, = MypeApg, (35)
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9.1.1.2. Lateral module

The lateral module monitors the lateral parameters, including primary lateral stiffness and
secondary lateral stiffness. In the lateral module, the states are the relative displacements for the
primary and secondary lateral stiffness, 5 quantities in total. The observation is the lateral
acceleration of the bogie frame.

The fundamental dynamic equation is:

The estimate parameter matrix is:
ey = [prl prz pr3 Ksyl Ksyz ]T (37)
The state matrix is:

The observation is:

Yy - beAbfy (39)

9.1.1.3. Yaw module

The yaw module monitors the longitudinal parameters, including primary longitudinal stiffness
and secondary longitudinal stiffness. In the yaw module, the states are the relative displacements
for primary and secondary longitudinal stiffness and relative displacements for primary and
secondary lateral stiffness, 8 quantities in total. The observation is the yaw acceleration of the
bogie frame.

The fundamental dynamic equation is:
]bfl.IJAbflIJ = 2prlexldp + ZKpXZDpXde + 2Kp)(.7>Dp)(3dp + (40)
2Kpy1Dpyrly — 2Kpy3Dpysly + 4Kex Doy ds + 2Kgyq Dsyqls — 2Ky Dsyr L

where Jufy is the yaw inertia of the bogie frame. d, is the half of the lateral distance between
primary longitudinal springs. Iy is the half of the longitudinal distance between lateral springs. ds
is the half of the lateral distance between secondary springs. /s is the half of the longitudinal
distance between secondary springs.

The estimate parameter matrix is:

0y = [ Kpx1 Kpxz Kpxs Kpy1 Kpys Ksx Ksy1 Ksyz 17 (41)
The state matrix is:
Xy = [ 2Dpy1dp 2Dpyrdy, 2Dpysdy, 2Dpy1ly, —2Dpysly 4Dgyds 2Dgyqls —2Dgy,ls 1" (42)
The observation is:
Yy = Joty Qofy (43)

The accelerations and angular accelerations of the bogie frame are selected as the observation,
because the inertias of the bogie frame can be measured readily and do not change with different
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loading conditions.

9.1.2. RLS Estimate

The data measured by the condition monitoring system should be utilised in the RLS algorithm
[12] for the parameter estimation. The iterative RLS equation is presented as follows:

For each time step ¢, the parameter estimate update is expressed with a symmetric regression
matrix P

P()X(t+ 1)
1+XT(t+ DP(®)X(t+ 1)
The regression matrix update is expressed as:

P(®)X(t + DXT(t + 1P(t)
1+ XT(t+ DP()X(t+1)

With this iterative scheme, the suspension parameters can be estimated continuously
during the operational condition. The parameter deviation of the suspension component due to
the fault can be identified promptly. The fault information should be transmitted to the drivers’
cabin for the decision-making via the vehicle bus. It can also be transmitted to the railway operator
via a wireless communication in order to implement the condition-based maintenance.

This is the most ‘robust’ version for the identification of the parameter. For the real
measurement, this form should be used to obtain a convergent result with a fast identification
speed. By restarting the RLS algorithm with a section of data measured during the operation, it is
feasible to estimate the suspension parameter during this time period. Theoretically, with the
introduction of a forgetting factor A, it is possible to identify the degradation process of the
suspension parameters. The form of the recursive least square is expressed as:

The parameter estimate update is expressed as:

P(HX(t+ 1)
A+XT(t+ DP()X(t+ 1)
The regression matrix update is expressed as:

) ATIP(O)X(t + DXT(t + DP(t)
P(E+1) =27~ T + DPOXG + D @

0(t+1)=0(t)+ [Y(e+1) —X"(t + D] (44)

P(t+1) =P(t) — (45)

0(t+1)=0()+

[Y(t+1)—X"(t+1)8(t)] (46)

9.1.2.1. Implementation of RLS with MATLAB/Simulink

This RLS based condition monitoring algorithm can be implemented with MATLAB/Simulink
software in a relatively simple way. Figure 48 shows a general Simulink plot for this RLS based
approach for the suspension condition monitoring. The measured acceleration signals related to
the suspension components are integrated into displacement or velocity signals. The measured
accelerations related to the observations are multiplied with the mass to obtain the inertia forces.
The identical bandpass filtering is applied to these two sets of signals. The filtered displacement
and velocity signals are fed into the ‘Regressors’ port and the filtered force signals are fed into the
‘Output’ port. The output of RLS estimator is the estimated suspension parameters.
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Figure 48 — Implementation of RLS based approach with MATLAB/Simulink

Due the simplicity of this approach, the RLS based model can be complied to relatively
simple C/C++ codes. These codes can be run within a low-cost electronic device, such as Raspberry-
Pie. In this sense, the suspension condition monitoring system can function online with a low
computational requirement during the operation.

In fact, theoretically it could be more efficient to use a derivative form to estimate the
suspension parameters, since the RLS parameter estimate can get a convergent result with a faster
rate in this way. It means a derivative operation is applied to all the input acceleration signals,
including for both suspensions and observations. The derivative form for this RLS approach is
shown in Figure 49. However, it is necessary to mention that a derivative operation can amplify
the signal noise. Therefore, a derivative form should be used in more cautious way.

Acceleration -- pension Displ

Integration » >

Bandpass Filtar

Bandpass Parameters

@ D ol cupu

Acceleration -- Observation
Bandpass Filter1

Suspension Parameter K C

Derivative

RLS Estimator

Figure 49 — Implementation of RLS based approach with MATLAB/Simulink — Derivative form

Figure 50, Figure 51 and Figure 52 show the Simulink models of RLS based condition
monitoring methods for the vertical module, lateral module and yaw module, respectively.
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Figure 50 — Simulink model of RLS based condition monitoring approach — Vertical module
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Figure 51 — Simulink model of RLS based condition monitoring approach — Lateral module
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Figure 52 — Simulink model of RLS based condition monitoring approach — Yaw module
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According to an extensive on-field investigation carried out by IST, in the primary lateral
and longitudinal suspensions of FGC 254 locomotive there was no rubber spring between the bogie
frame and the axle-box. Instead, there are some clearances and friction surfaces between the
bogie frame and axle-box in the longitudinal and lateral directions. In this sense, the RLS method
based on the linear system is no longer suitable for the fault detection in these directions because
of the highly nonlinear effects of the clearance and friction. To be exact, since the dry friction force
is not related to the amplitude of the relative velocity, it is impossible to estimate its ‘damping
coefficient’ from a linear RLS model. In fact, these dry friction forces are not neglectable in the
acceleration of the bogie frame. Therefore, it is very difficult for the RLS based algorithm to identify
the linear suspension parameters from the system. Generally speaking, FGC 254 is a relatively old
type of locomotive. These types of locomotives are not widely utilised in the present railway
industry.

9.2. Condition Monitoring of Suspension System of Co-Co
Locomotive with RLS Approach

Under the framework of this project, HUD decide to utilise another standard-gauge heavy-duty
Co-Co locomotive to implement this RLS-based condition monitoring strategy. This locomotive
prototype represents a currently widely used locomotive type with many linear suspension
components, such as coil springs and viscous dampers. The total mass of this heavy-duty six axle
locomotive is 126 t. The yaw stiffness of the primary suspension is 60 MN/m per axle. The bogie
wheelbase of this locomotive is 4.2 m.

9.2.1. Vampire Modelling of Co-Co Locomotive

A Vampire model of this vehicle is employed to generate ‘virtual measurements’ to demonstrate
the newly developed condition monitoring system. Figure 53 is a multi-body plot of this locomotive
in the Vampire simulation environment, where all the suspension components are shown.

In this Vampire model, the primary coil spring and secondary rubber spring are modelled
as shear spring elements. The share spring element considers the translational vertical and
horizontal stiffnesses and the rotational shear and torsional stiffnesses. The primary rubber
bushing is modelled as a bush element. The bush element considers both the stiffness and the
damping of the element in all translational and rotational directions. The primary vertical damper,
secondary lateral damper and yaw damper are modelled as damper elements. The damper
element takes into account the behaviour of a damper-spring in series scenario. The 6 motors are
modelled as individual masses with 6 DOFs. The connection between the motor and the wheelset
is modelled as a bush element with no stiffness in rotational direction but very large stiffness in
other directions. The linkage between the motor and bogie frame is modelled as a pin-link
element. The pin-link element considers the stiffness and damping only along the linkage axle. The
traction rod and roll bar are also modelled as bush elements in longitudinal and roll direction,
respectively.
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Figure 53 — Multi-body model of six axle locomotive in Vampire environment

With the reference of Table 12, the output quantities of this locomotive model from
Vampire simulation results are listed in Table 13. The location layout of the sensor installation can
be very similar to the sensor layout of FGC 254 locomotive. Figure 54 exhibits a complete sensor
(accelerometer) layout for the condition monitoring of suspension components of this Co-Co

locomotive.

