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Application of semi-active yaw dampers for the improvement of
the stability of high-speed rail vehicles: mathematical models and
numerical simulation

Abstract: The aim of this work is to introduce a new concept for a hydraulic semi-active
yaw damper (SAYD) for the improvement of the stability of a high-speed rail vehicle. This
concept represents a further elaboration of Secondary Yaw Control but envisages the use of
semi-active hydraulic dampers instead of full-active electromechanical dampers, simplifying
the design of the system and facilitating the design of a safe and fault tolerant device. Two
control algorithms are proposed for the semi-active damper: maximum power point tracking
and skyhook with Karnopp approximation. A multi-physics model of the SAYD is
introduced and used in co-simulation with a multi-body model of a high-speed vehicle.
Using these models, numerical simulations are performed to assess the behaviour of the
semi-active damper in terms of improving the running stability of the rail vehicle at very
high speed, showing that the use of the SAYD in combination with any of the two control
strategies considered allows to improve substantially the stability of the vehicle. The results
of experimental investigations performed in the project will be reported in a companion

paper.
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Introduction

It is well known that the needs of an optimal running stability and curving performance
conflict to each other in the design of a rail vehicle [1-4]. In this perspective, secondary yaw
dampers are often applied to passenger vehicles, especially for high-speed vehicle, providing
additional damping to the bogie modes so that a lower primary yaw stiffness can be used
resulting in improved curving performance for the same degree of stability. A proper yaw
damper can be developed for this purpose in the design phase of rail vehicles with certain
optimisation techniques [5, 6]. However, operational experiences show that the vehicle’s
stability degrades significantly with the wear evolution of the wheel/rail profiles since the
suspension system was originally optimised base on the designed wheel/rail profile
combination. Wheel reprofiling is the most straightforward way to solve the problem but
implies increased maintenance costs and reduced availability of the vehicle. Furthermore,
vehicle stability is also affected by rail profiles and track gauge, which show significant
scatter in a real line. As a result, conventional yaw dampers need to be designed for a “worst
case” where the combination of a worn wheel profile, restricted track gauge and modified
rail profile lead to the highest value of conicity, whilst most of the time the damper will be
working in less demanding conditions than the ones assumed in the design.

An alternative solution is to employ an adjustable damper, capable of adapting to the
variation of the wheel-rail contact conditions. The adjustable damper can be semi-active or
full-active. The concept of active yaw damper has been studied both theoretically and
experimentally in labs on roller rigs and in field on real vehicles [2—4,7,8]. Many control
strategies are available for the control of the active yaw damper, e.g. modal control, LQG,
Hoo, skyhook, and fuzzy control where Ho and LQG are model-based control strategy which
generally produces better performances than non-model-based ones while it suffers from
unmodelled behaviours and parameters uncertainties. Although many advantages of the
active yaw damper in the railway application have been demonstrated through these research
works, no commercial application has been reported yet. This is due to the high complexity



and cost implied by this application and also to concerns about the effect of failures in the
active suspension.

As a compromise alternative to the full-active damper, the semi-active damper also attracts
a lot interest in railway engineering because the semi-active control instead of full-active can
make the device simpler and easier to use in cases where reliability, robustness and fault
tolerance are the priority. The main difference between the full-active and semi-active
dampers is that the former requires external power source which could introduce energy into
the system and unstabilize it. The semi-active dampers can be realized by controlling the
orifice for traditional hydraulic cylinders or mechanical valves [9,10], or by controlling the
fluids for the electrorheological (ER) fluid or magnetorheological (MR) fluid dampers
[11,12]. The control strategies introduced above for the full-active suspension are also
applicable to the semi-active suspension, whereas specific characteristics of certain
adjustable damper (on-off or continuously) must be considered in the development of the
control strategy.

It should be noted that past studies available in the literature mainly focus on the application
of the semi-active damper to the lateral or vertical suspension system with the aim of
improving ride quality [9—12] whilst, to the authors’ knowledge, the application of semi-
active yaw dampers to railway vehicles has not be reported so far. Still, in the context of
mechatronics becoming more and more important in future train generations, a semi-active
yaw damper (SAYD) could be an attractive solution offering improved robustness of the
vehicle running performance to changes in wheel and track condition, longer life for yaw
dampers as for most part of its life the damper would operate under reduced force
requirements and also improved ride quality for passengers, as a “stiff” damper leads to
increase of noise and vibration transmitted to the car body.

This paper presents some results from a research project jointly carried out by CRRC
Qingdao Sifang Co., Ltd, Politecnico di Milano (POLIMI) and Liebherr-Transportation
Systems GmbH (LVF). The aim for the new work described in this paper is to introduce a
new concept for a hydraulic SAYD for the improvement of the stability of a high-speed rail
vehicle and to assess the semi-active hydraulic yaw damper. Compared to previous work
published on active yaw dampers e.g. [2], the advantage of this new concept is to use a
hydraulic device that can be more easily designed to be fail-safe. On the other hand, the
choice to develop a semi-active device rather than a full active one offers advantages in terms
of hardware simplification and reduction of costs but shall be verified in terms of the
performance offered. The current paper introduces the control strategies for the SAYD and
focuses on the assessment of the proposed solution based on Multi-Body Systems (MBS)
numerical simulations, while the results of experimental investigations performed in the
project will be reported in a companion paper.

