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Abstract

Rail transport is a safe, efficient and ecological way to meet the growing demand for a more connected and developed society.
In the last decades, the development of passenger rail vehicles with improved ride quality and higher commercial speed have
been supported by the research and optimization of new suspension components. Hydraulic suspension components (HSCs)
represent a significant share of the most recent innovations proposed in this context. This paper provides a state-of-the-art
review of the design, modelling, testing and application of HSCs, also discussing the effect of degradation and failure in
these components. The paper aims to highlight the most recent advancements in these fields and the emerging trends that

will likely be addressed in the near future to further support the development of new rail vehicles.
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1 Introduction

Hydraulic suspension components (HSCs) are widely used
in modern rail vehicles and their design deeply affects the
vehicle’s running behaviour in many respects, including sta-
bility, curving behaviour, ride quality and inter-car forces.
Therefore, intense research effort has been paid in recent
years to optimise the design of conventional passive HSCs,
define and assess innovative concepts for non-conventional
HSCs including semi-active (SA) and full-active (FA)
solutions, and to propose and validate accurate models of
these components, which are a critical part of the multi-
body (MB) models typically used to investigate the running
behaviour of rail vehicles.

Passenger vehicles rely on HSCs to dissipate energy con-
sidering their superior performance with respect to friction
devices [1]. These devices are part of both the primary and
secondary suspension stages. Primary HSCs are generally
mounted in vertical direction, but research works [2-5] pro-
posed the use of smart HSCs in longitudinal direction to
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improve curving performance. HSCs also connect the motor
system to the bogie frame [6, 7] and to provide energy dis-
sipation in the pantograph system [8, 9]. Articulated vehicles
also feature inter-car dampers between adjacent car bodies
to suppress the low-frequency modes [10].

The modelling of HSCs is particularly challenging, as
these components typically show a nonlinear behaviour, and
the output force is dependent on amplitude and frequency of
deformation, as well as on the temperature. Moreover, these
components include solid parts, made of metallic and elas-
tomeric materials, and fluids, thus requiring a Multiphysics
modelling approach which may lead to significant model
complexity and computational cost. Alternatively, equivalent
models (such as the Maxwell model, see Sect. 3.1) can be
established, but need to be carefully calibrated using suitable
parameter identification techniques to ensure a satisfactory
level of accuracy.

The aim of this paper is to provide a comprehensive
review of HSCs in rail vehicles in terms of their use in dif-
ferent parts of the vehicle, their architecture and working
principles (Sect. 2), modelling approaches (Sect. 3), testing
and experimental characterisation methods (Sect. 4), effect
on vehicle dynamics and structural vibration (Sect. 5), spe-
cific failure and degradation phenomena (Sect. 6). Moreover,
the main emerging and future trends in the use of HSCs in
rail vehicles are identified (Sect. 7).
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2 Hydraulic suspension components in rail
vehicles

2.1 Classification based on their implementation
inside the vehicle

HSCs can be classified according to their mounting posi-
tion inside the rail vehicle:

e Primary HSCs: divided into vertical and longitudinal
solutions.

e Secondary HSCs: implemented in lateral, vertical and
longitudinal (yaw) direction.

e HSCs to connect the traction motor unit to the bogie
frame.

e HSCs implemented in pantograph systems.

e Inter-car dampers linking adjacent car bodies along dif-
ferent directions.

2.2 Classification based on their architecture

HSCs for railway applications can also be classified into
two main architectures: independent twin-tube compo-
nents and Hydraulic Interconnected Suspensions (HIS).

2.2.1 Independent twin-tube HSCs

In twin-tube HSCs (also known as double-tube), two concen-
tric tubes are used, and the exterior annulus contains some
gas to accommodate the rod displacement volume [11].

Most of the HSCs for railway applications are independ-
ent components based on twin-tube design, and feature
either single flow (SF) or double flows (DF) layouts. As
shown in Fig. 1, both layouts are composed of a rebound
chamber, a compression chamber and an auxiliary chamber.
While the first two chambers are almost completely filled
with oil (with the only exception of minor gas quantities
dissolved in the oil), the auxiliary chamber has a relevant
amount of gas inside. The SF and DF layouts feature differ-
ent valve subsystems:

e SF dampers, see Figure 1a, implement valve components
designed to allow the oil flowing along a single direction
[12-15]. One-way valves (also known as check valves)
are introduced in the piston, at the interface between
rebound and auxiliary chambers and at the bottom of
the compression chamber. When compressed, the pis-
ton valves allow the oil to flow from the compression
to the rebound chamber, to balance the variation in the
chambers’ volume. When extended, the piston valves are
closed and the oil flows from the rebound to the auxil-
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Fig.1 Synthetic illustration of internal oil flows in extension and
rebound strokes of a single flow HSC and b double flow HSC

iary chamber and from the auxiliary to the compression
chamber.

e DF dampers, see Figure 1b, do not feature connections
between the rebound and auxiliary chambers. The piston
and check valves between the compression and auxiliary
chambers allow the oil to flow in both directions [12,
16]. Therefore, when the damper is compressed, the oil
flows from the compression chamber to the rebound and
auxiliary chambers, while when the damper is extended
the oil flows in the opposite direction (from rebound and
auxiliary chambers to the compression chamber). It is
important to note that the configuration of the valves
between compression and auxiliary chambers is generally
asymmetric: a spool valve is introduced to allow oil flow
during the compression phase, while a check valve with
a very low dissipation allows the oil flow in the extension
phase [17].

According to Fig. 1, considering the piston area A
the rod area A

pist and

rod» the damper force F can be defined as

F= pcApist —Pr (Apist - Arod)' (D

where p., p, represent the pressure in the compression and
rebound chambers, respectively.

2.2.2 Hydraulic interconnected suspensions

Beside traditional layout, in the last years an innovative
architecture was proposed, featuring hydraulic intercon-
nections across difference cylinders. This layout is known
as Hydraulic Interconnected Suspension (HIS). HISs are
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generally introduced in a symmetric layout, such as sym-
metrically placed secondary vertical dampers [18, 19] or
primary vertical dampers [20], or pairs of symmetric yaw
dampers installed on the same bogie [21]. The interconnec-
tion of two cylinders allows to differentiate the response of
the HIS depending on the relative phase between the motion
applied to the pistons of the pairs of symmetrical units. This
allows, for example, to decouple the response of the HIS to
roll and vertical excitation [20].

2.3 Classification based on physical working
principles

HSC:s can also be classified according to their working prin-
ciples, as shown in Fig. 2. In particular, the following layouts
can be distinguished:

e Passive suspension (PS) components: traditional compo-
nents characterised by a fixed (non-tuneable) behaviour.
Their design sometimes involves trade-offs between con-
trasting performance aspects such as stability versus ride
quality [22-24].

e Smart passive (SP) components: passive suspensions
featuring complex internal layouts able to strongly vary
their dynamic characteristics according to the operating
conditions, without requiring any sensor, controller or
power supply. These components are designed to be eas-
ily implemented in rail vehicles, directly replacing stand-
ard PS components. Examples of SP hydraulic dampers
for railway applications based on innovative valves are
discussed in [25, 26]. SP hydraulic suspension compo-

Passive Smart Passive
Suspension Suspension

nents based on hydraulic bushings were also proposed
[27, 28].

e Semi-Active dampers (SADs): the dynamic characteris-
tics of these suspension elements can be altered by means
of an external controller. SADs require the introduction
of sensor(s), a control unit and some limited power sup-
ply.

e Fully active dampers (FADs): also known as full-active
suspension, these devices basically consist of a controlled
actuator capable of providing a wide range of input
forces. FADs provide superior performance enhancement
with respect to SADs and passive HSCs [29], but their
use entails the availability of significant power to feed the
actuators, leading to larger power supply requirements
with respect to SADs.

The variation in the dynamic characteristics of SADs and
FAD:s is achieved by considering different technological
solutions:

¢ Continuous variable damping (CVD): it is based on the
introduction of servo-valves able to modify the dissipa-
tive behaviour of the component. The simplest imple-
mentations feature on/off valves in parallel to the tradi-
tional passive valves to adapt the damper performance to
the running conditions of the vehicle in a discrete way, as
reported for example in [12, 30]. More advanced imple-
mentations also require the use of proportional servo-
valves able to modify in a continuous way the character-
istics of the damper [31-33].

IControl

\Control

unit

O Sensors O Sensors

Semi-Active Active
Suspension Suspension

Fig.2 Comparison of different suspension layouts with increased complexity
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e A different SADS concept makes use of magneto-
rheological (MR) or electro-rheological (ER) fluids
which modify their yield stress depending on either the
magnetic field or the electric field to which the fluid is
exposed [11], modifying their behaviour from liquid to
semi-solid or even plastic [34]. Therefore, variations in
the magnetic or electric field allow a smart control of the
damper response. Compared to MR dampers, ER damp-
ers are limited by the need of high operating voltage
and large power requirement. Moreover, their dynamic
performance strongly depend on temperature and liquid
contamination [11]. Therefore, this solution has been so
far proposed in rail vehicles only for buffers and couplers
[35, 36]. In contrast, several applications of the MR tech-
nology have been proposed for rail vehicles, mainly in
the primary and secondary suspensions [37—42]. A more
detailed review of this specific topic can be found in [34].

