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ABSTRACT

The aim of the study is to design a secondary yaw suspension that will
control both low-frequency body motion and bogie hunting under
different wheel-rail equivalent conicities. In order to enable the
high-speed train to adaptively adjust to different wheel tread wear
stages and improve the lateral dynamic performance of the vehicle
in extreme wheel-rail contact states without any sensors and control
systems, the eddy current damper with the parallel inerter as the yaw
damper is proposed, and the in-depth research on its working mech-
anism is conducted. By establishing the theoretical analysis model
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of the lateral dynamics of high-speed train, and the multi-objective damper

optimisation of the vehicle performances is carried out. The optimal
parameters of the yaw damper under different wheel-rail contact
conditions are analysed and the importance of frequency-dependent
stiffness of yaw damper is obtained. Based on the characteristics
of high-frequency transmissibility of inerter, the parallel inerter is
applied to solve the limitation of insufficient dynamic stiffness of the
traditional hydraulic yaw damper. The parameter configuration of
the yaw damper with small series stiffness and large parallel inerter is
proposed, and the stable operation of trains in major wheel-rail con-
tact equivalent conicity is realised by using its frequency-dependent
stiffness characteristics. In addition, the optimal energy dissipation
and negative stiffness conditions of the parallel inerter yaw damper
are analysed in this paper.

1. Introduction

Suspension systems and reasonable parameter configurations are important measures to
achieve desirable dynamic performances of high-speed trains, and the yaw damper is an
important suspension element to ensure the hunting stability of wheel-rail vehicles. Due
to the wear of the wheel-rail system and track grinding, the invariable parameter yaw
damper is hard to compromise the requirements of vehicle stability in a large range of
wheel-rail contact conditions. For high-speed trains, low-frequency body hunting can
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occur under the low wheel-rail conicity contact condition, which is called primary hunt-
ing or carbody hunting, while high-frequency bogie hunting occurs under extremely high
wheel-rail conicity condition, which is called secondary hunting or bogie hunting. The
insufficient stability or instability of both will deteriorate the lateral dynamic performance
of vehicles. The aim is to design a secondary yaw suspension that will control both low-
frequency body motion and bogie hunting under different wheel-rail equivalent conicities.
Active suspension technology has been proposed and has achieved good results to meet
this requirement [1-4]. However, due to the problems of high costs, numerous compo-
nents and high requests for control technology in practical application, it has not been
widely adopted in service operation. By making full use of the frequency-dependent stiff-
ness characteristics to increase the dynamic stiffness amplitude of the yaw damper, the
parameters can be adjusted according to the action frequency of the damper to achieve the
adaptive stability of high-speed trains under different wheel-rail contact conditions. To
solve this problem, this paper proposes a scheme of using the parallel inerter yaw damper
for railway vehicles to automatically adapt to different wheel-rail contact states without
any sensors and control systems. Using its frequency-dependent stiffness characteristics,
the adaptive stability of high-speed trains in a large range of wheel-rail contact states is
realised. The lateral dynamic performances of trains especially in extreme wheel-rail con-
tact conditions are improved. The shape preservation requirements of the train for wheel
tread and rail profile are reduced, thereby reducing the operation and maintenance costs.

Inerters have been widely studied and applied in civil engineering, ships, automo-
biles, machinery manufacturing and other engineering fields [5-7], and there are also
corresponding studies on railway vehicles. In 2009, Wang et al. [8] proposed three inerter-
spring-damper (ISD) theoretical models and discussed the dynamic performance of the
ISD model installed on the rail vehicle. The riding quality index was improved after using
the inerter, but the dynamic wheel load would deteriorate, and the high-order controller
can further optimise its performance. In 2012, Jiang et al. [9] established a variety of passive
suspension models considering the inerter and applied them to the simulation of railway
vehicles. Compared with the vehicle model using the traditional damper, in some special
cases, such as when the lateral stiffness of the primary system is large, replacing the tra-
ditional damper of the secondary system with the inerter can significantly improve the
dynamic performance of the train, demonstrating the rationality of using the inerter as the
vertical and lateral damper of the secondary system. Recent studies have shown that the
use of inerter in primary suspension of railway vehicles can improve vehicle riding quality
and wheel-rail wear performance simultaneously [10,11].