Table 13 — Output quantities from Vampire simulation results

Notation Dynamic parameter Quantity
Dy« Displacements for primary longitudinal stiffness 3 data sets per module
Dyy Displacements for primary lateral stiffness 3 data sets per module
Dy, Displacements for primary vertical stiffness 6 data sets per module
Vez Velocities for primary vertical damping 6 data sets per module
Dsx Displacements for secondary longitudinal stiffness 1 data set per module
Dy Displacements for secondary lateral stiffness 1 data set per module
Dy, Displacements for secondary vertical stiffness 4 data sets per module
Vey Velocity for secondary lateral damping 1 data set per module
Ve Velocity for secondary yaw damping 1 data set per module
Dpy, Displacements for motor linkage vertical stiffness 3 data sets per module
Vinz Velocities for motor linkage vertical damping 3 data sets per module
Abt Vertical acceleration of bogie frame 1 data set per module
Abfy Lateral acceleration of bogie frame 1 data set per module
Abty Yaw angular acceleration of bogie frame 1 data set per module

In Figure 54, the red block represents the accelerometer installed on the vehicle. The arrow
shows the direction of the acceleration measurement. 6 accelerometers (3 triaxial and 3 biaxial),
labelled as ‘W’, are mounted on the axle-boxes to measure the vertical, lateral and longitudinal
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accelerations of the axle-boxes. Three monoaxial accelerometers, labelled as ‘M’, are installed on
the motors to measure their vertical motions. Three accelerometers (2 biaxial and 1 monoaxial),
labelled as ‘F’, are mounted on the corners of the bogie frame to obtain the vertical, lateral and
yaw accelerations of the bogie frame. One monoaxial accelerometer, labelled as ‘C’, is installed on
the carbody to measure its vertical acceleration above the bogie pivot. Most motions of the
carbody are much smaller than that of the bogie frame and wheelsets except the carbody pitch.
All the motions of the suspension components and the observed bogie frame accelerations can be
measured and/or calculated from this plot.

Figure 54 — Sensor layout for condition monitoring of Co-Co locomotive

9.2.2. RLS Estimation Model for Co-Co Locomotive

Correspondingly, the mathematical model for the vertical, lateral and yaw modules can be
deduced according to the locomotive suspension configurations.

9.2.2.1. Vertical module

The vertical module monitors the vertical suspension parameters, including primary vertical
stiffness, primary vertical damping coefficients, secondary vertical stiffness, and motor vertical
stiffness and damping coefficients. In the vertical module, the states are the relative displacements
for the primary, secondary, and motor vertical stiffness and relative velocities for the primary
vertical damping coefficients and motor damping coefficients, 22 quantities in total. The output
observation is the vertical acceleration of the bogie frame. The fundamental dynamic equation is:

6 6 4 3 3
beAbfz = Z sziDpzi + Z szijzj + z Ksszszk + Z Kleszl + Z szlezl (48)
i=1 j=1 k=1 =1 =1

where Myt is the mass of the bogie frame.
According to the dynamic equation in the form of least-square, the estimate parameter
matrix is
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[szl szz sz3 sz4- KpZS sz6 szl szZ sz3 sz4 szs szé Kszl KSZZ

= (49)
’ KSZ3 KSZ4 szl szZ KmZB szl CmZZ sz3]T
The state matrix is:
X = [Dpzl DpzZ DpZ3 Dpz4 DpzS Dp26 szl szZ sz3 sz4 szS szé Dszl DSZZ (50)
‘ DszS Dsz4 szl szZ sz3 szl szZ sz3]T
The observation is:
Y, = MytApg, (51)

9.2.2.2. Lateral module

The lateral module monitors the lateral parameters, including primary lateral stiffness, secondary
lateral stiffness and secondary lateral damping coefficients. In the lateral module, the states are
the relative displacements for the primary and secondary lateral stiffness, and relative velocity for
the secondary lateral damper, 5 quantities in total. The observation is the lateral acceleration of
the bogie frame. The fundamental dynamic equation is:

MyApey = 2Kpy1Dpyr + 2Kpy2Dpya + 2Kpy3Dpy3 + 4Ky Dy + 2C6, Vsy (52)
The estimate parameter matrix is:
9y = [prl prz pr3 Ksy Csy ]T (53)
The state matrix is:
Xy = [ 2Dpy1 2Dpyz 2Dpy3 4Dgy 2V 17 (54)
The observation is:
Yy = beAbfy (55)

9.2.2.3. Yaw module

The yaw module monitors the parameters in yaw direction, including primary longitudinal
stiffness, secondary longitudinal stiffness, and secondary yaw damping. In the yaw module, the
states are the relative displacements for primary and secondary longitudinal stiffness, relative
displacements for primary and secondary lateral stiffness, and relative velocities for secondary
yaw damping, 8 quantities in total. The observation is the yaw acceleration of the bogie frame.

The fundamental dynamic equation is:
]bfljJAbfllJ = Zprlexldp + Zprszxzdp + 2pr3Dpx3dp + (56)
2K,y1Dpy1ly — 2Kpy3Dpysly + 4K Deydg + 4Ky Doy ls + 2G5, Veydg

where Jofy is the yaw inertia of the bogie frame. d, is the half of the lateral distance between
primary longitudinal springs. I is the half of the longitudinal distance between lateral springs. ds
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is the half of the lateral distance between secondary springs. /s is the half of the longitudinal
distance between secondary springs. dd is the half of the lateral distance between the yaw

dampers.
The estimate parameter matrix is:

BIIJ = [prl prz pr3 prl pr3 st Ksy Csx ]T (57)
The state matrix is:
Xy = [ 2Dpy1dy, 2Dpyadyy 2Dpyady, 2Dpyily, —2Dpysly, 4Dgyds 4Dgyls 2Csdq 1™ (58)
The observation is:

Yy = JotwQoty (59)

9.2.2.4. Implementation of RLS for Co-Co locomotive in
MATLAB/Simulink

Based on the same principal with FGC 254 locomotive, Figure 55, Figure 56 and Figure 57 show the
Simulink plots of condition monitoring approaches for the lateral, yaw and vertical modules of this
Co-Co locomotive, respectively. In these models, the differentiations are utilised for the states
variables (regressors) and observations (outputs) to obtain fast convergent estimations.

Figure 55 — Simulink plot of RLS-based condition monitoring approach — Lateral module of Co-Co

locomotive
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Figure 56 — Simulink plot of RLS-based condition monitoring approach — Yaw module of Co-Co
locomotive
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Figure 57 — Simulink plot of RLS-based condition monitoring approach — Vertical module of Co-Co
locomotive
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9.2.3. Multi-body Simulation with Vampire Software

To validate the feasibility of the proposed condition monitoring strategy, several Vampire
simulations are used to generate the virtual measurements for the fault-free and faulty vehicle
scenarios. Both the fault-free and faulty cases utilise the same track case.

The locomotive was simulated operating at a speed of 100 km/h on straight track with
representative track irregularities, ‘Track-160’. The conventional 56E1 rail profile (inclined at 1:20)
and P8 wheel profile has been utilised in the simulations. The output data generated from the
simulated vehicle were exported at a sampling frequency of 1 kHz (sampling time of 1 ms), which
is a common sampling frequency for acceleration measurements. A track length of 3,000 m has
been used in the simulations. Overall, 108,000 data samples were collected for each output
channel from each Vampire simulation.

The Vampire output data was converted into the required variables in the MATLAB
workspace. Simulink reads these variables into the RLS block (in System Identification Toolbox) as
regressors and an observation. The data exported from the RLS block are the time series of the
estimated suspension parameters. Because the sampling frequency of the Vampire output
channel is 1 kHz, the calculation frequency in RLS block is also set as 1 kHz. To obtain the most
robust estimate of the parameter from the RLS estimator, the forgetting factor in RLS is set as 1.