3 Modelling of hydraulic suspension
components in railway engineering

3.1 Lumped parameter models

The simplest methodology to model hydraulic dampers is
the use of lumped parameter models (LPMs). LPMs pro-
vide acceptable accuracy and require a limited computa-
tional effort; therefore, they are widely implemented in MB
simulations of rail vehicles [43].

3.1.1 HSC with traditional fluids

The reference approach to model traditional HSCs in railway
dynamics is the Maxwell model, composed of a dashpot
with an in-series spring. This model is widely implemented
in dynamic simulations or suspension parameters optimiza-
tion [44—47] and a linear version of this model is considered
as a reference in EN 13802 standard [48] in the context of
damper characterisation. Unfortunately, the Maxwell model
offers limited accuracy due to the frequency dependence of
its parameters (see also Sect. 4). To increase the accuracy,
extended models featuring additional parameters and inter-
nal states were proposed, also introducing nonlinear terms in
the model of the HSC. Examples of LPMs based on elabora-
tions of the Maxwell model considering nonlinear or bilin-
ear force—velocity and force displacement characteristics
can be found in [49-51]. Isacchi et al. [26, 52] and Li et al.
[25] modified the nonlinear Maxwell model to introduce a
frequency-selective passive valve. Guo et al. [53] proposed
an LPM of a yaw damper also considering faulty conditions,
based on 7 parameters and 2 nonlinear terms. Isacchi et al.
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[54] and Ren et al. [55] considered additional mass elements
and LPMs based on additional internal states to replicate
the dynamics of HSCs. Up to now, limited attention was
focussed on the use of the more complex Zener model [52].

3.1.2 HSC with ER and MR fluids

Dedicated LPMs are considered when modelling HSCs with
MR fluids. The easiest approach to model these components
is to implement a quasi-static force—velocity—current nonlinear
map. In railway dynamics, this approach was followed by Jenis§
et al. [38, 56] to investigate the behaviour of a SA MR yaw
damper, with the aim of improving vehicle stability without
altering curving behaviour. Another widely used approach
is based on the Bouc—Wen model, presented by Bouc [57]
and further extended by Wen [58]. In [40], this approach was
used to study SA lateral MR dampers. The Bouc—Wen model
features a Kelvin—Voigt sub-model (with parameters kgy, and
cgw) 1n parallel to a hysteresis sub-model introducing an inter-
nal state variable z. The damper force Fyg gy is defined as a
function of the relative displacement x between the damper
edges:

Fyrpw = cgw + kpw (x - xo) + apw3, 2)

with the dynamics of the internal state variable being defined
by

. -1 . .
7= —ypwlXlzlz|™ " = BewXlz|" + AgwX, 3

where Apyw, fgw, Ysw» and ngy represent the amplitude
of the hysteresis loop, its shape, the linearity of its transi-
tion section, and the smoothness of the transition section,
respectively. The term agyy, is related to the current / input
in the MR device [40], while x, represents the undeformed
length of the spring [59]. To improve the accuracy of the
Bouc—Wen model, a modified formulation was also pro-
posed [60] and applied in MB simulations of rail vehicles
[37, 61, 62]. This approach introduces a further internal state
y to extend the accuracy of the Bouc—Wen model in a wider
range of excitations [59]. The modified model introduces the
spring kypw and the dashpot ¢z, leading to an overall for-
mulation of the damper force Fyzy, considering a total of 10
parameters. In [37], this approach was proposed to model an
SA MR primary vertical damper, also considering its inertial
effect by introducing one additional mass parameter my;gy:

Fyrpw = Cmpwd + kupw (X = Xo) + mygw, 4)
with
5) = P ((XZ + CBWX + ka(.x —_ y)), (5)
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A further variation was also proposed to investigate the
effect of rubber bushings by means of a Kelvin—Voigt sub-
model placed in series to the modified Bouc—Wen model [63].
An alternative model based on a viscoelastic-plastic model
(VEP) was adopted in [64] to study SA MR lateral damper in
rail vehicles. This simplified formulation defines the damper
force Fy vep s a function of the current / considering an
internal state y [65]:

Fyrvep = kyep(D@x = y) = cygp(D)y + f(Dtanh [aygp(D3)],

(N
where only four current-dependent terms kypp, Cygp, f., and
aypp are present, describing the stiffness in the pre-yield
region, the damping in the post-yield region, the yield force
and the restoring coefficient, respectively.

In Fig. 3, an overview of the most relevant LPMs dis-
cussed in this section is reported, distinguishing between
models for HSCs with conventional fluids (Fig. 3a) and mod-
els for HSCs with MR fluids (Fig. 3b). Readers interested
in further exploring the lumped parameters modelling of
MR dampers are encouraged to read the dedicated review
proposed by Wang and Liao [59] and Bahar et al. [66].

Railway Engineering Science

3.2 Physical modelling

Physical models (PMs) of HSCs aim to model the fluid
dynamics phenomena taking place inside the components.
With respect to LPMs, this approach often provides more
accurate results, but requires a higher number of model
parameters. In railway applications, commercial software
such as AMESim were used to model yaw damper compo-
nents with either traditional [67] or innovative [68] valve
layouts, with the aim of setting up co-simulation with MB
models. Nevertheless, most research works propose PM for-
mulations based on in-house-built fluid dynamic models.

In this section, the definition of PMs is presented with
reference to the case of twin-tube dampers shown in Fig. 1.
PMs usually consider as input the relative displacement (or
relative speed) between the damper ends and calculate the
force by considering the instantaneous variation of the pres-
sure inside the damper’s chambers. The PM aims to define
the internal pressures p. and p, as a function of the imposed
stroke x with the aim of calculating the force provided by
the damper.

Firstly, the mass conservation equation must be formal-
ised for the internal volumes identified from the HSC layout.

@ Springer
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3.2.1 Continuity equation applied to the internal volumes

PMs are based on the application of the mass conservation
equation to the internal chambers of the HSC. In general,
oil compressibility plays an important role and cannot be
neglected, particularly in the case of large oil volumes [69].
Usually the dependence of oil density on pressure is lin-
earised in the neighbourhood of a reference isothermal con-
dition, introducing the oil’s bulk modulus f. In this way, the
continuity equation of the i-th chamber (with volume V; and
pressure p;), considering N, entering flows 0, , and N, exit-
ing flows Qi,/" reads [13, 14, 70, 71]
N

N, SV
2 O — ZJ 0,=V;+ 3P (8)

To consider the effect of air dissolved in the oil, it is
suggested [13, 14, 71] to use an effective bulk modulus
P.se» accounting for the influence of the pressure p; and
the proportion € of air entrapped in the oil:

Rt ©)

Differently from compression and rebound chambers,
the auxiliary chamber has a relevant amount of air inside
[15]. Therefore, the air polytropic expression is consid-
ered to account for air compressibility. In this case, the
oil can be assimilated to an incompressible fluid, due to
air being much more compressible. Considering the oil
flows O, ..x entering the auxiliary chamber, the continuity
equation can be obtained, under the assumption of adi-
abatic condition [71]:

1/r
N, Vaux Py Va .
Zkk Qk,aux = [ 3 + pil‘(}vTO<yL;a - 1>]pa’ (10)

where V,, represents the auxiliary chamber volume, y indi-
cates the polytropic index, p, the instantaneous pressure in
the auxiliary chamber, while V,, and p,, are the pressure and
the volume of air in the auxiliary chamber when the damper
is fully extended [12-14, 71].

3.2.2 Models of valves and orifices

Hydraulic valves implemented in HSCs feature different
layouts. In railway engineering, focussing on the piston
component, the most used applications are spool valves and
shim-stack valves. Since simple orifices are also present in
the piston, the oil flow through the piston is due to the par-
allel influences of both orifices and valves: the orifices aim
to provide the damping force in traditional service condi-
tion, while valves introduce a parallel contribution when the
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pressure difference across the piston exceeds given design
thresholds [16].

The oil flow through an orifice Qg can be modelled
according to the Bernoulli equation [72] starting from the
area A, and pressure difference Ap,;; across the orifice, and
considering the flow coefficient Cy:

Qorir = Callpy/ 20 (11)

The non-dimensional flow coefficient is usually assumed
to take a constant value ranging from 0.62 to 0.81. Gao et al.
proposed refined formulations to model the orifice-working
stage of HSC for rail vehicles, considering Reynolds num-
ber and the length—diameter ratio of the orifice [16], while
Wang [73] modelled a yaw damper by considering flow
coefficient formulations correlated to the valve radius and
opening height.

