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Abstract. High-speed rail vehicles are equipped with yaw dampers to avoid the arising of hunting
motion when running at high-speed. Although these suspension components provide a stabilizing
effect on the vehicles, they also influence the ride comfort performances by affecting the
accelerations perceived by the passengers. In this context, this paper aims to correlate the
installation angle on the vertical plane of such suspension components on the ride comfort
performances of a generic high-speed train. The proposed methodology is based on multibody
simulations of a model with deformable car body. The modal behavior of the model is aligned to
the typical mode shapes and natural frequencies reported in literature.
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1. Introduction

Nowadays, the competitiveness of rail transport systems is being improved by arising the
commercial speed of the vehicles. This introduces new challenges in the design of safe and
comfortable trains. Indeed, running stability is strongly influenced by the speed, as well as ride
comfort performance. In the last years a lot of research efforts have been devoted to the design
and optimization of suspension components for improving the ride comfort performance of
high-speed trains. Secondary vertical and lateral suspensions to suppress the accelerations
perceived by passengers on the car body have been studied [1-3]. Regarding yaw damper, huge
attention has been focused on the design of suspension components to provide superior stability
performance, considering also their influence on the curve negotiation of rail vehicles [4-7].
However, yaw dampers also affect the ride comfort performance. Their influence has been
investigated through analytical models, as reported in [8-9].

In this context, this paper proposes a more refined numerical methodology to study the
influence of yaw damper components on the ride comfort performances of high-speed rail
vehicles. A multibody model is designed to simulate the high-speed running condition. The
multibody model features a deformable car body to simulate the structural amplifications
phenomena due to its flexibility. The numerical procedure is employed to analyze the effect of the
yaw dampers mounting angle on the ride comfort performance.

2. Material, methods and models
2.1. Multibody model

Multibody analysis proved to be an effective tool to quantify the dynamic performance of rail
vehicles [4, 10], especially considering the variation of the suspension layout. This paper proposes
a multibody model of a rail vehicle composed of four rigid wheelsets, two rigid bogies and a
flexible car body structure. The mass and moment of inertia parameters of the bodies are reported
in Table 1. The model, developed in the Simpack software, is derived from Chinese high-speed
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trains, therefore the wheel profile SI002CN and rail profile CN60 have been considered. In
Table 1, the parameters, of the suspension components in the primary suspension stage have been
reported, with the only exception of the nonlinear primary vertical damper, reported in Fig. 1. The
secondary suspension stage is based on a set of linear springs and nonlinear hydraulic dampers.
The linear stiffness values are summarized in Tab.1, while the nonlinear characteristics of vertical,
lateral and yaw dampers of the secondary suspension stage is reported in Fig. 1. The vehicle
presents two vertical dampers, two lateral dampers and four yaw dampers for each bogie.

Table 1. Main parameters of the multibody model. The x direction is parallel to the track,
y represents the transversal direction and z is aligned to the vertical direction
Parameter Value
Car body mass, bogie mass, wheelset mass (33600, 2300, 1550) kg
Car body moment of inertia (x, y, z) (8.68¢4, 1.90¢6, 1.91€6) kgm?

Primary suspension stiffness (x, y, z) (17.5¢6, 8e6, 8¢5) N/m

Primary suspension damping (x, y) (1e4, 1e4) Ns/m
Secondary suspension stiffness (x, y, z) (2.5e5, 2.5¢5, 3.0e5) N/m
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Fig. 1. Nonlinear characteristic of a) primary vertical dampers, b) lateral secondary dampers,
¢) vertical secondary dampers, d) yaw dampers