10~ n

Damping Co. [Ns/m]
[6)]
1

ok ! ! ! i
0 20 40 60 80 100 120

Time [s]

Figure 58 — Estimate of secondary lateral damping coefficient — Fault-free

9.2.4. Estimation Result for Fault-Free Vehicle

Corresponding to the track case above, a transient simulation is carried out in Vampire regarding
a fault-free vehicle model. All the output channels are related to the front bogie. With the usage
of the previously mentioned Simulink model, several key parameters estimated for a faulty-free
vehicle are shown below.

From the lateral module, the secondary lateral damping coefficient and primary lateral
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stiffness can be estimated. The secondary lateral damping coefficient is shown in Figure 58; it has
a nominal value of 75 kNs/m (per damper) in the simulated locomotive model. The primary lateral
stiffness of three axles is shown in Figure 59. In the simulated locomotive model, the front and
rear axle have a large lateral stiffness of 10.5 MN/m (per bushing), while the middle axle has a very
small stiffness of 0.5 MN/m (per bushing).

It can be seen that the estimates of the secondary lateral damping coefficient and primary
lateral stiffness are very closely matched to the values defined in the Vampire locomotive model.
Because the lateral force generated by the secondary spring is very small, it is difficult to observe
this force component in the lateral acceleration of the bogie frame. However, the estimated of
lateral stiffness of the secondary spring is still of a similar magnitude to the value in the simulation
model.
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Figure 59 — Estimate of primary lateral stiffness — Fault-free

From the yaw module, the damping coefficient of the secondary yaw damper, primary
longitudinal stiffness and primary lateral stiffness (front and rear axles) can be estimated. The
damping coefficient of the secondary yaw damper is shown in Figure 60; its nominal value in the
simulation model is 150 kNs/m (per damper). The primary longitudinal stiffness of three axles is
shown in Figure 61; its nominal value for each axle is 30 MN/m (per bushing). The primary lateral
stiffness can be estimated in yaw module as well, as shown in Figure 62.

It can be seen that the estimates of the damping coefficient of the yaw damper and primary
longitudinal and lateral stiffness correlate well with the values defined in the Vampire simulation
model. Because the yaw torques generated by the secondary spring are very small, it is difficult to
observe these torques in the yaw acceleration of the bogie frame. The estimate of lateral and
longitudinal stiffness of the secondary spring is still of the same magnitude as the value contained
in the simulation model.
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Figure 60 — Estimate of damping coefficient of secondary yaw damper — Fault-free
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Figure 61 — Estimate of primary longitudinal stiffness — Fault-free

For the vertical module, the estimate of the secondary vertical stiffness is shown in Figure

63, which has a nominal value in the simulation model is 10 MN/m (per spring). It can be seen that
all the estimated stiffnesses are very accurate. Figure 64 shows the estimate of the stiffness of the

motor linkage, which has a nominal value in the simulation model is 10 MN/m (per link). These
estimates are still approximate to the simulation value. Figure 65 exhibits the estimate of primary
vertical stiffness, which has a nominal value in the simulation is 0.8 MN/m (per axle-box). The four

estimates are

very similar to the simulation values.

Due to the suspension design of this vehicle, the damping coefficient of the primary vertical
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damper is small. In this sense, the vertical acceleration of the bogie frame mainly reflects the
suspension forces by the secondary vertical spring and motor link of large stiffness. The weak
forces generated by the primary vertical dampers are difficult to be identified from bogie frame
acceleration, but the estimates are still in the same scale with the value in the simulation model.
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Figure 62 — Estimate of primary lateral stiffness (front and rear) — Fault-free

6
14 x10
—Spring FR
—Spring FL
12 |- Spring RR|.
—Spring RL
10}#-“ : e
E
Z 8 .
[}
7]
Q
£ 6 il
)
41 4
2 i
0 | | | | |
0 20 40 60 80 100 120

Time [s]

Figure 63 — Estimate of secondary vertical stiffness — Fault-free
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Figure 64 — Estimate of motor link stiffness — Fault-free
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Figure 65 — Estimate of primary vertical stiffness — Fault-free

9.2.5.Suspension Fault Detection & Isolation by RLS Estimation

9.2.5.1. Fault case

To investigate the feasibility of this parameter-based fault detection approach, several ‘artificial’
suspension faults were added to the leading bogie of the Vampire vehicle model. These suspension
faults included:

e Damping of secondary yaw dampers set to zero.
e Damping of secondary lateral dampers set to zero.
e Stiffness of one secondary vertical rubber spring set to 2 times of its normal stiffness value.
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e Primary lateral stiffness and longitudinal stiffness of one primary rubber bushing set to be
2 times of their normal values.
A higher stiffness is likely to be indicative of a degraded rubber spring component due to the loss
of in flexibility. These suspension faults are only general examples of possible fault scenarios
mainly for the investigation in this report. In Figure 66, the suspension components with faults are
marked with circles.

Figure 66 — Bogie plot with marked faulty suspension elements

With such a vehicle model and parameter alterations, the identical track case is simulated
at the same vehicle speed. From the simulation result, on its own it is very difficult to distinguish
the abnormal behaviour of the faulty vehicle from the resulting vibration signal compared with a
fault-free vehicle. This phenomenon is very common for the railway vehicle since many suspension
components are designed to control the vibration response of the vehicle even in a faulty
condition.

9.2.5.2. Parameter estimation result of fault case

Identically, the vibration signals exported from the Vampire simulations were introduced into the
three modules of the Simulink models for parameter estimation.

For the lateral module, the secondary lateral damping coefficient is shown in Figure 67. Its value
set in the simulation model is zero, while the normal value should be 75 kNs/m (per damper). It
can be seen from the figure, that the RLS estimates a very small value for the damping coefficient,
indicating a degraded condition.

Also from the lateral model, the estimate of primary lateral stiffness of three axles is shown
in Figure 68. In the normal condition, the front and rear axle have a lateral stiffness of 10.5 MN/m
(per bushing), while the middle axle has a very small stiffness of 0.5 MN/m (per bushing). Here in
this faulty vehicle model, the lateral stiffness of the front axle should be 15.5 MN/m (the average
of two bushings). It can be seen that the estimate of the primary lateral stiffness of the front axle
is very similar to this value. Meanwhile, the other stiffness estimates are still approximate to their
normal values.
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Figure 67 — Estimate of secondary lateral damping coefficient — faulty vehicle
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Figure 68 — Estimate of primary lateral stiffness — faulty vehicle

For the yaw module, the damping coefficient of the secondary yaw damper is shown in
Figure 69. Its normal value is 150 kNs/m (per damper), while its value in this Vampire simulation
is zero. It can be seen from Figure 69 that the model estimates a very small value for the damping
coefficient indicating a degraded condition.
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Figure 69 — Estimate of damping coefficient of secondary yaw damper — faulty vehicle

For the yaw module, the estimate of primary longitudinal stiffness is shown in Figure 70.
Its nominal value for each axle is 30 MN/m (per bushing). However, the longitudinal stiffness value
of the front axle should be 45 MN/m (per bushing, average of a pair of bushings) in this fault model.
From Figure 70, the estimates for the rear and middle axles are almost identical to the nominal
values. The estimate for the front axle is higher than the others and similar to the value used in
the faulty vehicle simulations. Besides, the primary lateral stiffness (front and rear axles) estimated
in yaw module is shown in Figure 71. It can be seen that its result is very similar with the one

identified by the lateral module.
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Figure 70 — Estimate of primary longitudinal stiffness — faulty vehicle
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Figure 71 — Estimate of primary lateral stiffness — faulty vehicle

For the vertical module, the estimate of the secondary vertical stiffness is shown in
Figure 72. Its normal is 10 MN/m (per spring); In this simulation, the stiffness value of the front
right rubber spring is set to be 20 MN/m. From Figure 72, the stiffness estimate of the front right
spring is definitely higher than the other estimates. Although this vertical model does not deliver
very accurate estimation due to the similarities of input signals, it is obvious that some variation
from the nominal value can be detected for the secondary springs.
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Figure 72 — Estimate of secondary vertical stiffness — faulty vehicle
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9.3. Summaries

In the framework of LOCATE WP4, this work is parallel to the development of ‘Digital Twin’ and
aiming at exploring an alternative solution for the vehicle condition monitoring with a ‘smart
diagnostic’ approach. Instead of a comparison of the faulty and fault-free signals, this fault
detection method takes the advantage of the relationship between the measured signals to
directly identify the parameter in a quantitively manner.