Besides orifices with constant area, HSCs feature spool
damping valves, as illustrated in Fig. 4a. These systems
are composed of a spool with cross-drilled holes [11, 16]
which is centred in a hood and held in position by means
of a helical spring. The spool holes are designed to pro-
vide the desired flow area as a function of the spool dis-
placement. Generally, four to six valves are implemented
in damper pistons, since spool valves act as one-way valves
[13, 14, 16, 71]. In [74], the modelling of oil flows through
the piston was based on the implementation of Bernoulli’s
equation, considering the parallel effects of the spool valves
and the orifices. In [13], Huang and Zeng proposed a simpli-
fied modelling approach to identify the equivalent nonlin-
ear relationship between oil flow Q and pressure difference
Ap across the piston capable to simulate the overall influ-
ence of spool valves and orifices in the piston of a SF yaw
damper. The equivalent relationship was identified from the
force—velocity relationship (F , vpist) measured in quasi-static
tests, considering F as the average value between rebound
and compression strokes. The same approach was also
extended for a DF yaw damper [75].

In [14], the oil flow Q,, through a complex damp-
ing valve of an SF yaw damper composed of an orifice
with area A, and three spool valves characterised by
different diameters d,, d,, and d; and preload pressures
D1 < Pr2 < Prz Was modelled by considering the parallel
oil flows through orifice (Qg,;¢) and through spool valves

(Qspool,i):

nd; [ 2(pw—pu
Qspool,i = CdT ¢ P k)a (12)
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A similar approach can also be implemented to model a
displacement-dependent damping force, in particular when
considering HSCs for pantograph systems featuring rod
orifices that are progressively opened or closed with the
relative motion of the rod [77].

As an alternative to spool valves, railway HSCs can fea-
ture shim-stack valves, see Fig. 4b. This valve layout is com-
posed of shim-stacks including several shims with different
diameters and thickness [11]. Shim-stacks are placed on ori-
fices, preloaded by means of a nut and designed to achieve
a nonlinearly variable flow area according to the pressure
difference across them. Shim-stack valves are designed to
guarantee the desired damping characteristic and, thanks to
the huge number of design variables, this layout has greater
flexibility but higher complexity compared to simple spool
valves [78].

The oil flow through a shim-stack valve is based on the
relative pressure across the valve, Ap = p,, — Pown, and
to its flow area, which is in turn related to its axial deflec-
tion w and its external radius r,,. As illustrated in Fig. 4b,

Railway Engineering Science

by assuming an equivalent thickness %, and a deflection
coefficient Cy, for the shim-stack component [76, 79], the
shim-stack valve can be managed as an equivalent disk with
homogeneous thickness, allowing to define the axial deflec-
tion at the edge of the valve w (rw) as function of the pressure
drop Ap:
A

w(r,) = Cw 3t (14)

Therefore, an analytical formulation of the volumetric oil
flow Q, across a shim-stack valve is obtained:

0, = cd(znrwcecw%), [,

Equation (14) assumes a uniformly distributed pressure
on the shim-stack component. Therefore, the correction
coefficient C, introduced in Eq. (15) was proposed in [76]
to consider the actual pressure distribution. This coefficient
is obtained from the minimisation of the differences in the

as)
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w(rw) relationship between analytical results and numerical
simulations based on finite elements analysis.

3.2.3 Modelling oil leakage

Oil leakages in HSCs take place at the sealing interface
between the piston rod and rod guide and between the piston
and the cylinder. Kasteel et al. [71] proposed a simplifica-
tion of the velocity expression of the flow distribution in an
annulus [80] to define the oil flow due to leakage in railway
HSC. The oil flow Q. . across the piston due to leakage
can be defined as

anS 3 e 2
Olcaoc = ok [1 +3(2) ](p, -p.). (16)

where r, is the radius of the piston, c, is the distance between
the piston and the internal cylinder, L, is the length of the
piston, e, is the eccentricity, and p the dynamic viscosity
of the oil. The oil flow is directed according to the relative

@ Springer

pressure difference across the piston. The same formulation
can be implemented to define the oil leakage at the interface
between the rod and the guide [13].

3.2.4 Modelling of rubber end-mounts

Rubber end-mounts are typically used to connect the HSC
to the vehicle. These resilient components have a relevant
impact on the high-frequency performance of HSC. There-
fore, most PMs consider the effect of the elastic bushings at
the two ends of the damper as an equivalent stiffness kg,
introducing an additional state y to express the relative dis-
placement of the equivalent spring [12, 14]:

pcApist —Pr (Apist - Arod) = kBush(x - y) a7

Other research work introduced equivalent Kelvin—Voigt
models to take into account rubber bushings in LPMs [54]
and PMs [81].

Railway Engineering Science
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3.3 Data-driven modelling

Data-driven models (DDMs) correlate a set of inputs with a
set of outputs through a series of mathematical formulations.
DDMs, also known as black box models, strongly depend on
experimental databases of measured inputs and outputs, and
their mathematical formulations are based on several parame-
ters that are calibrated in a training phase aiming to minimise
the discrepancies between the numerical outputs obtained
from the DDM and a partial dataset from the experimental
database. After training, the calibrated DDMs are validated
and tested using the part of the dataset not considered dur-
ing the training phase. If correctly calibrated, DDMs are
extremely fast models and can provide satisfactory accuracy.
In the context of HSC modelling, a DDM of a second-
ary SA prototype damper was proposed in [82] to support
robustness and failure analyses by means of real-time test-
ing. An ARX model was trained using the MATLAB Sys-
tem Identification Toolbox considering experimental data
for damper speeds in the 50-70 mm/s range. The low com-
putational demand of the DDM allowed to test a single pro-
totype by simulating in real-time a virtual twin of the same
suspension component mounted on a different location of the
vehicle. In [40], a DDM based on artificial neural network
(ANN) approach was proposed to identify an inverse model
of a SA MR damper. The inverse model was introduced to
correlate the reference force identified by the control unit
with the correct amount of current to be fed in the MR
damper. The same issue was solved in [64] by implement-
ing a more refined DDM based on a nonlinear autoregressive
exogenous neural network model (NARX), also featuring a
memory ability, and in [83], by proposing a Transfer func-
tion—Back Propagation Neural Network inverse model.
DDMs are inherently limited to the damper’s working con-
ditions considered in the training dataset. To alleviate this
issue, a hybrid approach that merges a DDM with a PM can
be considered. In this way, a grey box model able to achieve a
good balance between accuracy, physical meaning and com-
putational efforts can be obtained [84]. Figure 5a shows a
typical architecture of a grey box model for railway dynamic
applications. A DDM (black box) is introduced in series to a
PM (white box), with the aim of supporting the accuracy of
the PM in presence of unknown physical laws or unknown
parameters. According to this principle, a hybrid approach
was proposed to model a yaw damper component in [85].
A PM was coupled with an ANN model to further enhance
the modelling accuracy, as shown in Fig. 5b. The PM was
intended to consider the damper structure (orifices, damping
valves, and rubber joints) while the DDM simulated the oil
leakage, the internal friction and the amount of air entrapped
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in the oil. The PM, based on the structural parameters of the
damper, took as inputs the temperature, stroke and velocity
of the damper, providing a first estimate of the damper force.
Then, this preliminary force estimate was then sent to the
DDM, together with the original inputs, for further correction
before delivering the final force value. The validation of the
model showed very good accuracy when tested at frequencies
within the training dataset, which was composed of data up
to 8 Hz. Moreover, when extending the analysis outside the
training dataset (up to 10 Hz), the maximum error was within
8%, showing that hybrid models can provide good extrapola-
tion capability, if supported by accurate PMs.

3.4 High frequency modelling

Most of the research works in the field of HSC for rail vehi-
cles focus their attention on the dynamic performance, limit-
ing the analysis to the 0-20 Hz frequency range. Neverthe-
less, in recent years, a number of studies have focussed on
high-frequency vibration transmission across HSCs to assess
their influence on fatigue issues [86, 87] or interior noise
[88]. Indeed, suspension components (and traction rods [89])
act as relevant transmission paths for vibration transmis-
sion from wheel/rail contact to the single suspended masses
(bogies) and double suspended masses (car body).

LPMs were proposed to deal with high-frequency mod-
elling of HSC in railway. In [90], Safiudo et al. proposed to
model a primary vertical damper for rail vehicle using a Max-
well model. The stiffness and damping values were obtained
by minimising the deviation in dynamic stiffness considering
experimental results up to 200 Hz. Nevertheless, a limitation on
the compatibility with the testing set-up and the size of the HSC
was pointed out. In [47], La Paglia et al. modelled a secondary
vertical damper using a LPM based on two internal states, com-
paring the numerical and experimental trends of the dynamic
stiffness up to 30 Hz, in order to perform the optimization of
suspension parameters in view of ride quality. A different LPM
approach, also considering Kelvin—Voigt formulations for rub-
ber bushings, was proposed in [86] to model primary vertical
dampers when studying the vibration insulation of train bogies,
targeting a frequency range up to 800 Hz. In this investigation,
the damping of the primary vertical damper proved to slightly
influence the vibration transmissibility below 300 Hz, leading
to less relevant variation with respect to other parameters, such
as the stiffness of the axle box rotary arm joint.