This paper is structured as follows. Section 2 describes the numerical model of the Electric
Multiple Unit (EMU) vehicle considered in this research and the co-simulation scheme
implemented to integrate the SAYD in the vehicle model. Section 3 describes the method
used to evaluate the running stability of the EMU vehicle. Section 4 presents the principles
of the control strategies considered in this project. Sections 5 and 6 present the results of
stability analysis for the EMU vehicle with passive yaw damper configuration and equipped
with the SAYD, respectively, for different control strategies. Finally, Section 7 provides
some concluding remarks achieved from this research in particular concerning the suitability
of the control strategies applied and the effects of the SAYD on the stability of the EMU
vehicle.



2.1

Multi-body system models

The development and verification of the SAYD hardware relied heavily on the use of suitable
numerical simulation models, to define the target performance of the damper and to assess
its effect on the running behaviour of the vehicle. To these aims an MBS model of the vehicle
considered in this research was developed based on actual parameters, see Table 1. The MBS
vehicle model consists of a carbody, two bogies with two stages of suspensions and four
solid axle wheelsets. The model is made up of rigid bodies with 62 degrees of freedom.
There are two yaw dampers arranged in parallel on each side of a bogie. Primary and
secondary suspensions are modelled by means of linear and non-linear spring and viscous
damping elements. A measure worn wheel profile with a running mileage of 200,000 km
called worn S1002CN is used in the simulation to consider a severely degraded contact
condition. The contact situation formed between the worn S1002CN and CN60 rail profile
with 1:40 cant is shown in Figure 1. Track flexibility is considered by introducing a moving
ballast sectional model of the track with lateral and vertical elasticities under each wheelset
[13].

(a) ‘ . ‘ . . . (b)

20
0.6
10
0.5¢
E Of — 1 -
E ‘: 04rF
N
-10 1 031
worn S1002CN
20l CN60 | 021
‘ | ‘ ‘ contact connections 0.1 | | | ‘
-60 -40 -20 0 20 40 60 "0 2 4 6 8 10
y [mm] amplitude [mm]

Figure 1 Matching relationship between worn S1002CN and CN60 (a) and equivalent conicity (b)

Table 1 Main parameters of the vehicle model

Wheelset mass [kg] 1550

Bogie frame mass [kg] 2500

Axle load [kN] 150

Primary suspension longitudinal stiffness [MN/m] 100

Primary suspension lateral stiffness [MN/m] 12

Primary suspension vertical stiffness [MN/m] 1.0

Wheelbase [m] 2.5

Rail profile CN60

Wheel profile Worn S1002CN

Two different versions of the vehicle model were established, the first one equipped with
conventional passive yaw dampers and the second replacing the passive dampers with the
new SAYDs. In the following subsections the models of the two dampers are briefly
described.

Passive damper model
The passive yaw damper was modelled using a rheological model made up of two elements:

a non-linear viscous damper in series with a linear spring The nonlinear characteristic of the
force provided by the passive yaw damper is modelled as a piece-wise function with respect



to velocity as shown in Figure 2. The modelling of the yaw damper is very important in
stability assessment of a rail vehicle [14]. A model validation of the passive yaw model was
done by comparison to available measurements. The comparisons between the experimental
and numerical hysteresis cycles of the yaw damper are reported in Figure 3. These results
show the force-displacement hysteresis cycles measured for the dampers in tests performed
at different combinations of amplitude and frequency of elongation: 1-2-4 mm amplitude
and 1-2-4-6-8-10 Hz frequency. It is observed that the numerical model is able to correctly
reproduce the behaviour of the passive damper not only in terms of the maximum force but
also of the shape of the hysteresis cycles that are in good agreement to the measurements.

Force-velocity characteristic
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Figure 2 Force-velocity characteristic curve for the yaw damper model.
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Figure 3 The hysteresis cycles of the passive yaw damper: (left) experiment vs. (right) simulation. Top:
1mm amplitude, Centre: 2mm amplitude, Bottom: 4 mm amplitude.

Semi-active yaw damper model

A numerical model of the SAYD was developed by LVF. The dimensions of the SAYD are
the same as the passive one, so it can simply replace the original passive yaw damper of the
vehicle with interfaces to receive and send signals for the controller which has been
developed based different control strategies of interest. Two SAYDs for each side of the
bogie, so eight yaw dampers in total are considered for one single vehicle.

The hydraulic scheme of the SAYD is reported in Figure 4: it essentially consists of the
chambers separated by the piston and a tank. The flow between the two chambers is obtained
using a flow rectifier circuit made up of an electrically continuously adjustable throttle
combined with four check valves. Additional pressure relief and check valves are included
into the damper connecting the different parts (chambers, tank) in order to limit the
maximum damper force.
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Figure 4 Hydraulic scheme of the semi-active yaw damper.