Due to the complexity of the vehicle system, the fault detection and identification of the
suspension parameters can be very challenging. Because so many suspension components exist in
the railway vehicle, especially the locomotive, the dynamic behaviours of the vehicle are
influenced by different suspension forces and their coupling effects. In many cases, it is very
difficult to identify the suspension fault by the comparisons of the vibration signals between the
faulty condition and fault-free condition. Besides, the vehicle vibration also depends on the
external excitations, such as the track irregularities.

In spite of the complexity of the vehicle suspension system, the dynamic model of the
vehicle is determined and can be analysed with known mathematical model. Based on Newton’s
second law, the acceleration of the sprung mass is determined by the sums of the suspension
forces. The motion of the suspension component, velocity for damper and displacement for spring,
can be obtained directly or indirectly from sensor measurements. Specifically, the accelerometer
which is the most commonly used sensor in vehicle dynamics. As the vibration signals are
measured in a large quantity (with high sampling frequencies), the stiffness or the damping
coefficient can be estimated based on a Least-square approach if the suspension system can be
regarded as a linear system. However, the ordinary Least-square is not suitable for the estimate
of the suspension parameter from vibration signals due to the ill-conditioned inverse matrix. In
contrast, the Recursive Least-square (RLS) is capable of solving this problem with its memory and
correlation characteristics, i.e., an optimal Kalman gain.

A condition monitoring system for the suspension of FGC Series 254 locomotive is
illustrated in this report. The FGC Series 254 is an old type of locomotive with many clearances and
dry friction pairs. These mechanical features constitute high non-linearities in its suspension
components. By the investigation of the multi-body simulation data from FGC Series 254
locomotive, the forces by the non-linear elements are not neglectable in the acceleration
observations based on RLS method because of their large amplitudes. HUD decide to utilize
another relatively new type of Co-Co locomotive for the demonstration of this condition
monitoring strategy within this project.

For this six-axle locomotive, a validated Vampire multi-body model is used to generate the
motion output in the simulation. These output data represent the ‘virtual measurements’ in the
operational conditions for the purpose of validating the RLS approach. In this RLS-based
suspension condition monitoring system, three modules are developed in accordance with the
layout of this locomotive’s suspension, including: vertical module, lateral module and yaw module.
These modules are implemented in a MATLAB/Simulink environment. A Simulink model for this
RLS method can be readily converted into C/C++ code. The converted code can be executed in a
low-cost electronic computing device, such as Raspberry-Pie.

In the parameter estimation of the Co-Co locomotive, the main suspension parameters can
be reliability estimated, especially the large stiffness parameters. Several suspension faults with
parameter deviations were added into the vehicle model within the multi-body simulations. By
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using this RLS fault detection method, the suspension fault can be identified quantitively with the
parameter estimate. Since this RLS method is based on the parameter estimation with Input-
Output model, the estimation result is not sensitive to the operational condition. However, it is
necessary to mention that the RLS method need to be developed dedicatedly according to the
target vehicle. Different vehicles have different suspension layouts with a varieties of parameter
configurations, which can affect the motion equations of the RLS models. Certain suspension
components contribute very little to the observed sprung mass acceleration, making their
parameters difficult to estimate. These factors should be considered carefully in order to obtain a
reasonable model for the condition monitoring system, meanwhile, the cost for the condition
monitoring system is also an important issue.
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10. Conclusions

10.1.  Main Findings

This deliverable describes the models developed and the methods implemented to evaluate the
condition of bogie components using dynamic simulations. The results of multibody simulations
represent the nominal and abnormal response of the vehicle, providing a database of the
locomotive reference behaviour. This database supports the identification of the health of the
bogie components. The failure modes addressed in WP4 are cracks in the bogie frame and
wheelsets, and the degradation of elements in the primary suspension. Condition assessment is
accomplished using damage detection methods based on the transmissibility concept, such as the
Transmissibility Damage Indicator (TDI) and Maximum Occurrences (MO) methods. The
degradation of primary suspension elements is also assessed using surrogate modelling. The main
conclusions of the research activities reported in this deliverable are:

e A static analysis based on standard EN 13749 was used to define an appropriate location

for a crack in the welded connections between the front transversal beam and the side
frames. The lateral accelerations measured at selected points in the bogie frame were
obtained from a set of simulations of the vehicle-track interaction considering different
crack sizes and a constant speed of 60km/h. The transmissibility matrix of the measured
response is computed in the frequency range of 10-150Hz, and the results show the TDI
method is sensitive to damage if the crack area is at least 63% of the cross-section of the
welded connection. Further increasing the crack area reduces the TDI value. The symmetric
and non-symmetric schemes used to compute TDI suggest a threshold of 0.7.

e The results from the flexible multibody simulations rely on the sensitivity of the natural
frequencies and vibration modes of the structure to the existence of damage. The modal
analysis of the wheelset shows the natural frequencies are only sensitive to cracks
perpendicular to the axle if their depth is higher than 25% of the axle diameter. Therefore,
this method is unlikely to detect damage in the wheelset before the crack grows
exponentially.

e The TDI method can measure changes in transmissibilities caused by damage in the primary
suspension. It is sensitive to a 50% reduction of the nominal value of spring stiffness and a
40% increase or decrease of the nominal value of the damping coefficient of the viscous
damper. TDI is sensitive to damage in the primary suspension given the sources of
variability in the simulations, i.e., track irregularities, speed and uncertainty about the
nominal values of the mechanical properties.

e After detecting damage in the bogie frame using the TDI method, the MO method identifies
the entry corresponding to the highest difference between the nominal and measured
transmissibility matrices. The indices of this entry correspond to the pair of sensors
detecting damage. The sensitivity of the MO method depends both on the frequency range
considered for the response and the position of the sensors. However, when damage is
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detected on springs it can only indicate if the damaged spring is in the leading wheelset or
on the other two. The method cannot isolate damage in the middle and rear wheelset.
Surrogate models of the standard deviation of the lateral acceleration of the bogie frames
show good fit, low absolute percentage error, and sensitivity to spring damage. The
stiffness values used in the simulations range from 10 to 190% of the nominal stiffness.
However, it is not clear what values are acceptable before the spring can be considered
damaged. Upper and lower stiffness limits were defined for discrete speed intervals based
on the variance of the surrogate. Finally, the maximum and minimum of the surrogate
within the stiffness limits constitute the threshold for the response.

A Recursive Least Square method for the estimation of the primary suspension parameters
is presented. The RLS method is suitable to monitor the condition of suspension systems
that can be represented by linearised models. Since this RLS method is based on the
parameter estimation with Input-Output model, the estimation result is not sensitive to
the operational condition.

10.2.  Future Developments

The work developed in WP4 contributes to the development and implementation of strategies for
online condition monitoring. However, there are a few points requiring further investigation:

The flexible multibody simulations run to assess the impact of bogie frame damage on its
dynamics are computationally expensive (4.2 hours to simulate 1 second). Improving the
efficiency of the methods will allow investigating cracks in other locations and provide a
more explicit evolution of the system response as a function of damage. Moreover, it is
relevant to investigate the sensitivity of the TDI and MO methods to crack areas between
20% and 63% of the welded connection.

The methods involving transmissibilities would benefit from a data post-processing to
associate different combinations of sensors to the different damage scenarios. Machine
learning might be helpful if the number of simulations is large enough.

This work did not address simultaneous failures of the vehicle elements. However, the
methods presented should also apply to such cases. Nevertheless, the effectiveness of
these methods for simultaneous failures should be addressed.

There is a need to develop a systematic methodology to build a library of reference
behaviour using experimental data. This methodology must deal with the variability of
speed during measurements, which is an inevitable consequence of the regular operation
of railway vehicles.

The simulations considered only a straight track geometry, and, consequently, indicators
relevant to curvature might have been eliminated (e.g., surrogates involving statistical
guantities of the angular speeds). Future work building on this report and considering
curvature should explore indicators comprehensively.
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locate

Table A.1 — FGC 254 Vehicle Body: Mass and inertia properties and initial positions of the CM of
the rigid bodies.