In [87, 88], a hybrid modelling approach was proposed to
investigate vibration transmission of primary vertical damp-
ers. Firstly, fluid dynamic balance equations were proposed,
taking into account the effect of oil compressibility. The flow
coefficient was identified from low-frequency tests. Then,
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512 Hz: Rotation of central pin

1126 Hz: Compression of damper

Force sensor

1878 Hz: Movement of central pin

Fig.6 Testing methodologies for HSCs: a characterisation tests of yaw damper components [16] (CC BY); b free-free high frequency testing of

primary vertical dampers, reproduced from [88]

the damper was divided into three main components (rod,
body and pin), and their corresponding mass elements were
obtained through free body tests. The rubber bushings were
modelled through Kelvin—Voigt model, and the parameters
were obtained through high-frequency tests.

4 Testing of hydraulic suspension
components in railway engineering

Testing of HSCs for rail vehicles is performed on a regu-
lar basis in view of the experimental characterisation of the
component, which is required both as part of the type tests
for component acceptance and to calibrate mathematical
models of the component. This kind of tests is covered in
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Sect. 4.1. Additionally, advanced and more complex testing
methods such as hardware-in-the-loop (HIL) testing and line
tests can be performed for special purposes, see Sect. 4.2.

4.1 Characterisation of hydraulic suspension
components

According to the EN 13802 standard, characterisation
tests of HSCs are conducted by imposing sinusoidal dis-
placements x(#) = x,sin(wt) on the damper and measuring
the force F(¢) provided by the device [91]. The standard
also proposes typical displacement and velocity values of
1-25 mm and 0.0026-0.5 m/s, respectively. A typical test
rig is depicted in Fig. 6a.

Railway Engineering Science
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For yaw dampers, two different tests are generally
considered:

e (Quasi-static tests: sinusoidal cycles with relatively large
amplitude (> 10 mm) and low frequencies (< 1 Hz) [13,
26] are imposed to measure the relationship between
damper force and piston peak velocity v, as illustrated
in EN 13802 standard [48].

e Dynamic tests: sinusoidal cycles to study the high fre-
quency response of the damper. In this case, low ampli-
tude (< 2 mm) and higher frequencies (up to 10/15 Hz)
values are considered [12, 14, 51].

These tests are consistent with the quasi-static excitation
of the yaw dampers in curving and the high-frequency vibra-
tion during high-speed straight track running.

Differently from yaw dampers, vertical dampers are
generally characterised through sinusoidal cycles combin-
ing relatively wide amplitudes with large velocity values.
For example, in [37] displacement values up to 16 mm and
velocity values up to 0.2 m/s were considered. Due to the
influence of vertical dampers on ride quality (see Sects. 5.3.1
and 5.3.2), the testing frequency is generally extended up to
20-30 Hz [37, 47]. Besides sinusoidal cycles at fixed ampli-
tudes, reference displacement signals based on sweeps with
fixed velocity values can also be considered to estimate the
frequency response of the damper [47].

Lateral dampers are generally tested in similar ways with
respect to vertical dampers, combining relevant displace-
ments (for example, 15 mm) with velocity values up to
0.2 m/s [32, 92].

Testing HIS components generally requires additional
testing facilities. Indeed, considering the simplest HIS lay-
out, which is based on two cylinders, the testing actuators
must be arranged to impose both in-phase excitation and
out-of-phase excitation. Eventually, experimental analyses
on the single cylinder [93] can be considered as intermedi-
ate step.

The experimental characterisation of pantograph dampers
can be performed similarly to the other devices. However,
it is worth mentioning that pantograph dampers may pre-
sent larger differences between compression and extension
strokes with respect to the other devices. Moreover, pan-
tograph dampers may be designed to increment the damp-
ing force when the pantograph reaches the lowered position
[8]. Therefore, one of the damper stroke edges would be
characterised by much larger damping force: testing oper-
ators should be aware of this eventuality and consider to
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Fig. 8 Effect of environmental temperature on the dynamic performance of a yaw damper excited by sinusoidal cycles of 1 mm amplitude at
Southwest Jiaotong University: a dynamic stiffness kg \,; b dynamic damping coefficient ¢y,
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characterise these devices in the neighbourhood of different
mounting lengths [77], to highlight or prevent the effects of
this typical feature of pantograph dampers.

The frequency-dependent behaviour of railway HSCs is
usually described by the stiffness and damping coefficients
kg max @nd cqax OF an equivalent Maxwell model. The dis-
placement x(#) and force F'(¢) signals are measured at different
frequencies, and the phase shift @ between the two signals is
obtained by best-fit approximation of the measured signals.
The kg prax and ¢4 \1ox Parameters are then defined as:

Femux W +chux W
kg Max = %\/1 + tan’®, (18)

kaMax
Cd,Max = otand’ (19)

Considering F,y ,0 and F .. o as the maximum force val-
ues measured during extension and compression strokes,
respectively.

The equivalent Maxwell parameters can also be converted
into an equivalent Kelvin—Voigt model consisting in a spring
kq, ., and a dashpot ¢, placed in parallel, as suggested in [94,
95]:

2 2
_ Camackamax®

ky = 20
d, 2 2 22
Kv kd,Max+Ld<Maxw ( )
2
CaMaxK pax
Choy = T 72 o 21
kv kd.Max +e d.Maxw ( )

The measurements of HSC typically show frequency-
dependent trends for ky ., and cq ., that highlights their
rheological behaviour. In Fig. 7, the dynamic performance
of a yaw damper in good condition (Ky yp,, and ¢ ypay) 18 illus-
trated, considering sinusoidal cycles with different combina-
tions of frequency, amplitude and velocity values. Moreover,
since the temperature has a relevant effect on the dynamic
performance of HSCs, Fig. 8 reports the variation of kg ..
and ¢y, at different temperatures. Focussing on the kg,
reported in Figs. 7a and 8a, it can be observed that:

o k,Max Presents a typical increasing trend with the fre-
quency, consistently with previous research works [47,
51, 96]. This trend is almost monotonic at small ampli-
tudes, but at intermediate amplitudes, a decreasing trend
can also be observed after 2 Hz.

o kg varies according to the amplitude of the sinusoi-
dal cycles in different ways. Generally, larger amplitudes
lead to a reduction of the dynamic stiffness, in accord-
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ance with previous analyses [13]. Nevertheless, it can
be observed in Fig. 7a that increasing the amplitude at
specific frequencies (such as 8 Hz) could lead to an initial
increase in Ky, followed by a more complex trend.

e A reduction of temperature introduces a consistent
increase in ky 4. Indeed, an increase in the dynamic
stiffness can be observed at every frequency in Fig. 8a,
in accordance with previous analyses [97].

Focussing on the ¢ ., reported in Figs. 7b and 8b, the
following observations are highlighted:

e When the frequency increases, a decrease in ¢y, is gen-
erally observed [13, 96], even if the trend of ¢ y,, might
present an initial increasing trend for a limited frequency
interval.

e With the increase in amplitude, the dynamic damping
C4Max decreases in a more prominent and consistent way
with respect to k4 y1,- This phenomenon is in accordance
with previous investigations [13].

e The reduction of temperature leads to an increase in the
dynamic damping at low frequencies, and to a decrease
in the same performance index at high frequencies.

4.1.1 Area method

Besides the procedure described in EN 13802 standard, the
equivalent parameters k., and cq .y can also be identi-
fied according to the area method [51, 91, 96]. The energy
dissipated by the HSC in a cycle is represented by the cycle
area A in the force versus displacement plot:

A= [x()dF(1) = cd’Maxxgcmt, (22)

where x(7) indicates the relative displacement of the damper
piston. After obtaining the cycle area A, it is possible to
identify the parameters of the Maxwell model according to
[96]:

A

CaMax = on(rsind)’ (23)

kd,Max = Cd,Max tan @. (24')

The discrepancies between the two methods can vary up
to 15.8% for bidirectional flows HSC [51, 96], highlighting
the higher sensitivity of the area method to the sampling fre-
quency of data acquisition systems with respect to the method
proposed in EN 13802.
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mission; b roller rig testing of secondary HSC [92]

Frequency domain testing in free—free condition was also
proposed as a robust method to quantify the low-frequency
dynamic performance of HSCs [96], introducing frequency-
domain expressions of the parameters of an equivalent Max-
well model. This approach was also considered at higher fre-
quency ranges (up to 170 Hz) [90].