2.2. Car body flexible model

Car body flexibility proved to be a relevant feature in ride comfort assessment of rail vehicles,
amplifying the excitation received from track unevenness in the frequency ranges closer to its
natural frequencies [11]. For this reason, a flexible car body has been modelled in Abaqus through
a finite element approach to be imported in the Simpack multibody model. This interpretative
model is intended to simulate the modal behavior of a typical car body of a modern high-speed
train. For this reason, special attention has been focused on obtaining natural frequencies and
mode shapes aligned with the ones reported in literature. In particular, the natural frequencies of
the diamond deformable mode and the first bending modes in vertical and horizontal planes have
been compared with the ones reported in [10, 12]. The three main three-dimensional mode shapes
and their corresponding natural frequencies have been reported in Fig. 2. The car body model
features 33 measurement points on the pavement, and Fig. 2 describes the relationship between
the first three deformable mode shapes and the measurement points on the car body. The modal
behavior of the multibody model has been analyzed by means of a linearized eigenvalue analysis.
The natural frequencies are summarized in Table 2, where the terms related to the main rigid and
deformable modes are compared with corresponding values reported in previous research works
focused on similar vehicles [13, 14]. The comparison of the natural frequencies of the main mode
shapes of the vehicle shows that the multibody model proposed in this paper is aligned to the
expected modal behavior of high-speed vehicles.

3. Results
3.1. Ride comfort assessment: NMYV index

According to the EN 12299 standard, ride comfort in rail vehicles can be quantified with the
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Mean Comfort Standard Method considering the NMV performance index. The NMV is processed
starting from the Root Mean Square of the car body accelerations. Weighting functions are applied
to consider variation of the human beings’ perception of vibrations in the frequency domain. Then,
a statistical analysis is implemented considering the measurements from three different points
(front, rear and middle car body) along the three directions. Recently, suggestions about improving
the robustness of ride comfort assessment considering different measurement locations have been
discussed [15]. For this reason, the proposed numerical assessment considers 33 locations
distributed on the car body pavement (see Fig. 2) to improve the reliability of the standard
numerical analysis focused on the influence of yaw dampers on ride comfort.

Table 2. Comparison of the natural frequencies of the multibody model with corresponding values
previously reported in literature, for both rigid and deformable modes

Rigid modes Frequency | Expected frequency (from [13])
Car body bounce 0.87 Hz 0.90 Hz
Car body yaw 0.96 Hz 1.10 Hz
Car body pitch 1.01 Hz 1.03 Hz
Bogie bounce 6.24 Hz 6.10 Hz
Deformable modes Frequency | Expected frequency (from [14])
Diamond-skew mode 9.51 Hz 9.70 Hz
1st bending, vertical plane 12.00 Hz 11.63 Hz
1st bending, horizontal plane | 14.01 Hz 14.16 Hz

Fig. 2. Three-dimensional car body mode shapes related to the first three natural frequencies, with
influence of the modal behavior on the 33 measurement points proposed in this papera) Diamond-skew
mode, with a natural frequency of 9.51 Hz, b) 1st bending mode on the vertical plane, with a natural
frequency of 12.00 Hz, ¢) 1st bending mode on the horizontal plane with a natural frequency of 14.01 Hz

In this paper, the influence of the yaw dampers mounting angle on the ride comfort is
evaluated. Multibody simulations of straight track running with a duration of 5 minutes (in
accordance with EN 12299) have been performed by varying the yaw damper inclination angle a
in the vertical plane from 0° to 10°. Track irregularity in vertical and lateral directions have been
considered according to the ERRI B176/DT290 technical report, high level. The vehicle speed has
been set equal to 350 km/h.

3.2. Results discussion

The ride comfort performances evaluated at the 33 measurement points through the NMV
index are reported in Fig.3. It can be noticed that modifying the inclination angle of yaw damper
components from 0° to 10° leads to a significant variation of the NMV distribution along the car
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body. Indeed, with & = 0° the worst area (highest NMV) is located at the rear end of the car body,
while the increase of a leads to a progressive migration of the worst locations towards the external
positions (left and right) at the car body center. The distribution of the NMV values can be
compared with the mode shapes of the pavement reported in Fig. 2, noticing that the higher the
values of a, the stronger the correlation between the influence of the diamond car body mode and
the NVM distribution. Moreover, Fig. 4 reports an analysis in frequency domain of the data
obtained from the multibody simulations only limited to the measurement points suggested by EN
12299 (F5 right, M right, RS left according to Fig. 3) and the limit mounting angles (0° and 10°).
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Fig. 3. Distribution of the NMV index along the car body pavement for running speed of 350 km/h,
considering the vertical mounting angle of yaw dampers between the range [0°-10°].
Comparison of 33 measurement positions distributed along the car body structure