Inertia properties [kg.m? Initial position [m
ID Body Mass [kg] prop [ke. m’) P Lm]
IroII Ipitch Iyaw XO YO ZO

101 Vehicle body 50860 56798 505047 513774 0 0 2.325

Table A.2 — FGC 254 Bogie: Mass and inertia properties and initial positions of the CM of the rigid

bodies.
D Body Mass [ke] Inertia properties [kg.m?] Initial position [m]
Iroll Ipitch lyaw Xo Yo Zy
201 Bogie Frame 3090 1854 5864 7508 0 0 0.613
202 Wheelset Front 1243 418 103 418 1.8345 0 0.457
203 Wheelset Middle 1243 418 103 418 0.279 0 0.457
204 Wheelset Rear 1243 418 103 418 -1.4545 0 0.457
205 Axle box Front Left 60 1 1 1 1.8345 | 0.7665 | 0.457
206 Axle box Front Right 60 1 1 1 1.8345 | -0.7665 | 0.457
207 Axle box Front Left 60 1 1 1 0.279 0.7665 | 0.457
208 Axle box Front Right 60 1 1 1 0.279 | -0.7665 | 0.457
209 Axle box Front Left 60 1 1 1 -1.4545 | 0.7665 0.457
210 Axle box Front Right 60 1 1 1 -1.4545 | -0.7665 | 0.457
211 Front Motor 2002 211 268 307 1.419 0 0.487
212 Middle Motor 2002 211 268 307 -0.1365 0 0.487
213 Rear Motor 2002 211 268 307 -1.87 0 0.487
214 Bolster 817 168 332 478 0.189 0 0.939

Table A.3 — Subsystem 2 — FGC 254 Bogie: Perfect kinematic joints of the primary suspension.

D Joint Bodies Body i Body j

i Pi(&/ni/G) Q(§/n/g) Pi(&§/ni/g) Q(&/ni/g)
1 | Revolute | 202 | 205 0 0.7665 0 0 [0.8665| 0 | O 0 0 0| -0.1 0
2 | Revolute | 202 | 206 0 -0.7665 0 0 [-0.8665| 0 | O 0 0 0| 0.1 0
3 | Revolute | 203 | 207 0 0.7665 0 0 [0.8665| 0 | O 0 0 0| -0.1 0
4 | Revolute | 203 | 208 0 -0.7665 0 0 [-0.8665| 0 | O 0 0 0| 0.1 0
5 | Revolute | 204 | 209 0 0.7665 0 0 [0.8665| 0 | O 0 0 0| -0.1 0
6 | Revolute | 204 | 210 0 -0.7665 0 0 [-0.8665| 0 | O 0 0 0| 0.1 0
7 Rigid | 201 | 211 0 0 0 0 0 010 0 0 0 0 0
8 Rigid | 201 | 212 0 0 0 0 0 010 0 0 0 0 0
9 Rigid | 201 | 213 0 0 0 0 0 010 0 0 0 0 0
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Table A.4 — Subsystem 2 — FGC254 Bogie: Kinematic joints with clearance of the primary

suspension.
. Bodies Body i Body j
ID | Joint
il Pi(&/ni/G) Q(&/ni/G) P&/ /T) Q(§/n/g)

1 |Prismatic| 205|201 |0| 0.04 (-0.122|(0| 0.04 |0.122]-0.0255|0.8065| -1 [-0.0255|0.8065 1
2 |Prismatic| 205 (201 |0| 0.04 |-0.122|0| 0.04 [0.122|3.6945|0.8065| -1 |3.6945|0.8065 1
3 |Prismatic| 205 | 201 | 0]-0.1475|-0.062 | 0 |-0.1574{0.086| 1.8345 | -1.311 -1 11.8345|-1.311 1
4 |Prismatic| 206 [ 201 (0| -0.04 |-0.122|0| -0.04 |0.122|-0.0255|-0.8065| -1 |-0.0255(-0.8065| 1
5 |Prismatic| 206 | 201 | 0| -0.04 |-0.122|0| -0.04 [0.1223.6945 |-0.8065| -1 |3.6945|-0.8065| 1
6 |Prismatic| 206 | 201 | 0] 0.1475|-0.062| 0 |0.1574{0.086| 1.8345 | 1.311 -1 11.8345| 1.311 1
7 |Prismatic| 207 (201 |0| 0.04 |-0.122|0| 0.04 [0.122|-1.581 |0.8065| -1 -1.581 | 0.8065 1
8 |Prismatic| 207 {201 (0| 0.04 |-0.122|0| 0.04 |0.122| 2.139 [0.8065| -1 2.139 | 0.8065 1
9 |Prismatic| 207 | 201 |0 (-0.1475|-0.062| 0 |-0.1574{0.086| 0.279 | -1.311 -1 0.279 | -1.311 1
10 |Prismatic| 208 | 201 | 0| -0.04 |-0.122|0| -0.04 {0.122|-1.581 |-0.8065| -1 -1.581 | 0.8065 1
11 |Prismatic| 208 | 201 | 0| -0.04 |-0.122|0| -0.04 {0.122| 2.139 |-0.8065| -1 2.139 [-0.8065| 1
12 |Prismatic| 208 | 201 | 0] 0.1475 |-0.062| 0 |0.1574{0.086| 0.279 | 1.311 -1 0.279 | 1.311 1
13 |Prismatic| 209|201 |0| 0.04 |-0.122|0| 0.04 |0.122|-3.3145/0.8065| -1 |-3.3145|0.8065 1
14 |Prismatic| 209|201 |0| 0.04 |-0.122|0| 0.04 |0.122|0.4055|0.8065| -1 |0.4055|0.8065 1
15 |Prismatic| 209 | 201 | 0|-0.1475|-0.062 | 0 |-0.1574{0.086 |-1.4545| -1.311 -1 |-1.4545| -1.311 1
16 |Prismatic| 210|201 |0| -0.04 |-0.122|0] -0.04 |0.122|-3.3145|-0.8065| -1 |-3.3145|-0.8065| 1
17 |Prismatic| 210|201 |0| -0.04 |-0.122|0| -0.04 |0.122|0.4055 |-0.8065| -1 |0.4055(-0.8065| 1
18 |Prismatic| 210 | 201 | 0| 0.1475 |-0.062| 0 |0.1574{0.086 |-1.4545| 1.311 -1 |-1.4545| 1.311 1

Table A.5 — Subsystem 2 — FGC 254 Bogie: Geometric characteristics of the kinematic joints with
clearance of the primary suspension.

ID Joint Radius journal body i [m] | Radius bearing body j [m]
1,2,4,5,7,8,10,11,13,14,16,17 Cylindrical 0.139 2
3,6,9,12,15,18 Cylindrical 0.06 2

Table A.6 — Subsystem 2 — FGC 254 Bogie: Kinematic joints with clearance of the Bogie-Bolster

connection.
. Bodies Body i Body j
ID Joint - -
il Pi(&/ni/G) Q(&/ni/G) Pi(&/ni /) Q(&/n/G)

1 Revolute | 201|214 |0.877| 0.6955 |-0.284/0.877 | 0.8065 [0.284 | -1.3 |0.664|-0.042| -1.3 1 |-0.042
2 Revolute [ 201|214|0.877|-0.6955|-0.284|0.877 |-0.8065|0.284 | -1.3 |-0.664|-0.042| -1.3 | -1 | -0.042
3 Revolute [ 201|214 |-0.293| 0.6955 |-0.284(-0.293| 0.8065 [ 0.284 (1.507 |0.664 |-0.042|1.507| 1 | -0.042
4 Revolute [ 201|214 |-0.293|-0.6955|-0.284|0.877 |-0.8065 | 0.284 | 1.507 |-0.664|-0.042|1.507 | -1 | -0.042
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Table A.7 — FGC 254 Bogie: Geometric characteristics of the clearance kinematic joints of the SS.

ID Joint Radius journal body i [m] Radius bearing body j [m]
1-4 Prismatic 0.01 2

Table A.8 — Subsystem 2 — FGC 254 Bogie: Linear force elements of the primary suspension.