4.1.2 Tests in free-free condition

A methodology to identify model parameters reproducing the
measured free—free dynamics of HSCs was also proposed in
[87]. A primary vertical damper was suspended with ropes to
simulate free—free condition, and accelerometers were used to
measure the response of different components of the HSCs,
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as shown in Fig. 6b. An electromagnetic shaker was used to
imposed high-frequency low-amplitude excitations, and the
frequency response functions were obtained to identify the
resonances of the damper system. This methodology was also
used in combination with traditional quasi-static tests to iden-
tify the dissipative response of similar dampers [88].

4.2 Advanced testing of hydraulic suspension
components

4.2.1 Hardware-in-the-loop (HIL) testing

Characterisation tests of suspension components are
widely implemented to validate numerical models of the
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systems simulating sinusoidal cycles [13, 14, 51, 73] or
realistic scenarios [54, 85]. Generally, after this prelimi-
nary calibration, the suspension models are implemented
in vehicle models to study their influence on the vehicle
dynamics [26, 51, 98—100]. Nevertheless, this methodol-
ogy is still inevitably affected by the errors between the
simulated and the actual response of the HSC.

To experimentally assess physical prototypes, Hardware-
In-the-Loop (HIL) methodology has been widely used in
many fields of railway dynamics, analysing pantograph—cate-
nary interaction [101-103], trainset longitudinal dynamics
[104, 105] and in particular to assist the development of sus-
pension components [31, 37, 106—108]. This methodology,
also known as real-time hybrid simulation (RTHS) [109],
features a virtual domain and a physical domain. In the vir-
tual domain, a numerical model of a rail vehicle system is
integrated in real-time to obtain a reference stroke signal
to be imposed on the suspension prototype under analysis.
The physical domain consists of a test rig to host suspension
prototype(s) and to test them by imposing displacement exci-
tation defined by the vehicle model implemented in the vir-
tual domain [110], which also considers the actual response
provided by the prototype(s) and measured on the test rig.
Therefore, HIL has the following advantages with respect to
traditional HSC characterisation tests [106]:

e HSC can be tested by imposing working conditions
which are very close to real operating scenarios.

e The influence of the HSC under analysis on the vehicle
dynamic performances can be quantified by assessing
the behaviour of the virtual model run during the tests.
Indeed, the estimation of the excitation signal obtained
from the virtual vehicle model is also a function of the
measured response of the prototype(s).

HIL testing of primary and secondary vertical HSCs was
proposed in the last years. SA solutions for secondary ver-
tical dampers to improve ride quality were tested through
HIL methodology. This methodology allowed to compare
skyhook (SH), linear quadratic regulator (LQR) and maxi-
mum power point tracking (MPPT) control logics [31] by
easily performing several tests. Similarly, HIL supported the
robustness and failure analysis [82] of a secondary SA verti-
cal damper with Sliding Mode Control (SMC). The use of
HIL allowed to test several working conditions to precisely
quantify the capability of the SA damper to deal with unex-
pected failures or vehicle parameters’ variation.

Focussing on primary vertical dampers, HIL supported
the application of SA MR components to mitigate the car
body bending vibration, supporting the comparison of
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different control logics [37]. The research on ride quality
improvements also focussed on the proposal of innovative
lateral HSCs that were assessed through HIL testing, focus-
sing on the proposal of new control logics [107, 111, 112]
to mitigate the lateral car body acceleration with SA MR
dampers.

HIL testing was also proposed for yaw dampers compo-
nents (see Fig. 9a), introducing virtual models of the rail
vehicle able to simulate bogie hunting behaviour, propos-
ing comparison with MB simulation results [106] or dedi-
cated compensation approaches to minimise the difference
between reference and imposed excitations [109]. The
wheel-rail contact model introduced in the virtual vehicle
models is fundamental in the assessment of vehicle stability.
In HIL applications, the normal contact problem is generally
simplified, while the tangential contact problem is based
on the Shen—-Hedrick—FElkins approach [113] considering
nonlinear contact geometries, a good compromise between
modelling accuracy and computational efficiency.

4.2.2 Full vehicle testing: roller rig tests and line tests

Roller rigs are advanced test facilities that can test rail vehicles
(or subsystems of rail vehicles) by simulating running condi-
tion. Roller rigs allow to study the interaction between wheels
and rails [114]. Full-scale roller rigs can test real vehicles to
validate the vehicle design, validate MB models or support the
development of innovative suspensions. In [32, 92], roller rig
tests were proposed to validate the behaviour of an SA lateral
damper, assessing its capability to improve lateral ride quality
up to 385 km/h (see Fig. 9b). Similarly, roller rig tests allowed
to support the proposal of innovative yaw dampers designed
to alleviate the trade-off between car body and bogie hunting
[115]. Field tests are one of the most demanding experimental
activity in the field of railway engineering; therefore, they
are rarely proposed to test new suspension components. Field
tests with vehicle speed up to 160 km/h were proposed in [32,
92] to study SA lateral dampers, and FAD vertical HSCs were
implemented on a two cars 250 Regina vehicle to measure the
improvements in ride quality during field tests [116, 117].
Similar tests were proposed in [118], where the correlation
between yaw damper, inter-car damper characteristics and
mounting layouts was assessed by means of field tests on a
high-speed vehicle. The Railway Technical Research Institute
(RTRI) also implemented field tests to verify active primary
vertical dampers and air springs, as reported in [119], result-
ing in a 50% and 20% reduction in the peak of the car body’s
vertical acceleration power spectral density (PSD) for the
bending mode and rigid body mode, respectively.
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5 Influence of hydraulic suspension
components on vehicle dynamics

Rail vehicles feature multiple HSCs in primary and second-
ary suspension stages. These components affect in many
diverse ways the vehicle’s dynamic performance. In this
section, the effect of HSCs on vehicle stability, curving
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performance, ride quality, and high frequency structural
vibrations is discussed.

5.1 Vehicle stability

The suspension layout has a crucial influence on vehicle sta-
bility. Different unstable behaviours have been observed in
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rail vehicles, which can be categorised as “bogie hunting”
and “car body hunting”. In this regard, previous studies cor-
related the occurrence of bogie hunting to wheel-rail geom-
etry with high equivalent conicity [45, 120—-123]. In contrast,
multiple evidences correlate the occurrence of car body hunt-
ing to wheel-rail geometry with low conicity [94, 121, 122,
124, 125]. This latter unstable motion is characterised by a
large amplitude low-frequency lateral vibration of the car
body and has a detrimental effect on ride quality and running
safety due to the discontinuous occurrence of flange contact,
even on a straight track. It is important to notice that car body
hunting could be more prominent at intermediate speed [46,
126] rather than at high speed, leading to additional chal-
lenges in the definition of a vehicle layout able to guarantee
stability in the overall range of operating conditions.

5.1.1 Yaw damper’s influence on vehicle stability

Linear stability investigations were firstly proposed to
provide a panoramic view of the influence of yaw damper
components, using Maxwell or Kelvin—Voigt models (see
Sect. 3.1). Huang et al. [94] correlated the occurrence of car
body hunting with large stiffness and damping parameters of
the Maxwell model, denoted hereafter as k; ., and ¢, pz,.»
respectively. Sun et al. [124] and Park [125] confirmed this
correlation, also identifying the necessity of a minimum
value of k4,4 to prevent the vehicle from showing bogie
hunting in case of worn-out wheels. Zhang et al. [127] sug-
gested the existence of an optimal ¢4y, value to limit lateral
vibration of high-speed rail vehicles. This trade-off affect-
ing yaw damper parameters has been extensively studied
by independently [45] or simultaneously [46] varying the
suspension parameters kg pp.x and Cq vax-

Further analyses focussed on the effect of the nonlin-
ear force—velocity curve of the yaw dampers on car body
hunting [128] by modelling the component according to
a bilinear function described by force and velocity values
of the unload point, suggesting the necessity to avoid force
unloading. Research also focussed on the optimization of the
mounting layout of yaw damper to prevent car body hunting:
Jeon et al. [118] modified the layout to prevent unstable yaw
torque when the bogie has a lateral velocity, while Huang
et al. [129] considered both car body and bogie hunting,
demonstrating that a mutual optimization of yaw damper
mounting layout and lateral installation angle provides a
general improvement of vehicle stability. Nonlinear analy-
ses based on the effect of yaw dampers on the bifurcation
behaviour of rail vehicles were also proposed [130, 131],
often focussing on bogie hunting.

A notable exception with respect to traditional yaw damp-
ers’ layout was studied in [21]: a longitudinal HIS architec-
ture was proposed, taking advantage of its selective response
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to bogie yaw motion. This application, although highly inno-
vative, achieved modest improvements in terms of low fre-
quency and high frequency hunting.

The trade-off between low and high dynamic stiffness of
the yaw damper has been a key topic in the last decade. In
order to alleviate this trade-off, HSCs manufacturers pro-
posed SP solutions with specific passive valves introduc-
ing pronounced frequency dependent behaviour. Frequency
Selective Damping valves were introduced to avoid car body
or bogie hunting motions [25]. Similarly, Frequency Selec-
tive Stiffness dampers (Fig. 10a) were studied, and good
results were obtained in numerical simulations [50] and
experimental tests [115], thanks to the variable dynamic
stiffness provided by this solution (see Fig. 10b). Zhang
et al. [132] proposed an eddy current yaw damper to satisfy
the requirements in terms of dynamic stiffness when dealing
with car body and bogie hunting, studying its effectiveness
with linear analyses.