2. The frequency-dependent characteristics of the damper

An eddy current damper is a new type of damper, which realises structural vibration
control by eddy current damping force generated by electromagnetic induction. Eddy cur-
rent dampers have the advantages of strong linear damping characteristics and adjustable
damping coefficient, which is easy to realise semi-active control. It has been widely used
in the field of vibration control of aerospace structure and rotating mechanism. In recent
years, it has been applied in structural vibration control engineering and other fields, and
the application in ground vehicles has also begun to be studied [12]. The eddy current
damper is composed of ball screw, permanent magnet, induction coil and outer cylinder.
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Figure 1. Parallel inerter yaw damper.

The physical photo is shown in Figure 1(a). In order to increase the eddy current damping
force, the eddy current damper converts the axial motion into the rotational motion of the
outer cylinder through the ball screw and improves the cutting magnetic field velocity of
the coil on the outer cylinder. At the same time, the rotational inertia of the outer cylinder
forms the inertia characteristics. The damper has damping with the parallel inerter. The

inertance b is
27\ 2
b=J | — 1
() o

where ] is the rotational inertia of inerter (kg m?) and P is the ball screw pitch (m). When
Pis 10 mm and J is 0.026 kg.m?, the inertance b can be 10,000 kg.

Considering the rubber joints at both ends of the damper, if the nonlinear factors such
as mechanical friction and clearance are ignored, the damper is theoretically a mechan-
ical model with damping and inerter in parallel and then in series with stiffness. The
three-parameter model considering series stiffness k, parallel damping ¢ and inertance b is
established as shown in Figure 1(b). The mathematical model of the system reads

k(xg —x) + cxg + bxog =0 (2)

where x and x are the displacements at the end and middle of the model, respectively.
According to Laplace transform, we can get

X0 5C0 k

=9___ = 3
X x  bs>+cs+k 3

In which s = jw, w is the circular frequency and j is the imaginary unit. F is the force of
damper and can be expressed as

) . k(c+bs) .  k(cs+ bs?)
€Xo + 5% b52+cs+kx bsz—i—cs—{—kx (4)
The equivalent stiffness k., and equivalent damping ¢, at both ends of the damper are
k(bs® + cs)
= (5)

T b2 +es+k
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Figure 2. Frequency characteristics of the three-parameter model.
k(bs + ¢)
= 7 6
““T b2 festk (©)

It can be seen that the equivalent stiffness and equivalent damping are related to the
action frequency of the two ends of damper, which is also known as dynamic stiffness
and dynamic damping. The frequency-dependent characteristics are shown in Figure 2.
At low frequency, the damper mainly reflects the damping characteristics and the stiffness
of the damper can be ignored. With the increase of frequency, the stiffness characteristics
of the damper increase; meanwhile, the damping characteristics decrease. When the fre-
quency of the damper reaches a certain value, the sum of damping force and inertia force
is large, and the relative displacement of the damper is mainly compensated by the series
stiffness. The stiffness of the damper is close to the series stiffness value, and the damp-
ing and inertia effects are small. The parallel inerter increases the equivalent stiffness as
well as the equivalent damping characteristic of the damper in the resonant range. When
the damper damping ¢ is small, the increased effect of equivalent stiffness and equivalent
damping is more obvious. The parallel inerter enlargers the frequency-dependent stiffness
and frequency-dependent damping features especially in resonance.
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Substitute s = jw into Equation (5) to get the complex stiftness k,
ke = (1 + jm)k* (7)

In Equation (7), the real part k* and the imaginary part nkx are called the storage modulus
and energy dissipation modulus, respectively, which read

o k[b*w* + (2 — bk)w?] (8)
(k= ba?)? + Ra?
kK cw

k= )
" (k — bo?)? + 2a?

where 7 is the dissipation factor and ¢ = tan™!(n) is the dissipation angle. The storage
modulus and energy dissipation modulus represent the ability of the damper storing energy
and damping converting mechanical energy into thermal energy, respectively. With the
increase of frequency, its stiffness increases, and the corresponding energy storage effect of
the damper increases. The energy dissipation effect increases first and then decreases, that
is, the damper has the optimal energy dissipation condition.

When the inertance b = 0, which is equivalent to the stiffness and damping series
Maxwell model of conventional hydraulic damper. Make % = 0, by calculating its
maximum value, the optimal dissipation energy condition can be obtained as follows:

k
= - 10
Wopt c (10)

For Equation (8) and Equation (9), when (k—bw?) = 0, the resonance occurs, and the
resonance frequency is @, = /k/b.