The simulation model of the SAYD was built considering that an independent movement
can be applied to both damper ends. For this purpose, a subdivision in the movement of the
piston rod and the damper housing was introduced and the presence of the spherical bearings
at the dampers ends was also taken into account, as shown in Figure 5.

The inputs for the mechanical model of the damper are the displacements and the velocities
of the connection points between the damper and the bogie (x;, v1) and between the damper
and the carbody (x3, v3). On the other hand, the outputs of the simulation model, are the
forces exchanged through the damper and bogie (F;) and the damper and the carbody (F,)
in the connection points.
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Figure 5 Mechanical scheme of the semi-active yaw damper.



Applying Newton’s law to the piston rod, its equation of motion is derived:

Fpa — Fpg + Fp1 + Fry = Fpriction = My % (1)
where:
Fpy = dp; - (551 - x{) Q)
Fry = cpy - (g — x1)
and:
Fy =Fpy + Fpy (3)
On the other hand, considering the motion of the cylinder housing:
Fpp = Fpa — Fpa = Fro + Fpriction = My * X3 “)
where:
Fpy = dpy (552 - xé) 5)
Fry = cpp * (22 — x3)
and:
—Fpy; —Fpp = F, (6)
The piston stroke xg; results from the position x; and x,:
Xse =% — %
Xse = (& — %) + X
X1,0—%2,0 (7

Xse = (X1 —X2) + Xgeo
———

X1,07%2,0
With the initial condition Xg. o = X1 9 — X0 = Lo the damper stroke results as follows:
xse = (1 — x2) — Lo )

The equation of motion for the damper stroke can be derived:

. 1 1
Xse = Fpa — Fpp + Fp1 + Fpy = Frriction | — o Fpp — Fpa —Fpa — Fry + Frriction 9
! +Fy +Fy 2 ——’_Fp T
i} 1 1 1 1y 1 1
Xs¢ = Fp (m_1 + m_2> = Frriction (E + m_2> + . Fy — e F (10)

Thus, the mechanical model of the damper has two degrees of freedom which can be chosen
among the variables x;, x, and x. Since the friction force is associated to the relative
motion between the piston and the cylinder, described by the variable xg;, the damper stroke
X¢t and the displacement of the piston x; are used as independent variables.



As far as the friction force is considered, it is modelled using a typical Coulomb approach
where F.represents the stiction force and Fs the sliding friction.

Thus, the friction force can be defined as:

Foxe st =0 & |Foxl <Fe
Feriction = {Fc Sign(Fext) Xse =0 & |Fext| = Fe (11)
FS " Sign(x_gt) X'St * 0

Reworking equation (10), the following equation relating the damper stroke x; to the
forces acting on the damper:

m;-m; m; my
Xst = —Fpriction T+ Fp +

_ F, — F.
m; +m, m; +m, 1 my; +m, 2 (12)

Fext

The terms F,, F, 4 and F,p inside the equations represent the forces acting on the damper

due the pressures of the two piston chambers p, and pp which can be expressed via a
pressure build up equation.
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Figure 6 SAYD model configuration.

The pressure build-up equation is derived from the continuity relationship:

. dM
=—=0" 13
dM dﬂg V) @ o "
p . -
i i pV+pV (14)
and the compressibility law
_ P — Do
p=po(1+—77) (1)

where the parameter E defines the bulk modulus of the oil.



p p .
POE(V0+AxSt)+ Po| 1+ I3 Axge =Qp (16)
pZE

=1

E

= m(—x‘l Xse + Q) (17)

p
The resulting general pressure build-up equation is used to describe the chamber pressures

pa and pp of the SAYD. Taking into account the geometries of the control spaces from
Figure 6, the pressure build-up equations for the pressures p, and pp result as follows:

. E .
Da = m(—x‘l X5t + Qa) (18)
bs = m(x‘l X5t + Qp) (19)
with:
d? -«
Vao = 5t/2 ~A+ Ly, - ”4 (20)
d? -
Vso =St/2 - A+ Lyp - ”T 1)

Q4 and Qp are the flow rates entering the control spaces, accounting for the effect of the
proportional adjustable throttle valve together with the rectifier circuit and all the others
check and pressure relief valves shown in Figure 4.

The flow through the proportional adjustable throttle is obtained by means of a 2D-lookup
table. The opening of the proportionally adjustable valve depends on the coil current (which
is the control variable) and consequently the pressure-flow characteristics for different
current values were stored in a 2D lookup table, resulting in a characteristic curve field which
describes the quasi-static pressure and flow characteristic as a function of the different
current values.