Researchers also investigated SADs to overcome the
limitations affecting passive HSCs. Huang and Zeng [12]
proposed a SAD featuring an additional selector valve to
vary the yaw dampers’ dynamic stiffness, preventing both
car body and bogie hunting. Wang et al. [33] studied a SAD
prototype to suppress bogie lateral vibration, focussing on
high conicity conditions and comparing the effectiveness of
MPPT and SH control logics. Jenis et al. [38] also proposed
a SAD (shown in Fig. 10c) to improve vehicle stability, con-
sidering both low and high equivalent conicity conditions
(Fig. 10d), and comparing a “tracking” control algorithm
and a modified Groundhook control.

FADs in longitudinal directions are generally intro-
duced to improve steering performance of rail vehicles,
as will be described in Sect. 5.2.2. Nevertheless, some
examples were also proposed to improve vehicle stability.
Linear [45] and nonlinear [126] numerical investigations
showed that active yaw dampers can effectively reduce
car body and bogie hunting phenomena. Mao et al. [133]
numerically investigated stiffness and damping control of
active yaw dampers for high conicity conditions, conduct-
ing roller rig tests of active solutions [134], as shown in
Fig. 10e, f. In [135], a FAD application based on a Elec-
tro-Hydrostatic Actuator (EHA) was numerically assessed
showing improvements in bogie stability.

5.1.2 Lateral damper’s influence on vehicle stability

Various studies were conducted about the effect of lateral
dampers on vehicle stability. In [124], the secondary lateral
damper showed limited influence on hunting frequency and
modal damping, in accordance with [122]. Zhou et al. [136],
Park [125], and Shi et al. [45] confirmed this circumstance,
highlighting at the same time a relevant influence of second-
ary lateral damping on car body modes.
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Most of the applications of secondary lateral HSCs
were focussed on the improvement of low-frequency car
body lateral dynamics. Due to their influence on ride
quality, these applications will be discussed in Sect. 5.3.
Nevertheless, SADs in lateral direction may introduce a
slightly detrimental effect on bogie stability [107, 111],
even if the car body low-frequency vibration is suppressed.
To avoid this issue, SADs based on a self-regulation mixed
linear continuous skyhook and groundhook control were
proposed [137].

FA and SA layouts for lateral HSCs were numerically
investigated in [138] with the aim of suppressing car body
hunting, comparing SH damping and stiffness control and
on—off control.
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5.1.3 Influence of motor HSCs on vehicle stability

The investigation on the influence of motor connection on
the bogie stability proposed by Alfi et al. [7] suggested the
possibility of tuning the motor resonant frequency f;,, and
the damping factor &, to increase the critical speed of
motor bogies. Subsequently, the tuning of motor HSCs to
suppress bogie hunting became a relevant topic in railway
research. Huang et al. [139] analysed the motor connec-
tion, highlighting a relevant influence of vehicle layout and
wheel-rail contact conditions on its optimal tuning. Other
works focussed on the influence of motor connections on
nonlinear stability [140], considering the effect of nonlinear
force—deformation relationship of the motor suspension on
the bifurcation behaviour of the vehicle [6]. In the context
of global optimization of suspension parameters, Chen et al.
[44] also considered motor HSCs, and suggested to calibrate
their parameters f,,., and &, after identifying the optimal
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layout of lateral and longitudinal HSCs. Wei et al. [141]
extended the motor suspension parameters optimization also
considering the effect of motor vibration on the generation
of dynamic stresses on the motor hanger component. An
unconventional architecture based on bio-inspired design
was also proposed in [142] to achieve a nonlinear damping
of the motor connections to increase the damping in motor
resonance condition, limiting at the same time the damping
at higher frequency.

SAD and FAD were also proposed for motor applica-
tion. Yao et al. [143] investigated different lateral control
strategies for the bogie frame, also considering a motor
SAD. In [144], a linear actuator was introduced in paral-
lel to the traditional motor connections to obtain an adap-
tive dynamic vibration absorber to optimise the stability at
different wheel-rail conditions: in this way, f, could be
increased for larger conicity thanks to an auto-tuning system
monitoring the arising of dominant frequency contributions
in the bogie lateral acceleration. The effect of time delay in
an active HSCs for motor connection was also explored in
[145].

5.1.4 Influence of inter-car HSCs

A pioneering study on the use of inter-car dampers was con-
ducted by Fujimoto and Miyamoto [146], suggesting that
these devices could be introduced in rail vehicles to pre-
vent excessive yaw vibration of tail cars in tunnels or dur-
ing train crossing. The same technology was considered in
[118], in regard of longitudinal inter-car dampers introduced
in Korea to mitigate the car body swaying of a HEMU-430X
train. An extensive analysis was carried out by Wang et al.
[147, 148], where lateral inter-car dampers were introduced
in transversal direction (acting on the coupler system) to
mitigate lateral car body vibration, with smaller influence on
the bifurcation behaviour. Using a multi-car MB model, the
increase in the damping coefficient of longitudinal inter-car
dampers was correlated in [149] with an improvement in
vehicle stability (bifurcation behaviour of the first wheelset),
considering HSCs mounted in the low or in the upper side
of the car bodies’ interfaces.

5.2 Curving performance

The trade-off between curving and stability performance
have been discussed in the last two centuries, especially
with the introduction of bogie systems [150]. To overcome
this limitation, primary and secondary HSCs were proposed.
This section focuses on the design of HSCs for steering pur-
poses. Readers interested in mechatronic suspensions and
active steering topics are referred to previous review papers
analysing in detail various control logics and methodologies
[151, 152].
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5.2.1 Primary suspension stage

Several FA applications were proposed at the primary
suspension stage to improve the curving performance of
rail vehicles [152]. In [153], the design of an active steer-
ing mechanism featuring a single actuator per wheelset
was illustrated, focussing on the requirements in terms
of actuator moving range. A reduction of creepages and
creep forces was observed in numerical simulations and
tests on a 1/5-scale model. A simpler layout was proposed
in [154], where a single actuator was introduced in every
bogie, thanks to a rod and linkages system. In this appli-
cation, a dedicated hydraulic circuit with improved fail-
safe capabilities was also illustrated. In [155], hydraulic
servo actuator (HSA) and EHA technologies (compared
in Fig. 11a) were considered for steering bogie applica-
tion, and several configurations were studied and com-
pared in terms of curving performance improvement and
fault-tolerant capabilities, proposing co-simulation of MB
vehicle model and PMs of the various configurations. In
[156], a similar methodology was proposed to numerically
evaluate an EHA steering bogie focussing on wheel wear
while also confirming the absence of detrimental effects
on ride quality.

5.2.2 Secondary suspension stage

The yaw damper is the most influential secondary HSC for
curving performance. Theoretical [95] and experimental [157]
studies quantified the increase in bogie steering resistance dur-
ing transient curves due to the presence of yaw dampers. To
alleviate this detrimental effect, SP HSCs were successfully
introduced. Isacchi et al. [26] and Deng et al. [68] investigated
a frequency-dependent SP yaw damper to mitigate the steer-
ing resistance in transient curved tracks (see Fig. 11b), studying
its effectiveness by means of MB simulations. This device was
designed to reduce the damping force for large-amplitude low-
frequency excitations, as shown in Fig. 11c. A SP yaw damper
with a distinctive position-dependent damping force [100] was
proposed and optimised to reduce the track shifting force at dif-
ferent curve radii. Besides the introduction of innovative layouts,
in [158] it was observed that the mounting position and installa-
tion angle of the yaw dampers affect the maximum wheel wear
depth (while less significant effects were observed in stability
performance).

Secondary Yaw Control (SYC), i.e. the control of the yaw
torque imposed on the bogie from the car body [151], can
be achieved through yaw SADs or FADs to increase curv-
ing performance. SADs based on CVD [30] and MR [56]
technologies were proposed, highlighting the possibility
of varying the yaw dampers’ characteristics to mitigate the
deterioration of curving performance in sharp curves. The
RTRI also tested a FA application based on EHA layout
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through field tests [159], evaluating its effect on reducing 5.3 Ride quality

the track shifting force.
Ride quality is correlated to the capability of isolating the
vehicle body from track irregularities [152]. The assessment
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of ride quality is strongly related to the sensitivity of human
beings to vibration, which is different in vertical and trans-
versal directions [160]. In railway dynamics, three main
phenomena can be correlated with passengers’ discomfort:

e the transmission of vertical vibration from wheel-rail
contact to the car body;

e the perception of non-compensated lateral acceleration
and jerk during curve negotiation;

e the low-frequency lateral acceleration due to car body
hunting.