The frequency analysis confirms the previous hypothesis. As shown in Fig. 2, the car body
diamond mode is characterized by a coupled deformation in lateral and vertical direction, and the
pavement region where this mode has the highest influence is located at the lateral extremities of
the central car body pavement. According to Fig. 4, the middle right point shows a stronger
contribution about 9.5 Hz in both vertical and lateral direction with respect to the F5 right and RS
left locations. This result is evident for both values of mounting angle, but it becomes more evident
for @ =10° confirming that the relevance of the diamond mode shape on the perceived
accelerations increases with the arising of a.

The influence of the first bending mode on the vertical plane on the perceived acceleration can
be observed in Fig. 3 by comparing the NMV values of the twelve points located at RS, R4, F4
and F5 rows with the modal shapes reported in Fig. 2. It can be noted that this mode excites the
central points in these rows more than the lateral external ones, especially at R4 and F4. At the
same time, the diamond mode is acting on the opposite way on the same rows, but its effect is less
relevant. Therefore, the effect of the vertical bending mode on rows RS, R4, F4 and F5 can still
be observed in Fig. 3.

The influence of the lateral bending mode can be observed in Fig. 4(c) and Fig. 4(d) around
14 Hz. However, its effect on the ride comfort assessment is limited with respect to the two other
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deformable modes.

A general assessment can be done considering also Fig. 4(g), where the increase in the
mounting angle of the yaw dampers brings to a progressive migration of the worst performances
from the front and rear edges to the center of the car body. From these results, an optimal damper
inclination angle could be suggested. Unfortunately, the standard assessment does not provide an
overall quantification of the vehicle performance for all the passenger seating and does not allow
the understanding of the main modal contributions. Moreover, limiting the focus on the three
suggested measuring point can lead to an overestimation of the ride comfort performance,
considering that for low installation angle the worst NMV index lays outside from the three
positions specified in EN 12299. For these reasons, considering a higher amount of measurement
locations on the car body pavement can be considered as a refined and a more consistent way to
study the effect on ride comfort performances of suspension components and car body design.
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Fig. 4. Frequency domain analysis of the perceived acceleration in the front, middle and rear measurement
locations specified by EN12299 (points F5 right, M right, RS left), considering ¢ = 0° and a = 10°.
a)-b) Longitudinal direction, c)-d) lateral direction, e)-f) vertical direction, g) Trend of the NMV values for
the points selected by EN12299

4. Conclusions

In this paper, a numerical procedure to assess the ride comfort performances of high-speed rail
vehicles is presented. A multibody model of a test case vehicle, consisting in four rigid wheelsets,
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two rigid bogies and a flexible car body is developed. The modal behavior of the numerical model
has been aligned to the typical mode shapes and eigenfrequencies presented in literature. A post
process approach based on the EN 12299 standard has been proposed, increasing the number of
measurement points on the pavement of the car body.

Multibody simulations have been performed to assess the influence of the inclination angle of
yaw damper components on the ride comfort performance of the vehicle. The results obtained
from the numerical simulations have been correlated with the modal behavior of the car body. It
has been shown that increasing the yaw damper mounting angle can lead to a higher excitation of
the diamond and vertical bending modes of the car body, modifying the best and worst car body
locations in terms of ride comfort.

The present methodology can be considered as a part of a numerical procedure to optimize
yaw dampers, able to also consider their influence on the ride comfort, rather than only their effects
on vehicle stability and curve-taking performances.
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