On the other hand, the flow through a fully open pressure relief valve is described by the

following flow equation:
—0. - /A_p
Q=0 Apn (22)

where Qy is the nominal valve flow rate and Apy is the nominal pressure drop of the
pressure relief valve when the valve is fully open. For an incompletely opened pressure relief
valve the following relationship for the flow through the valve is used:

_ .fm (&p —po)
Q B QN m Ps — Po (23)



where p,, is the effective pressure difference across the pressure relief valve at which the
valve begins to open and pg is the effective pressure difference at which the pressure relief
valve is fully open. Taking the pressure conditions into account, the model for the pressure
relief valve is described as follows:

0 Ap < p,

ps (Ap —p,)
Qn - /A—S% Po < Ap < ps
Q = pN ps po (24)

ap <A
Qn Apy Ps p

The same method was used to model the check valves, whereby the pressure ratios (opening
pressure p, and pressure with fully opened valve pg) as well as the nominal flows and
pressure losses of the respective components were taken from the respective component data
sheets and stored in the corresponding check valve or pressure relief valve model.

The SAYD model and its controller were incorporated into the MBS vehicle model by means
of a co-simulation approach, as schematically shown in Figure 7.

Summing up, the SAYD model is a dynamical model having 6 states (4 mechanical states
and 2 hydraulic ones).

The inputs of the SAYD model are as follows:

a) Valve current which is the signal driving the adjustable throttle in the damper,
resulting in the change of the damping ratio. This input is defined according to different
control strategies as detailed in Section 4 of this paper;

b) Displacements and velocities of the connection point of the damper on the bogie and
the carbody. These inputs of the SAYD are extracted from the MBS model of the vehicle.

The outputs of the SAYD model are:
a) The damper force which is fed back in the MBS model of the vehicle;

b) The pressure in the two chambers of the damper. This signal is used in the MPPT
control strategy, see Section 4.



mechanical
measurements

» MBS vehicle model

f

damper damper

’ . Damper controller
force displacements and|velocities P

Damper model valve

current

damper
pressure measurements

Figure 7 Co-simulation approach for the simulation of the dynamics of the vehicle equipped with SAYD.
Procedure for the assessment of the stability of the vehicle

The behaviour of the vehicle in straight track was investigated in terms of its non-linear
stability, i.e. the occurrence of periodic oscillations as the result of self-excited vibrations
caused by wheel-rail contact forces. Different methods can be used to evaluate the non-linear
critical speed of an MBS simulation, and a review is provided in [25]. The method used in
this work replicates the procedure prescribed by the European standard EN14363 [15] for
the assessment of vehicle stability based on line tests.

Simulations are performed considering the vehicle running at constant speed in straight
track, subjected to random excitation caused by track irregularities. From these simulations,
the raw time histories of different assessment quantities are extracted, namely:

. the track shift forces (sum of guiding forces on the two wheels of the same axle) for
the four wheelsets of the vehicle. This assessment quantity is the one considered by the
‘complete measuring method’ according to standard EN14363;

. the lateral acceleration of the bogie frame measured above the axleboxes of the four
wheelsets. This assessment quantity is the one considered by the ‘simplified measuring
method’ according to standard EN14363.

The signal processing is the same for all the assessment quantities and consists of the
following steps:

1) a pass-band filter is applied on the signal with pass band fo = 2 Hz, fo being the
dominant frequency, defined as the frequency of the harmonic component in the signal
having largest amplitude. To reduce the fluctuations in the value of fo which are caused by
the randomness of the signal, the FFT algorithm is applied to relatively short segments of
the signal, corresponding to a distance run of 500 m, and the different spectra obtained are
averaged;

2) the sliding RMS of the signal is computed over a 100 m window length updated in
10 m steps;

3) the maximum of the sliding RMS is compared to a limit value defined below.

For the track shift forces, the limit value is defined as 50% of the Prud’homme limit:

Yim =2(10+%) (25)



with P the axle load and both P and 2Y};,,, defined in kN.

For the lateral acceleration of the bogie frame the limit value is defined as:

Vim =3 (12-72) (26)
with ¥;7., expressed in m/s? and being ms the mass of the bogie in tons.

The above described procedure is repeated increasing in steps the speed of the vehicle until
the limit value is exceeded for any of the assessment quantities.

Figure 8 shows an example of application of the signal processing procedure for the vehicle
with conventional passive dampers and with new wheel profiles. The lateral acceleration of
the bogie frame is considered as the assessment quantity. The upper plot shows the results
of the signal processing procedure performed for the speed of 280 km/h: the solid line
represents the filtered time history, the line with crosses represents the sliding RMS and the
dashed horizontal line represents the limit value.