Due to its strong link with vehicle stability, the influence
of HSCs on the last phenomenon was previously discussed
in Sect. 5.1. Therefore, this section focuses on the influence
of HSCs on the other two phenomena to provide a complete
overview on ride quality issues.

5.3.1 Secondary vertical dampers

The performance of secondary vertical dampers influences
the car body vertical acceleration. Wang et. al [76] intro-
duced parameters variation in a shim-stack PM of a second-
ary vertical damper. Then, co-simulations of the PM with a
MB vehicle model identified as the most influent parameters
for the vertical car body acceleration the in-series stiffness
of the rubber bushings and the eventual clearance between
the dampers and their fixing seats. In [47], experimental tests
and rubber bushings optimization were presented to tune the
overall dynamic stiffness of the secondary vertical dampers
to avoid excessive amplifications up to 25 Hz.

In [31], the influence of a CVD SAD (shown in Fig. 12a)
on the vertical car body acceleration was assessed through
HIL tests, comparing SH, MPPT and LQR control logics.
Figure 12b shows the improvement provided by the SH
control logic, which was found to be the best control strat-
egy among the ones considered in the research. A follow-
ing work also introduced SMC to improve the robustness
of the ride quality improvement and to enhance the fault
tolerance of the SAD [82]. In [161], MR SADs were suc-
cessfully introduced in vertical direction besides secondary
coil springs to suppress car body vertical acceleration, also
introducing an artificial track defect to trigger lateral bump
stops. Field test results are reported in [162] implementing
SAD in vertical and lateral directions, controlled according
to the SH logic, improving the passengers’ comfort by 25%
on average.

The field tests of vertical FADs described in [116, 117]
showed that the active prototypes, shown in Fig. 12e, con-
sistently enhanced the ride quality index with respect to
the passive solution along different lines, as illustrated in
Fig. 12f. In particular, improved ride quality was obtained
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at high speeds, whilst negligible improvement was found
below 120 km/h.

5.3.2 Primary vertical dampers

In 2007, Sugahara et al. [163] proposed the implementa-
tion of primary CVD SADs to mitigate the vertical car body
acceleration in the frequency range of the first car body
bending modes. By applying a SH controller, numerical
simulations and roller rig tests confirmed a decrease in about
3 dB in the car body vertical acceleration. This concept was
also tested together with SA control of air springs in field
tests on the Sanyo—Shinkansen line, providing even better
results [119]. More recently, Fu and Bruni [164] identified
primary SADs as a promising application to improve ride
quality through a wide comparative analysis considering pri-
mary and secondary SADs and FADs. A dedicated research,
addressing the influence of primary SADs on the suppres-
sion of car body vertical acceleration due to modal coupling
between car body bending mode and bogie pitch rotation,
was proposed [165], and the results were confirmed by HIL
tests considering a MR prototype [37], shown in Fig. 12c.
The results obtained from HIL tests with the LQG controller
are reported in Fig. 12d.

The implementation of primary FADs on a two-axle rail
vehicle was proposed in [166] to mitigate the deterioration
of ride quality due to bogies removal, comparing SH and
LQG controllers. The analysis, which also accounted for
actuator dynamics, highlighted that LQG can be more robust
than SH in realistic scenarios. Giossi et al. [167] investigated
a similar application for a metro vehicle, comparing FADs
with modal and blended control approaches to suppress ver-
tical car body acceleration.

5.3.3 Hydraulic interconnected suspensions (HIS)

Application of HIS at the secondary suspension stage of
rail vehicles was proposed in recent years to improve the
lateral comfort in terms of non-compensated lateral accelera-
tion during curve negotiation. Active HISs were proposed
to replace passive anti-roll bars to achieve a limited tilting
capability [18, 168]. The interconnected layout was tested
with different control logics (feed-forward + PID, feed-
forward + PID with SH, LQ). Internal modal control was
also integrated in a similar application [19]. The solution
showed a reduction of non-compensated lateral acceleration
during high-speed curving at 340 km/h, providing results
similar to those of a vehicle in passive configuration running
at 300 km/h.

HIS components were also implemented to mitigate verti-
cal car body acceleration. In [169], a passive interconnected
hydro-pneumatic suspension composed by a HIS in series
with traditional air springs was introduced at the secondary
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(@)

Fig. 13 a Schematisation of the high-frequency transmission mod-
elling approach proposed in [89], illustrating the main transmission
paths in the rail vehicle: primary coil springs, HSCs, rubber bushings,
secondary springs, traction rods. b Secondary vibration transmission
paths between bogie and car body of a metro vehicle, from [183] (the
lateral damper acts in point 3)

suspension stage, achieving a reduction in the 1-3 Hz range.
A passive HIS was also proposed to be implemented at the
primary suspension stage to overcome the trade-off between
low stiffness requirement for vibration transmission in tra-
ditional operating conditions and increased stiftness levels
necessary to limit the car body roll angle in case of lateral
wind gusts [20]. Secondary SA HISs were proposed by Liu
et al. [93] to replace anti-roll bars. The SA layout was com-
pared to a reference vehicle with traditional suspensions and
to a passive version of the HIS, and provided better perfor-
mance when excited by track unevenness and wind gusts.

5.3.4 Other components: lateral, yaw, motor and inter-car
dampers

Secondary lateral and yaw dampers influence the lateral ride
quality of the passengers in the rail vehicle. The sensitivity
of human beings to lateral vibrations is exacerbated in the
1-3 Hz range [160, 167], a frequency range in which the car
body hunting phenomenon may arise. Therefore, the HSCs
already discussed in Sect. 5.1 can also directly improve ride
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quality by suppressing low-frequency car body vibration
[170], as reported by many research works focussing on sec-
ondary lateral SADs and FADs [32, 41, 112, 171]. Shi et al.
[92] focussed on the capability of lateral SADs to suppress
lateral car body acceleration even at higher frequency (up to
9-12 Hz), extending the range of interest for these applica-
tions. It is also worth mentioning that FA lateral suspension
aiming at improving ride quality are nowadays implemented
in several in-service trains, such as Shinkansen series and
the ETR1000 Italian high-speed train [152].

The correlation of yaw dampers with the high frequency
transmission of vibration to the car body is less explored in
the literature. The effect of the mounting layout and incli-
nation angle was investigated using analytical [172] and
numerical [173] vehicle models. Recent studies addressed
the effect of yaw [174] and motor [175] damper parameters
on the modal coupling between car body flexible modes and
bogie hunting, highlighting that coupling between motor or
bogie modes and car body bending modes can exacerbate
the vibration transmission, negatively affecting ride quality.

The influence of passive longitudinal and lateral inter-
car dampers on ride quality was assessed by Tanifuji et al.
[176], considering aerodynamic excitations. The dampers
were modelled using a Kelvin—Voigt approach, and para-
metric analyses identified optimal stiffness and damping
values to meet the trade-off between ride quality and curv-
ing performances.

5.4 High-frequency structural vibrations

Suspension components play a relevant role in the trans-
mission of high-frequency vibration to rail vehicles com-
ponents; therefore, they are correlated to bogie fatigue and
interior structure-borne noise (SBN) issues.

In railway engineering, bogie fatigue issues are investi-
gated within a frequency range up to 1000 Hz [87]. Together
with primary coil springs [87, 177], the primary vertical
dampers [86, 178] are relevant transmission paths for vibra-
tion, as shown in Fig. 13a. In [86], primary vertical damp-
ers and rubber bushings were modelled using LPMs to
study the vibration transmission from the wheelsets to the
bogie frame. Wang et al. [87] proposed a refined modelling
approach based on hybrid LPM, PM and finite element for-
mulations to consider the primary vertical dampers and rub-
ber bushings in the context of bogie vibration assessment.

Analyses on SBN contributions to the interior noise consider
frequency ranges up to hundreds of Hz [179, 180]. Indeed, SBN
is dominant over the airborne transmission path at low acoustic
frequencies, especially at low speed [181]. Xiao et al. [88] inves-
tigated the influence of primary vertical dampers on the SBN
contribution to interior noise. A PM was established by con-
sidering mass balance equations for compression and rebound
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chambers, while lumped parameters were proposed to formu-
late the mechanical equations between damper body, piston rod,
and centre pins. The contribution of the dampers was compared
with the influence of rubber bushings and primary coil springs.
Secondary HSCs were analysed with operational transfer path
analysis to identify the most relevant transmission paths between
bogies and car body. Considering a high-speed vehicle, Strom
[182] experimentally identified yaw dampers as a preferential
transmission path for SBN, the dominant contribution being up
to 500 Hz. Preferential transmission paths through the mounting
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location of anti-roll bars, vertical dampers and yaw dampers
proved to be relevant, especially in the one-third octave band
centred at 160 Hz [181]. In metro vehicles, transmission paths
through the secondary lateral damper were identified by Peng
et al. [183] as relevant in the frequency range between 300 and
800 Hz. Indeed, as shown in Fig. 13b, HSCs are act as vibra-
tion transmission paths also at the secondary suspension stage,
among other components such as the air springs, anti-roll bars,
core plates and traction rods [183]. Moreover, experimental tests
[184] correlated higher primary vertical damping to increased
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levels of normal floor accelerations up to 100 Hz. Secondary
vertical dampers were also identified as a dominant transmission
path below 250 Hz on a metro vehicle, even if in this case the
SBN was dominant only below 100 Hz [185].