Bodies Stiffness Damping |Undeforme
D T kponymy| Coef | dlenethle P&/ ni/%) P(&§/n/T)
C [kN/ms] [m]

1 | 201 | 205 680 0 0.402 1.8345 | 0.8065 | 0.316 0 0.04 0.155
2 | 201 | 205 | 209.5 0 0.2 1.8345 | 0.9065 |0.1575 0 -0.06 0.3135
3 | 201 | 205 | 209.5 0 0.2 1.9345 | 0.8065 |0.1575| -0.1 0.04 0.3135
4 | 201 | 206 680 0 0.402 1.8345 | -0.8065 | 0.316 0 -0.04 0.155
5 | 201 | 206 | 209.5 0 0.2 1.8345 | -0.9065 | 0.1575 0 0.06 0.3135
6 | 201 | 206 | 209.5 0 0.2 1.9345 | -0.8065 | 0.1575| -0.1 -0.04 0.3135
7 | 201 | 207 680 0 0.402 0.279 | 0.8065 | 0.316 0 0.04 0.155
8 | 201 | 207 | 209.5 0 0.2 0.279 | 0.9065 |0.1575 0 -0.06 0.3135
9 | 201 | 207 | 209.5 0 0.2 0.379 | 0.8065 |0.1575| -0.1 0.04 0.3135
10 | 201 | 207 0 20 0.2 0.279 1.0795 | 0.278 0 0.31 0
11 | 201 | 208 680 0 0.402 0.279 | -0.8065 | 0.316 0 -0.04 0.155
12 | 201 | 208 | 209.5 0 0.2 0.279 | -0.9065 | 0.1575 0 0.06 0.3135
13 | 201 | 208 | 209.5 0 0.2 0.379 | -0.8065 |0.1575| -0.1 -0.04 0.3135
14 | 201 | 208 0 20 0.2 0.279 -1.0795 | 0.278 0 -0.31 0
15 | 201 | 209 680 0 0.402 -1.4545 | 0.8065 | 0.316 0 0.04 0.155
16 | 201 | 209 | 209.5 0 0.2 -1.4545 | 0.9065 |0.1575 0 -0.06 0.3135
17 | 201 | 209 | 209.5 0 0.2 -1.3545 | 0.8065 |0.1575| -0.1 0.04 0.3135
18 | 201 | 210 680 0 0.402 -1.4545 | -0.8065 | 0.316 0 -0.04 0.155
19 | 201 | 210 | 209.5 0 0.2 -1.4545 | -0.9065 | 0.1575 0 0.06 0.3135
20 | 201 | 210 | 209.5 0 0.2 -1.3545 | -0.8065 | 0.1575| -0.1 -0.04 0.3135

Table A.9 — Subsystem 2 — FGC 254 Bogie: Linear force elements Bogie-Bolster connection.

Bodies Stiffness Damping Undeformed

O T kiovm| (S engtn o P (&/ni/T) Py (&§/ /%)

1 | 201|214 | 1750 7 0.308 1.041 | 0.8065 | 0.038 | 0.852 | 0.8065 | -0.017
2 | 201 | 214 650 7 0.2 1.041 | 0.7065 |0.1735| 0.852 | 0.9065 | -0.1525
3 | 201 | 214 650 7 0.2 0.941 | 0.8065 |0.1735| 0.952 | 0.8065 | -0.1525
4 | 201 | 214 | 1750 7 0.308 1.041 | -0.8065 | 0.038 | 0.852 | -0.8065 | -0.017
5 | 201 | 214 650 7 0.2 1.041 | -0.7065 |0.1735| 0.852 | -0.9065 | -0.1525
6 | 201 | 214 650 7 0.2 0.941 | -0.8065 | 0.1735| 0.952 | -0.8065 | -0.1525
7 | 201 | 214 | 1750 7 0.308 -0.407 | 0.8065 | 0.038 | -0.596 | 0.8065 | -0.017
8 | 201 | 214 650 7 0.2 -0.407 | 0.7065 |0.1735|-0.596 | 0.9065 | -0.1525
9 | 201 | 214 650 7 0.2 -0.307 | 0.8065 |0.1735|-0.696 | 0.8065 | -0.1525
10 | 201 | 214 | 1750 7 0.308 -0.407 | -0.8065 | 0.038 | -0.596 | -0.8065 | -0.017
11 | 201 | 214 650 7 0.2 -0.407 | -0.7065 |0.1735 | -0.596 | -0.9065 | -0.1525
12 | 201 | 214 650 7 0.2 -0.307 | -0.8065 |0.1735 | -0.696 | -0.8065 | -0.1525
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Table A.10 — Connection Subsystems 1 and 2 — Kinematic joints with clearance of the pivot.

o | Joint Bodies Body i Body j

i Pi(&/ni/G) Q(&/n /) Pi(&/ni /) Q(§/n/G)
1 |Revolute| 101 | 214 | 5.075 0 -1.223|5.075 0 -1.158 | 0.128 | 0 [ 0.163 | 0.128 | 0 | 1.163
2 |Revolute| 101 | 214 | 4.425 0 -1.223|4.425 0 -1.158 | 0.128 | 0 [ 0.163 | 0.128 | 0 | 1.163
3 |Revolute| 101 | 214 | 4.75 | 0.325 |-1.223| 4.75 | 0.325 | -1.158 | 0.128 | 0 | 0.163 | 0.128 | 0 | 1.163
4 |Revolute| 101 | 214 | 4.75 | -0.325 |-1.223| 4.75 |-0.325|-1.158 | 0.128 | 0 | 0.163 | 0.128 | 0 | 1.163

Table A.11 — Connection Subsystems 1 and 2: Geometric characteristics of the kinematic joints
with clearance of the pivot.

ID Joint Radius ball body i [m] Radius socket body j [m]
1-4 Revolute 0.01 0.3365

Table A.12 — Connection Subsystems 1 and 2 — Kinematic joints with clearance of the side

bearers.

Bodies Body i Body j

i | P&/ /) Q(§/n/) P&/ /T) Q(§/n/q)
Revolute |{101|214|5.474| 0.765 |-1.318 |5.474| 0.765 |-1| 0.852 | 0.765 {0.058 | 0.852 | 0.765 | 1.058
Revolute 101|214 |5.474|-0.765|-1.318 | 5.474|-0.765 |-1| 0.852 |-0.765 | 0.058 | 0.852 |-0.765|1.058
Revolute {101|214|4.026| 0.765 |-1.318 |4.026 | 0.765 |-1|-0.596 | 0.765 | 0.058 | -0.596 | 0.765 | 1.058
Revolute {101|214|4.026 | -0.765 | -1.318 | 4.026 | -0.765 |-1|-0.596 | -0.765 | 0.058 | -0.596 | -0.765 | 1.058

ID| Joint

Mlw|N |k

Table A.13 — Connection Subsystems 1 and 2: Geometric characteristics of the kinematic joints
with clearance of the side bearers.

ID Joint Radius journal body i [m] Radius bearing body j [m]
1-2 Prismatic 0.057 2
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Annex B—MUBODyn FGC 62.000 Model

Table B.1 — Subsystem 1 — FGC62.000 Vehicle Body: Mass and inertia properties and initial
positions of the CM of the rigid bodies.

Inertia properties [kg.m? Initial position [m
ID Body Mass [kg] prop [ke. m’) P Lm]
IroII Ipitch Iyaw XO YO ZO

101 Vehicle body 53096 59407 366523 365988 0 0 2.235

Table B.2 — Subsystem 1 — FGC62.000 Vehicle Body: Mass and inertia properties and initial
positions of the CM of the rigid bodies.

D Body Mass [ke] Inertia properties [kg.m?] Initial position [m]

Iroll Ipitch lyaw Xo Yo Zy
201 Bolster 366 106 9 108 0 0 0.482
202 Side Frame Left 446 15 138 127 0 0.76 0.449
203 Side Frame Right 446 15 138 127 0 -0.76 0.449
204 Wheelset Front 990 338 54 338 0.8 0 0.381
205 Wheelset Rear 990 338 54 338 -0.8 0 0.381

Table B.3 — Subsystem 2 — FGC 62.000 Bogie: Primary suspension non-linear force elements.

D T channensti P&/ /T) P&/ /%)

1 204 202 F1 0 0.83 0 0.8 0.07 0.432
2 204 202 F1 0 0.69 0 0.8 -0.07 0.432
3 204 202 F2 0 0.76 0 0.8 -0.5 -0.068
4 204 202 F3 0 0.76 0 13 0 -0.068
5 204 202 F3 0 0.76 0 0.3 0 -0.068
6 204 203 F1 0 -0.83 0 0.8 -0.07 0.432
7 204 203 F1 0 -0.69 0 0.8 0.07 0.432
8 204 203 F2 0 -0.76 0 0.8 0.5 -0.068
9 204 203 F3 0 -0.76 0 13 0 -0.068
10 204 203 F3 0 -0.76 0 0.3 0 -0.068
11 205 202 F1 0 0.83 0 -0.8 0.07 0.432
12 205 202 F1 0 0.69 0 -0.8 -0.07 0.432
13 205 202 F2 0 0.76 0 -0.8 -0.5 -0.068
14 205 202 F3 0 0.76 0 -1.3 0 -0.068
15 205 202 F3 0 0.76 0 -0.3 0 -0.068
16 205 203 F1 0 -0.83 0 -0.8 -0.07 0.432
17 205 203 F1 0 -0.69 0 -0.8 0.07 0.432
18 205 203 F2 0 -0.76 0 -0.8 0.5 -0.068
19 205 203 F3 0 -0.76 0 -1.3 0 -0.068
20 205 203 F3 0 -0.76 0 -0.3 0 -0.068
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Table B.4 — Subsystem 2 — FGC 62.000 Bogie: Linear force elements of the primary suspension.