In this running condition the vehicle shows a stable running behaviour with the sliding RMS
values well below the limit. The lower plot shows the trend with speed of the assessment
quantity (solid line, the circles represent the speed values at which simulations were run) and
the limit value (horizontal dashed line). Considering linear interpolation, the non-linear
critical speed of the vehicle for this configuration is estimated to be slightly higher than 370
km/h. The dominant frequency of the signal (not shown for the sake of brevity) is found to
be approximately 4 Hz when the vehicle runs at the critical speed.
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Figure 8 Time history of the pass-band filtered lateral acceleration signal (blue line), sliding RMS (red
line with crosses), EN14363 limit (dashed line)(a) and maximum sliding RMS as a function of velocity

(b).
Control strategies

A large number of attempts in applying control system design approaches to railway
suspension systems are present in literature [16]. Many papers have been concerned with
active suspensions, since they permit to obtain better performances while the control
synthesis does not require to handle dissipative properties of the semi-active device. In
general, the semi-active suspension control literature is also quite large [17], and an
important number of control strategies exist for such a system, but a limited number of
applications are referred to railway vehicles.

Among different control approaches, varying from classical (typically skyhook) to modern
ones (optimal controllers, model predictive controllers,...) the choice was restricted to non-
model based approaches, so to have a simple solution avoiding also the degradation of the
controller performances due to model uncertainties.

With this regards, two control strategies suitable for control of semi-active dampers are
considered in this study:

1) Maximum Power Point Tracking (MPPT) [18]: this is a heuristic strategy which
tracks the optimum working condition for the damper.



4.1

2) skyhook strategy [19]. In this strategy the semi-active damper is operated to mimic
the behaviour of a virtual viscous damper connecting the bogie frame to a virtual fixed point,
thus maximising energy dissipation for the hunting motion of the bogie.

Some additional details about the two control strategies are provided below.
MPPT control strategy

The MPPT control strategy was developed in origin to adjust the controller variables with
the aim of maximizing the power generated in a production plant [20,21]. It is a simple
algorithm of minimum search that can be used to track the maximum or minimum of a
function of the system’s state.

In its original version, it is not applicable to the problem under analysis, therefore the control
algorithm is modified in order to be applied also to a purely mechanical system: the problem
is formulated as the minimisation of a cost function J considering the vehicle’s stability
performance and the force required from the semi-active damper. The cost function is
defined as:

J=ky (f%)z +kp ( Y )2 7)

lim FMax

where Yy is the RMS of the bogie frame lateral acceleration, measured by an accelerometer
mounted on the bogie frame and filtered according to the prescriptions of the EN14363
standard (pass-band filter with pass band fo + 2 Hz, see Section 3), Yy is the RMS of the
hydraulic force generated by the damper, ¥;,,, is the limit value for the lateral acceleration
of the bogie frame defined by equation (26), Fyq, is set to 12 kN and finally ky; and ky are
two non-dimensional weighting factors. The force generated by the damper is estimated from
the pressures measured in the two chambers p; and p, as:

F = Ap, — Azp, (28)
with A; and A, the area of the piston in the two chambers.

The minimum value of the cost function J is representing the damper’s optimal working
condition and different trade-offs between improving vehicle stability (low RMS of lateral
bogie frame acceleration) and reducing the control force (low value of 1) can be obtained
by using different combinations of weights. Functional ] is evaluated at discrete time
intervals of 1 s, referred here as ‘steps’. The new value of the valve opening command V™*1
for step n+1 is defined starting from the value of the command at the previous step V™ based
on the difference between the value of the cost function at steps n and n+1, J™ and J**!
respectively, according to the following equation:

(29)

]n+1 _]n
Vn+1 — Vn _ k]<

max Un,]n+1)
where k; is a gain constant.

In order to improve the promptness of the MPPT control strategy in reacting to changed
conditions in the stability of the vehicle, the following rule is added to the control strategy:
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Vit =yn— AV if RMS(%pogie) > ¥thmax (30)

where X¢p, may 18 an upper threshold value defined for the bogie frame acceleration. In this
way, the control strategy immediately starts to close the valve once a large RMS value is
detected for the bogie frame acceleration.

A second condition is applied when the RMS of the acceleration is below a lower threshold
corresponding to a condition very far from instability:

Vn+1 — Vn + AV lf RMS(jébogie) < jéth,min (31)

where X min 1s the lower threshold for bogie frame acceleration. In this latter case, the
control strategy is forced to re-open the valve as soon as the acceleration of the bogie
becomes sufficiently low, so that the promptness of the controlled damper to reduce the force
transmitted is improved.

The MPPT control strategy was implemented with two sets of weights in the cost function
as follows:

MPPT1 only weights performance. This strategy requires one accelerometer to measure the
lateral acceleration of the bogie frame.

MPPT2 weights the performance and the force generated in the damper. This strategy
requires one accelerometer (same as for strategy MPPT1) and two pressure pick-ups in the
two chambers of the SAYD.

Skyhook strategy
The skyhook strategy generates a damping force proportional to the absolute longitudinal

velocity of the bogie frame X, thus emulating the effect of a damper connecting the bogie
frame to a virtual fixed point:

FRef = _Cskyx (32)

Because in this project a semi-active damper is used instead of a full-active one, the skyhook
control force can only be approximated. The actual force Fy generated by the damper is:

Fyp = cypAL (33)

where cyp is the damping coefficient of the yaw damper, which can be tuned in the semi-
active damper, and AL is the speed of elongation of the damper.