6 Degradation, failure and fail-safe design
of hydraulic suspensions in railway
engineering

According to EN 13802, the required dynamic character-
istics of HSCs must be agreed upon between vehicle inte-
grators and suspension manufacturers, and deviations in
the + 15% range can be realistically expected [160]. Degra-
dation and failure may affect railway HSCs during their ser-
vice life, influencing the dynamic performances of the vehi-
cle, and therefore have been the subject of intense research
in recent years.

Degradation is defined as a progressive change in the per-
formance of the component, yet remaining within acceptable
limits. Degradation may introduce variations in internal sealing,
the stiffness of bushings or internal components, and affects oil
viscosity, eventually causing a reduction of oil volume due to
leakage [186]. In the context of HSCs, degradation may result,
e.g. in changes of the k; ,,, and ¢ 5, parameters. The results
obtained from four yaw dampers tested at different service life
conditions (good and worn-out conditions) at Southwest Jiao-
tong University are reported in Fig. 14a and b. In this case, nei-
ther kg y1,x NOT € 31, OF the samples under analysis were strongly
affected by degradation, even if the dynamic stiffness showed
higher sensitivity.

In [186], an extensive analysis on the degradation of a yaw
damper component was presented. In particular, the influence
of the service mileage on the static and dynamic performance
of the damper was studied by reproducing a total amount of 10
million cycles. The influence of intermediate service stages on
the high frequency response of the damper can be observed from
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the force versus displacement cycles shown in Fig. 14e, and
from the trend of the dynamic stiffness illustrated in Fig. 14c:
a good correspondence with the trend reported in Fig. 14a can
be observed. Moreover, the influence of the service stage on the
static performance of the damper can be observed in the high
amplitude force versus displacement cycles reported Fig. 14f,
and summarised in the force versus velocity curves shown
in Fig. 14d. Here, it can be observed that the degradation is
affecting in particular the blow-off region (also known as force
unloading phase [128]).

Long term degradation affects the performance of HSCs,
eventually leading to excessive reduction of damping force,
as illustrated in Fig. 15a. Ref. [186] investigated this phe-
nomenon focussing on the degradation of yaw dampers’
parameters with service mileage, proposing an acceler-
ated test methodology that imposed high-amplitude high-
frequency excitations able to let the damper dissipate an
equivalent amount of energy with respect to the one esti-
mated from damper displacement measurements obtained
from field tests. The effects of damper degradation on force
versus displacement cycles and dynamic indexes were dis-
cussed. The effect of temperature on the service life of yaw
dampers was also studied in [187].

Failure can be identified as a catastrophic event lead-
ing to a severe loss of function in the HSC. As shown in
Fig. 15b, the occurrence of a failure suddenly reduces the
damping force, leading to insufficient energy dissipation by
the device.

A comparative analysis of deterioration and failure
in yaw damper components was proposed in [188]. The
authors distinguished the experience-based failure process
from the stochastic failure process. In experience-based
failure process, a deterministic failure event can be identi-
fied (see point B in Fig. 15b): after this event, the damper
provides a reduced damping force. In stochastic failure
process, a threshold between acceptable and unacceptable
damping force—in terms of number of load cycles—cannot

@ Springer



G. Isacchi et al.

be found. Therefore, inconsistent results in damping force
can be obtained in a relatively large interval of load cycles,
where the damper provides either acceptable or unacceptable
damping force, so that the identification of the failed damper
becomes more challenging in a stochastic failure process
than for an experience-based failure process.

PMs can be used to investigate different failure modes of
HSC, studying the variations of the suspension performances
caused by the reduction of elastic bushings stiffness, the pres-
ence of series gap clearance and the amount of air dissolved
in the oil [13, 73, 189]. Considering yaw damper applications,
co-simulations between PMs and MB models of rail vehicles
were implemented to quantify the influence of the failure modes
on vehicle dynamics, identifying the detrimental effect of gap
clearance on stability and ride quality [99].

PMs were also implemented to study the harmful effect of
yaw dampers’ empty compression strokes on vehicle dynam-
ics [53]. This phenomenon, caused by excessive presence
of air inside the oil, negatively influences bogie stability. A
similar issue, exacerbated by the incorrect mounting of the
damper, was also examined, suggesting the need to avoid the
formation of large air quantities in the oil [81]. The effect of
cavitation phenomena on vehicle stability was investigated
in [190] where an extended PM considering the influence of
cavitation on the force versus displacement characteristic of
yaw dampers is proposed.

Failure analysis becomes even more relevant when deal-
ing with SA and FA HSCs [191]. A comprehensive method-
ology for covering different active suspension failure scenar-
ios was proposed in [192], and it was based on failure mode
and effects analysis (FMEA) and fault tree analysis (FTA),
considering MB simulations analysing the dynamic perfor-
mance required in EN 14363 [193]. In this proposal, various
failure modes were evaluated also according to their risk
priority number, a function of the severity, occurrence, and
detection values of each failure mode. This procedure was
implemented for a case study derived from previous field
tests on FA vertical dampers, where five failure modes were
evaluated by quantifying the related reduction of ride qual-
ity [116]. In a similar way, a failure analysis of a CVD SA
secondary vertical damper was proposed in [82], introducing
artificial defects in the HIL tests of the suspension (always
open or always closed valve, failure of an accelerometer).
Several layouts of steering bogie based on FA HSCs were
investigated in [155], and the various configurations were
compared in terms of dynamic performance improvement
and fault-tolerant capabilities. A fault-tolerant actuator for
steering purposes was proposed in [154], characterised by
a mechanical solution implemented to avoid steering forces
in the opposite directions of the track, while the impact on
curving performance of two failure modes was investigated
in [194]: a hard failure, consisting in a stuck actuator, and
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a soft failure, where the actuator was not introducing any
steering torque on the system.

7 Emerging trends and conclusions

This paper proposed a state-of-the-art review on the design,
modelling, testing and application of HSCs, aiming to foster
the development of innovative and more efficient solutions
for rail vehicles with superior performance. After addressing
the various topics, some emerging trends and conclusions
can be identified:

e LPMs are simple and reliable models that can support the
overall vehicle dynamic simulations and do not require
any knowledge of the internal layout of the HSC, but
they require a proper calibration based on experimental
characterisation tests. Due to the limited physical mean-
ing of the parameters, LPMs cannot accurately support
predictive assessment of different HSCs layouts on the
vehicle dynamics. PMs can provide superior accuracy
compared to LPMs, support design optimization and
failure analyses, provided that a sufficient knowledge
of the internal layout of the HSC is available. DDMs
are attractive in those cases when computational effi-
ciency is a priority, but they struggle to generalise the
response of HSCs under service conditions different from
those considered in the training of the model; therefore,
hybridization with PMs is suggested to compensate for
this limitation. Future trends could explore the use of
PMs for suspension layout optimization and the use of
hybrid DDMs in real-time for modelling or monitoring
applications.

e HIL testing is a valuable methodology to test HSCs in
realistic operating conditions. This approach is a good
compromise between standard characterisation tests and
more complex methodologies, such as roller rig and field
tests. Thanks to the possibility of varying the features of
the virtual vehicle model, HIL testing can simulate vari-
ous vehicle configurations, allowing the assessment of
the HSC over a wide range of service conditions. In the
near future, this approach could also be refined to sup-
port suspension manufacturers in the development and
validation of innovative prototypes. HIL also provides a
controlled environment to support failure analyses and
the investigation of temperature effects, supporting the
study of more robust suspensions.

o From the literature review, further research need is identi-
fied regarding testing and modelling approaches to study
the effect of HSCs on the high frequency structural vibra-
tions of rail vehicles and related fatigue and SBN issues.
Also, the conclusions on the dominant transmission paths
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of high frequency vibration are not fully established at
present.

e While several yaw damper and lateral damper applica-
tions were proposed to improve vehicle stability, less
attention was paid to the possibility of combining these
devices with optimised motor and inter-car dampers.
In particular, the literature search did not highlight any
attempt so far to achieve the mutual optimization of yaw/
motor or yaw/inter-car devices to suppress both car body
and bogie hunting motions.

e Physical models of HSCs have now reached a good
level of maturity and can be used to simulate many
diverse defects and failures modes. This suggests the
possibility of implementing PMs in Digital Twin meth-
odologies to support the monitoring and diagnostics of
HSCs. This additional feature could lead to smart HSCs
having superior fault-tolerant capability and therefore
enhancing the safety and reliability of rail vehicles, at
the same time reducing maintenance costs.
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