Bodi . Dampin
p T stffness k| PURME | undeformed P&/ /) P&/ /%)
i j [kN/m] C [kN/ms] length Ip [m]

1 | 204 | 202 0 20 05 0 0.83 o | 08 | 007 | 0432
2 | 204 | 202 0 20 05 0 0.69 o | 08 | 007 | 0432
3 | 204 | 202 0 20 05 0 0.76 o | 08 | 05 | -0.068
4 | 204 | 202 0 20 05 0 0.76 0 13 0 | -0.068
5 | 204 | 202 0 20 05 0 0.76 o | 03 0 | -0.068
6 | 204 | 203 0 20 05 0 08 | 0o | 08 | -0.07 | 0432
7 | 204 | 203 0 20 05 0 069 | 0o | 08 | 007 | 0432
8 | 204 | 203 0 20 05 0 076 | o | 08 | 05 | -0.068
9 | 204 | 203 0 20 05 0 076 | 0 1.3 0 | -0.068
10 | 204 | 203 0 20 05 0 076 | 0 | 03 0 | -0.068
11 | 205 | 202 0 20 05 0 0.83 o | 08 | 007 | 0432
12 | 205 | 202 0 20 05 0 0.69 o | 08 | 007 | 0432
13 | 205 | 202 0 20 05 0 0.76 o | 08| 05 | -0.068
14 | 205 | 202 0 20 05 0 0.76 0 | 13 0 | -0.068
15 | 205 | 202 0 20 05 0 0.76 0o | 03 0 | -0.068
16 | 205 | 203 0 20 05 0 08 | 0 | -08 | -007 | 0432
17 | 205 | 203 0 20 05 0 069 | 0 | -08 | 007 | 0432
18 | 205 | 203 0 20 05 0 076 | o | -08 | o5 |-0068
19 | 205 | 203 0 20 05 0 076 | 0 | -13 0 | -0.068
20 | 205 | 203 0 20 05 0 076 | 0 | -03 0 | -0.068

Table B.5 — Subsystem 2 — FGC 62.000 Bogie: Linear force elements of the spring nest.

Bodi . Dampin
ip [ stifiness k| “TURT | undeformed P&/ /T P&/ 0 /T)

i j [kN/m] C [kN/ms] length /o [m]
1 204 | 202 550 0 0.273 0.075 0.12 -0.24 0.75 0.88 -0.06
2 204 | 202 550 0 0.273 -0.075 0.12 -0.24 |-0.075 0.88 -0.06
3 204 | 202 550 0 0.273 0.075 -0.12 -0.25 0.075 0.64 -0.06
4 204 | 202 550 0 0.273 -0.075 -0.12 -0.24 0.075 0.64 -0.06
5 204 | 202 160 0 0.5 0 -0.25 -0.1335 0 1.01 -0.1665
6 204 | 203 160 0 0.5 0.25 0 -0.1335 | -0.25 0.76 -0.1665
7 204 | 203 550 0 0.273 0.075 -0.12 -0.24 0.75 -0.88 -0.06
8 204 | 203 550 0 0.273 -0.075 -0.12 -0.24 |-0.075| -0.88 -0.06
9 204 | 203 550 0 0.273 0.075 0.12 -0.25 0.075 -0.64 -0.06
10 | 204 | 203 550 0 0.273 -0.075 0.12 -0.24 0.075 -0.64 -0.06
11 | 205 | 202 160 0 0.5 0 0.25 -0.1335 0 -1.01 -0.1665
12 | 205 | 202 160 0 0.5 0.25 0 -0.1335 | -0.25 -0.76 | -0.1665
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Table B.6 — Subsys 2 — FGC 62.000 Bogie: Bolster-side frames bumpstops nonlinear force

elements.
Bodies Force
ID - 7 |characteristic Pi(&/ni/G) Pi(&/ni/G)
1 202 201 F4 0 0 0.033 0 0.26 0
2 202 201 F5 0.5 0 0.033 0 0.76 0
3 202 201 F5 -0.5 0 0.033 0 0.76 0
4 203 201 F4 0 0 0.033 0 -0.26 0
5 203 201 F5 0.5 0 0.033 0 -0.76 0
6 203 201 F5 -0.5 0 0.033 0 -0.76 0

Table B.7 — Subsys 2 — FGC 62.000 Bogie: Bolster-side frames bumpstops Linear force elements.

Bodies . Damping
Stiffness k Undeformed
D [ | ey Coef. length fo [m] Pi(&/ni/G) Pi(&/ni/G)
! / C [kN/ms] 0
1 |202 | 201 0 20 0.5 0 0 0.033 0 0.26 0
2 | 202 | 201 0 20 0.5 0.5 0 0.033 0 0.76 0
3 | 202 | 201 0 20 0.5 -0.5 0 0.033 0 0.76 0
4 | 203 | 201 0 20 0.5 0 0 0.033 0 -0.26 0
5 | 203 | 201 0 20 0.5 0.5 0 0.033 0 -0.76 0
6 | 203 | 201 0 20 0.5 -0.5 0 0.033 0 -0.76 0
Table B.8 — Subsys 2 — FGC 62.000 Bogie: Non-linear force elements friction wedges.
Bodies Force

ID ; I characteristic Pi(&/ni/G) Pi(&/ni/G)

1 202 201 D1 0 0 -0.25 0 0.76 0.25
2 202 201 D2 0 -0.5 0.033 0 0.76 0

3 203 201 D1 0 0 0.25 0 -0.76 0.25
4 203 201 D2 0 0.5 0.033 0 -0.76 0

Table B.9 — Connection Subsystems 1 and 2 — Nonlinear force elements of the pivot.
Bodies Force

ID - 7| characteristic Pi(&/ni/G) Pi(&/ni/T)

1 101 201 F6 4.95 0 -1.303 0.15 0 0.15
2 101 201 F6 4.65 0 -1.303 -0.15 0 0.15
3 | 101 | 201 F6 4.8 0.15 -1.303 0.15 0.15
4 | 101 | 201 F6 4.8 -0.15 | -1.303 -0.15 0.15
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Table B.10 — Connection Subsys 1 and 2 — Linear force elements of the pivot.

Bodi . Dampin
p o stifness k| “COR" |undeformed P&/ /) P&/ /%)

i Ji [kN/m] C [kN/ms] length /o [m]
1 | 101 | 201 0 20 03007 | 4.95 0o |[-1303] 015 0 0.15
2 | 101 | 201 0 20 03007 | 4.65 0 |-1303|-015] o 0.15
3 | 101 | 201 0 20 0.3007 48 | 015 | -1303| o 015 | 0.15
4 | 101201 0 20 0.3007 48 | 015 | -1303| o | -015 | 0.15
5 | 101 | 201 | 60000 20 0.15 4.8 0 |-1603 ] 015 0 0.15
6 | 101 | 201 | 60000 20 0.15 4.8 0o |-1603|-015] o 0.15
7 | 101 | 201 | 60000 20 0.15 4.8 0 | -1.603 015 | 0.15
8 | 101|201 | 60000 20 0.15 4.8 0 | -1603 015 | 0.15

Table B.11 — Connection Subsystems 1 and 2 — pivot friction damping non-linear force elements.

D i BOdlesj char:gc(;?istic Pi(&/ni/G) Pit&/ni/G)

1 101 201 D3 4.95 0 -1.603 0.15 0.15 0.15
2 101 201 D3 4.65 0 -1.603 -0.15 -0.15 0.15
3 101 201 D3 4.8 0.15 -1.603 -0.15 0.15 0.15
4 101 201 D3 4.8 -0.15 -1.603 0.15 0.15 0.15

Table B.12 — Connection Subsys 1 and 2 — Non-linear force elements of the sidebearers.