Prescribing the actual force Fyp generated by the damper to be the desired force Fgy,, the
following desired value of the variable damping coefficient cyp, is obtained:

X
Cyp = CSkyE (34)



However, the damping coefficient realised by the semi-active damper ¢y, shall be within
the lower and upper limits corresponding to the design of the damper:

Cmin < Cyp < Cmax (3%

hence, the saturated ideal damping coefficient to be generated by the semi-active damper is:

X ;
. * A >
Cyp = min [csky AL'Cmax ], xAL =0 (36)

Cominy XAL <0

In the case of a semi-active yaw damper, the desired damping coefficient ¢, should be as
high as possible, hence it is set to the maximum damping that can be realised by the damper:
Csky = Cmax- It follows that equation (36) becomes:

X ,
Cyp = min cmaxﬂ, Crmax ] XAL =0

Cominy xAL <0

(37

Equation (37) provides the value of the desired damping in the continuous skyhook strategy.
Alternatively, to simplify the switching of the damper an on-off strategy can be used. In this
case, the damping coefficient is simply switched between the highest and lowest possible
values according to:

, xAL>0
Cyp = {C’W x (38)

Coniny XAL <0

In both cases of the continuous and on-off skyhook control strategy, two sensors are
required: one accelerometer to measure the longitudinal acceleration of the bogie frame to
be which is integrated to derive the absolute longitudinal velocity of the bogie frame x and
one displacement transducer, incorporated in the SAYD hardware, to measure the elongation
of the damper AL, from which the speed of elongation of the damper AL is obtained by
means of numerical derivation A schematic presentation of the skyhook control strategy is
provided in Figure 9.
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Figure 9 Scheme of skyhook control strategy



5.1

Simulation results

In this section the procedure described in Section 3 is applied in order to assess the
effectiveness of using a SAYD in place of a passive one and to compare the control strategies

developed in this work.
EMU vehicle with passive yaw damper

Firstly, the procedure to evaluate the non-linear stability of the vehicle is applied to the
baseline case, i.e. the vehicle equipped with passive yaw dampers.

Figure 10 summarises the results of the analysis performed according to this procedure. The
upper subplot shows only the trend with speed of the dominant frequency obtained from the
process of the bogie acceleration since a very similar trend can be obtained if the force signal
is considered while central and bottom subplots show the trend with speed of the maximum
of the sliding RMS of the track shift force and of bogie acceleration respectively. Track shift
forces are shown for all four wheelsets in the vehicle (labelled as WS1 to WS4 with WS1
the leading wheelset of the front bogie) and lateral accelerations are shown for four
measuring points on the bogie frames above each wheelset, also labelled as WS1 to WS4.

The stability analysis is performed in the speed range from 320 to 445 km/h. At the lowest
speed considered, 320 km/h, all assessment quantities are below the corresponding limit,
showing a stable behaviour of the vehicle. At this speed, the dominant frequency in the
signals is different for the four wheelsets, as the motion of the bogie is due partly to the
hunting motion and partly to the excitation from random track irregularities. Because at this
speed the contribution due to the hunting motion is not fully dominant, a scatter is observed
in the evaluation of the dominant frequency.

The trend of the assessment quantities is monotonically increasing with the speed of the
vehicle and the threshold on lateral accelerations is exceeded in all simulation cases run at
speed equal to 350 km/h or higher. The maximum sliding RMS of track shift forces is
significantly higher for the trailing wheelsets of the two bogies compared to the leading
wheelsets. A justification for the higher value of the track shift force on the trailing axle of
each bogie is provided in [26]. The lowest speed at which the threshold value is exceeded
for the assessment quantities derived from track shift forces is 370 km/h. Therefore, the non-
linear critical speed estimated based on the sliding RMS of bogie accelerations (simplified
measuring method, according to the terminology of EN14363) is lower than the one
estimated based on track shift forces (normal measuring method according to EN14363).
This is consistent to what was found in literature and reported in [25]. Applying linear
interpolation to the trend of the maximum sliding RMS of the lateral acceleration, a critical
speed of approximately 330 km/h is obtained for the passive vehicle. At speed 350 km/h or
higher, the dominant frequency is the same for all assessment quantities, showing the actual
dominance of the hunting cycle in the lateral motion of the vehicle. In this speed range, the
dominant frequency is increasing with vehicle speed, which is consistent with the
mechanism of hunting motion.
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Figure 10 Dominant frequency(a), RMS of the track shift force (b) and of the acceleration of bogie frame
(c) as function of vehicle velocity for the passive vehicle

EMU vehicle with semi-active yaw damper

In the next phase of the work, the passive yaw dampers of the EMU vehicle are replaced by
SAYDs and the co-simulation model described in Section 2 is used to investigate the
influence of the semi-active yaw damper on the stability of the EMU vehicle considering the
control strategies described in Section 4 of this paper. The simulation results are presented
in the following subsections.