Bodies Force
ID - ; characteristic Pi(&/ni/G) Pi(&/ni/G)
101 201 F7 4.8 0.62 -1.303 0 0.62 0.15
2 101 201 F7 4.8 -0.62 | -1.303 0 -0.62 0.15
Table B.13 — Connection Subsys 1 and 2 —Linear force elements of the sidebearers.
Bodies . Damping
Stiffness k Undeformed
P C [kN/ms] °
101 | 201 0 20 0.3007 4.8 0.62 -1.303 0.62 0.15
2 | 101 | 201 0 20 0.3007 4.8 -0.62 -1.303 -0.62 0.15

Table B.14 — Connection Subsys 1 and 2 — Sidebearers friction damping nonlinear force elements.

Bodies Force
D i j characteristic Pi(&/ni/G) Pi(§/ni/G)
101 201 D2 4.8 0.62 -1.303 0 0.62 0.15
101 201 D2 4.8 -0.62 -1.303 0 -0.62 0.15
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Table B.15 — Force characteristic of non-linear force elements of the primary suspension.

Force characteristics Force characteristics Force characteristics
F1 F2 F3
Length X [m] Force [kN] Length X [m] Force [kN] Length X [m] Force [kN]
0.495 -300 0.4928 -300 0.49 -300
0.498 -120 0.4958 -120 0.493 -120
0.499 -60 0.4968 -60 0.494 -60
0.4995 -30 0.4973 -30 0.4945 -30
0.4999 -6 0.4977 -6 0.495 -6
0.5 0 0.4978 0 0.5 0
0.5001 0 0.5 0 0.505 0
0.5005 0 0.5022 0 0.5051 0
0.501 0 0.5023 6 0.5055 0
0.502 0 0.5027 30 0.506 0
0.505 0 0.5032 60 0.507 0
- - 0.5042 120 0.51 0
- - 0.5072 300 - -

Table B.16 — Force characteristic of bolster-side frames bumpstops non-linear force elements.

Force characteristics Force characteristics
F4 F5
Length X [m] Force [kN] Length X [m] Force [kN]

0.491 -300 0.494 -300
0.494 -120 0.497 -120
0.495 -60 0.498 -60
0.4955 -30 0.4985 -30
0.4959 -6 0.4989 -6
0.496 0 0.499 0

0.5 0 0.5 0
0.504 0 0.501 0
0.5041 6 0.5011 0
0.5045 30 0.5015 0
0.505 60 0.502 0
0.506 120 0.503 0
0.509 300 0.506 0
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Table B.17 — Force characteristic of non-linear force elements of the pivot and sidebearers.

Force characteristic Force characteristic
F6 F7
Length X [m] Force [kN] Length X [m] Force [kN]

0.295 -300 0.275 -300
0.298 -120 0.278 -120
0.299 -60 0.279 -60
0.2995 -30 0.2795 -30
0.2999 -6 0.2799 -6

0.3 0 0.28 0
0.3001 0 0.3 0
0.3005 0 0.3001 0
0.301 0 0.3005 0
0.302 0 0.31 0
0.305 0 0.32 0

0.31 0 0.33 0

0.35 0 0.35 0

0.4 0 0.4 0

Table B.18 — Force characteristic of non-linear force elements of the friction wedge and

pivot/sidebearers friction damping.

Force characteristic Force characteristic Force characteristic
D1 D3
Speed v [m/s] Force [kN] Speed v [m/s] Force [kN] Speed v [m/s] Force [kN]
-10 -9.966 -10 -9.966 -10 -17.362
-1 -9.966 -1 -9.966 -1 -17.362
-0.1 -9.966 -0.1 -9.966 -0.1 -17.362
-0.02 -9.966 -0.02 -9.966 -0.02 -17.362
-0.015 -9.966 -0.015 -9.966 -0.015 -17.362
-0.01 -9.966 -0.01 -9.966 -0.01 -17.362
-0.0075 -7.4745 -0.0075 -7.4745 -0.0075 -13.0215
-0.005 -4.983 -0.005 -4.983 -0.005 -8.681
-0.0025 -2.4915 -0.0025 -2.4915 -0.0025 -4.34
0 0 0 0 0 0
0.0025 4.6985 0.0025 2.4915 0.0025 4.34
0.005 9.397 0.005 4.983 0.005 8.681
0.0075 14.0955 0.0075 7.4745 0.0075 13.0215
0.01 18.794 0.01 9.966 0.01 17.362
0.015 18.794 0.015 9.966 0.015 17.362
0.02 18.794 0.02 9.966 0.02 17.362
0.1 18.794 0.1 9.966 0.1 17.362
1 18.794 1 9.966 1 17.362
10 18.794 10 9.966 10 17.362
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Annex C— MUBODyn Coupler Model Connecting FGC 254 to FGC 62.000

Table C.1 — Subsystem 1 — Knuckle Coupler: Mass and inertia properties and initial positions of

the CM of the rigid bodies.

D Body Mass [ke] Inertia properties [kg.m?] Initial position [m]

Iroll Ipitch lyaw Xo Yo Zo
101 Knuckle Front 100 10 100 100 0.43 0 0.87
102 Link Front 100 10 100 100 0.96 0 0.87
103 Knuckle Rear 100 10 100 100 -0.43 0 0.87
104 Link Rear 100 10 100 100 -0.96 0 0.87

Table C.2 — Subsystem 1 — FGC254 Bogie: Kinematic joints with clearance of the knuckle-knuckle

connection.
. Bodies Body i Body j
ID Joint - -
P Pi(&/n /%) Q(§/n/g) Pi(&/ni /%) Q(§/ni/g)
1 | Revolute | 101 | 103 | 043 | 0 | 0.065 | -0.43 | 0 | -0.065 | 0.43 | 0| 0.074 | 0.43 | 0 | -0.074

Table C.3 — Subsystems 1 — Knuckle Coupler: Geometric characteristics of the kinematic joints

with clearance of the knuckle-knuckle connection.

Joint

Radius journal body i [m]

Radius bearing body j [m]

1-2

Prismatic

0.1

0.11

Table C.4 — Subsystem 1 — Knuckle Coupler: Perfect kinematic joints of the knuckle-link

connection.
. Bodies Body i Body j
ID Joint - -
i j Pi(&/ni/G) Q(&/n/G) Pi(&/ni/G) Q(&/ni/y)
1 Revolute | 101 | 102 | 043 | O 0 0.43 0 | 0.25 -0.1 0 0| -01 |0 | -0.25
2 Revolute | 103 | 104 | -043 | O 0| -043 | O | 0.25 0.1 0 0 0.1 0 | -0.25

Table C.5 — Subsystem 1 — Knuckle Coupler: Non-linear force elements of the knuckle-knuckle

connection.
Bodies Force
ID ] ] characteristi Pi(&/ni/T) Pi(&/ni/G)
i j c
101 102 F8 0 0.25 0 0.25 0
103 104 F8 0 -0.25 0 -0.25 0
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Table C.6 — Connection Subsystem 1 to FGC 254 and FGC62.000- Perfect kinematic joints of the
coupler-vehicles connection.

D Joint Bodies Body i Body j
oin - -
i j Pi(&/ni/G) | Q(&/ni/G) Pi(&/ni/T) Q(&/ni /)
1 | Prismatic F61%2154 102 -7.013| 0 |-1.455|-6.913| 0 |-1.455|] -0.1 |O 0 -05 |0 0
2 | Prismatic 104 FGCfgiOOO 01 |0 0 -05 |0 0 5.6563 | 0 |-1.365| 5.5563 | 0 | -1.365

Table C.7 — Connection Subsystem 1 and Vehicles 1 and 2 — Linear force elements of the
coupler-vehicles draft gear.

Bodies . Damping
Stiffness Undeformed
o i |kikn/m] C[i:\)l(j]:ns] length o [m)| P (&7 Mi/G) P&/ ni/G)
1 F61C02154 102 80000 20 0.2 -7.013 | 0| -1.455 -0.1 0 0
2 104 FGC16021'000 80000 20 0.2 0.1 0 0 5.7563 0 -1.365

Table C.8 — Force characteristic of non-linear force elements knuckle-knuckle connection.

Force characteristic
F8
Length X [m] Force [kN]
0.833 -300
0.836 -120
0.837 -60
0.8375 -30
0.8379 -6
0.838 0
0.845 0
0.855 0
0.859 0
0.860 0
0.861 0
0.865 0
0.875 0
0.882 0
0.8821 6
0.8825 30
0.883 60
0.884 120
0.887 300
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