5.2.1

EMU vehicle with SAYD controlled by MPPT1 strategy

As described in Section 4, the MPPT1 version of the general MPPT control strategy only
aims at improving the performance of the vehicle in terms of reducing the RMS of the pass-
band filtered lateral acceleration measured at the bogie frame.

As already shown for the vehicle equipped with passive dampers, the simplified measuring
method (i.e. the evaluation of the nonlinear critical speed based on the lateral acceleration of
the bogie frame) is more conservative with respect to the normal measuring method. Thus,
for the sake of brevity, only the results showing the trend with speed of the dominant
frequency and filtered RMS of the lateral bogie frame acceleration are presented in Figure
11: from these results it is observed that in this configuration the vehicle is highly stable in
the entire range of speeds considered in the analysis up to 400 km/h with low values of the
sliding RMS of the lateral bogie frame acceleration, showing a very large stability margin
even at the highest speed considered. The trend with vehicle speed of the dominant frequency
is irregular, because the excitation caused by random track irregularities prevails over the
effect of hunting motion, so that there is actually no dominant harmonic term in the spectrum
of'the lateral acceleration and hence the dominant frequency defined according to the method
described in Section 3 varies randomly between 2 and 10 Hz.
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Figure 11 Dominant frequency (a) and RMS of the acceleration of bogie frame (b) as function of vehicle
velocity with MPPT1 control

Figure 12 shows the time history of the valve current (upper subplot) and damper force
(lower subplot) for the simulation performed at 400 km/h, i.e. the maximum speed
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considered in the analysis. The valve current is the command to the SAYD controlling the
opening of the controlled valve: for current 0% the valve is fully closed whilst for valve
current 100% the valve is fully open. For the sake of brevity, only the command for the rear
bogie and the damper force on one damper of the rear bogie are shown, the time histories of
valve command of the other bogie and of the force in other dampers show similar trends.

Two cases are presented considering the valve command starting at fully closed (V=0%) and
fully open (V=100%) conditions, respectively. For the first case, the valve current values are
in the 5-10% range, showing that the damper operates close to the fully closed position. This
is due to the fact that the SAYDs are required to provide a strong damping effect to ensure
the stability of the vehicle at the very high speed considered, but is also the consequence of
the control strategy adopted, which is entirely aimed at maximising vehicle stability, with
no consideration of reducing the damping force. In case the command starts at V=100% the
command is rapidly decreased so that in the first 5 seconds of the simulation gets to
approximately closed position, then follows the same trend of the first case. In the lower
subplot only the time history of the damper force for the case starting at V=0% is shown but
the result for the case starting at V=100% is very similar.
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Figure 12 Time history of the valve current (a) and the force of SAYD (b) at speed 400km/h with MPPT1
control. Top: valve current (command to the controlled valve). bottom: damper force.

EMU vehicle with SAYD controlled by MPPT?2 strategy

This version of the MPPT aims at a compromise between improving the performance of the
vehicle in terms of reducing the RMS of the pass-band filtered lateral acceleration measured
at the bogie frame and minimising the damper force, that is related to the transmission of
vibrations towards the carbody.



Figure 13 shows the trend with speed of the dominant frequency and filtered RMS of the
lateral bogie frame acceleration. In terms of vehicle stability, no major difference is found
compared to the previous case with the MPPT1 version of the controller: the vehicle is stable
up to 400 km/h with low values of the sliding RMS of bogie accelerations.
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Figure 13 Dominant frequency (a) and RMS of the acceleration of bogie frame (b) as function of vehicle
velocity with MPPT2 control.
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Figure 14 Time history of the valve current (a) and the force of SAYD (b) at speed 300km/h with MPPT?2
control. Top: valve current (command to the controlled valve). bottom: damper force.

Figure 14 shows the time history of the valve current for the simulation performed at 300
km/h. Deliberately, we choose to show the result for the lowest speed value considered, as
in this case the demands placed on the SAYDs to ensure vehicle stability are less severe, so
there is room for the MPPT2 strategy to implement a reduction of the damping force through
the opening of the commanded proportional valve. This behaviour is actually observed in
the time history of the valve current: we consider first the case when the valve command
starts at 0% (fully closed valve, blue line). The command rapidly increases to approximately
25% in the first 5 seconds of the simulation, then increases further to 35% approximately,
showing that the controller settles to a condition of partial opening of the valves in the
SAYDs. In case the command starts at 100% (fully open valve, red line) the command is
rapidly decreased so that in the first 5 seconds of the simulation gets to 25-30%
approximately, then follows the same trend of the case with initial 0% opening. The damper
force is shown in Figure 14 and, consistently to the scope of the MPPT2 control strategy, is
slightly reduced compared to the case of the MPPT1 strategy (see Figure 12), especially in
terms of its high-frequency components which are relevant to noise transmission to the car
body.

In conclusion, it can be stated that both the MPPT1 and MPPT2 strategies are fully effective
with improving vehicle stability so that the vehicle’s critical speed is raised above 400 km/h
whilst for the vehicle with passive yaw dampers a critical speed of approximately 330 km/h
is obtained. The MPPT?2 strategy is also capable of accounting for reduced demand placed
on the SAYDs at lower vehicle speed, whilst the MPPT]1 strategy only aims at improving
vehicle stability and hence tends to work always close to the maximum damping
configuration of the SAYDs.



5.2.3 EMU vehicle with SAYD controlled by on-off skyhook strategy

The skyhook version of the control strategy aims at emulating the effect of a viscous damper
connecting the bogie frame to a fixed point and the SAYD is switched between two opposite
configurations, corresponding to the minimum and maximum opening of the valve.

Figure 15 shows the trend with speed of the dominant frequency and filtered RMS of the
track shift forces and lateral bogie frame acceleration. The results show that also for this
control strategy the vehicle is stable up to 400 km/h and above with very low RMS values
both in terms of the track shift forces and bogie accelerations control strategy.

Figure 16 shows the time history of the valve current for the simulation performed at 400
km/h. Repeated switching between the fully closed and fully open position is observed,
which is consistent with the control strategy implemented. It is important to highlight that
for a practical implementation of this control strategy a fast valve response is needed because
the controller is requiring to the valve to move from almost opposite positions in a very short
time (less than 0.1 s). It is also observed that the peak force generated by the damper is higher
in this case compared to the MPPT control strategy and this is due to high-frequency
components in the signal which might be responsible of increased vibration of the car body.
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velocity with on-off skyhook control
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Figure 16 Time history of the valve current (a) and the force of SAYD (b) at speed 400km/h with on-off
skyhook control.

EMU vehicle with SAYD controlled by continuous skyhook strategy

Finally, the last controller which was analysed is a different version of the skyhook control
strategy, in which the partialisation of the SAYD valve is operated in continuous mode rather
than in on-off mode.

Figure 17 show the trend with speed of the dominant frequency and filtered RMS of the track
shift forces and lateral bogie frame acceleration. The results show once more that also using
this control strategy the stability of the vehicle can be fully ensured in the entire range of
speeds considered, although the RMS values are slightly higher than for the skyhook on-off
strategy.

Figure 18 shows the time history of the valve current for the simulation performed at 400
km/h. Although the valve is in this case operated continuously, frequent switching between
the slightly open position (10%) and fully open position is observed also in this case and
thus again requiring fast variations of the controlled valve opening. The time history of the
damper force is similar to the one obtained for the on-off skyhook strategy but shows even
larger high-frequency contents which are undesired in view of the negative effect on car
body vibration and interior noise.
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Figure 18 Time history of the valve current (a) and the force of SAYD (b) at speed 400km/h with
continuous skyhook control

Conclusions

In this paper a concept for a hydraulic semi-active yaw damper (SAYD) is presented. This
concept represents a further elaboration of Secondary Yaw Control for active stabilization
of the bogie [2, 3] but envisages the use of semi-active hydraulic dampers instead of full-
active electromechanical dampers, simplifying the design of the system and facilitating
the design of a safe and fault tolerant device.

A co-simulation model was defined for a high speed vehicle equipped with the proposed
SAYDs and numerical simulations were sed to assess the effect of the proposed SAYD
concept in terms of improving vehicle stability and adapting damper behaviour to different
running conditions of the vehicle. The co-simulation model consists of a non-linear
multibody model of the vehicle coupled to a multi-physics model of the semi-active damper
presented in Section 3.

Two main control strategies are considered for the SAYD: the MPPT strategy performs an
empirical search for the best working condition of the semi-active damper, considering the
damper’s performance in terms of lowering the lateral vibration of the bogie frame and, at
the same time, reduce the demand of damping force in the damper. The other control strategy
considered is the classical skyhook damping for a semi-active damper, considering an on-
off and a proportional formulation. Two variants of the MPPT control strategy are presented:
the first one (MPPT1) aims at maximizing the damper’s performance whilst the second one
(MPPT2) aims at a balance of damper’s performance and reduction of damping force.



The results of simulations performed using the co-simulation model show that the use of the
SAYDs in combination with any of the control strategies considered allows to improve
substantially the stability of the vehicle, so that the non-linear critical speed is raised in all
cases beyond 400 km/h which is the maximum vehicle speed considered in this work. The
MPPT1 strategy is unable to release performance demands placed on the SAYDs, as its goal
is just concerned with maximizing the stability of the vehicle. On the other hand, the MPPT2
strategy provides comparable results in terms of increased vehicle stability but is also
capable of adapting to running conditions in which a lower damping effect is required from
the SAYDs by opening the controlled valve thereby limiting the damping force in running
conditions where the maximum damping effect is not required.

As far as the on-off and continuous skyhook control strategies are concerned, again a very
good improvement of vehicle stability is observed from numerical simulations, but the need
of very fast variation of valve opening needs to be carefully considered in view of increased
performance requirements placed on the commanded valve which would inevitably reflect
in a higher cost for the hardware, and also in view of the durability of the SAYD hardware.
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