For the three-parameter damper model, the damping force and inertia force are great
at medium and high frequencies. Due to the opposite phase between acceleration and dis-
placement, the inertia force makes the damper exhibit negative stiffness characteristics.
According to Equation (8), if b*w? + c2—bk <0, that is, under the condition of k> 2wc,
when b satisfies Equation (11), the damper appears negative stiffness or zero stiffness, as
shown in Figure 3.

(11)

k—Vi2 — 4022 k+ VK2 — 4022
be ,
202 202

If ¢ = 0, when k > bw?, the damper has negative stiffness or zero stiffness. The curves of
storage modulus and energy dissipation modulus with different parameters b, k and ¢ are
shown in Figure 3.

3. Vehicle lateral dynamic performances
3.1. The vehicle linear dynamics model

In order to investigate the vehicle hunting stability, a simplified vehicle lateral dynamic
model is established, as shown in Figure 4. The model is composed of 19 rigid bodies, which
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Figure 3. Parameter characteristics of the three-parameter model.

are one carbody, two frames, four motors, four wheelsets and eight damper virtual mass.
The carbody and the frame have lateral, yaw and roll degrees of freedom, and the motors
have lateral degrees of freedom. The wheelsets have lateral and yaw degrees of freedom.
The virtual mass of the damper has one degree of freedom to realise the series stiffness. The
primary suspension is between the wheelset and the frame, which is composed of lateral,
longitudinal and vertical suspension stiftness. Besides, the rotating arm length of primary
suspension is considered in the model. The secondary suspension is between the carbody
and the frame, which is composed of lateral, longitudinal and vertical stiffness, damping
and anti-roll stiffness. In order to analyse the effects of the parallel inerter damper on vehi-
cle stability, the yaw damper is established based on the three-parameter model as shown
in Figure 1(b). The secondary lateral damper is established based on the Maxwell model
that consists of spring and damper in series. The dynamics model has 29 degrees of free-
dom. The linear stability of the established vehicle model is emphatically analysed in this
study; thus, the wheel-rail contact geometry is expressed by equivalent conicity, and the
wheel-rail tangential force is calculated by linear Kalker theory. Referring to one type of
high-speed EMU (Electric Multiple Unit) in China [13,14], the specific parameters of the
model are shown in Table 1. It adopts small yaw damping and large primary longitudi-
nal stiffness, as well as elastic suspension of driving system. The equation of the system
dynamics model is as follows:

Mx(t) + Cx(t) + Kx(t) = Q (12)

The x is the degree of freedom vector of the system. The matrices M, C, K and Q are the
mass, damping, stiffness and external force components of the system, respectively. For
the motion equation of a single wheelset with an elastic primary suspension, the lateral
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Figure 4. Simplified vehicle lateral dynamics model.

and yaw movements of the wheelset are coupled by the wheel-rail tangential forces. Due
to the coupling effect of the inerter on the correlated mass, M is non-diagonal, as shown in
Equation (13). K is an asymmetric stiffness matrix, and the non-diagonal items represent
the coupling of the wheelset’s lateral and yaw movement caused by the interaction of wheel
and rail in tangential direction. The system damping C is related to the running speed v.
In a period of hunting motion, if the input and the consumed energy are equal, the linear
system is in the critical stability state. The corresponding speed v is the linear critical speed.

If + bsx - 21?,( cee —bsx -y bsx - 1y
M= : ' : : (13)
—bsx - I <o Mgy + bsx 0
bsx - 1y e 0 Mex + bsx

Due to the unsymmetrical nature of the stiffness matrix K, Equation (12) cannot be trans-
formed into an uncoupled set of differential equations by means of conventional methods
of modal analysis, i.e. using only real modes. A solution can still be affected though by using
the complex modal transformation. To do this, Equation (12) is recast into the following
state-space form:

y(t) = Ay(t) (14)

The vector y is the system state vector, and the system matrix A is given by

| 029%29 L9x29
A= [ —-M~'K —-M~IC } (15)

The modal shapes and linear stability of the vehicle system are obtained by analysing the
eigenvectors and eigenvalues of A.
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Table 1. The vehicle model parameters.

Symbol Definition Value
my Mass of the wheelset 1639 kg

lw Yaw inertia of the wheelset 822 kg.m?
mg Mass of bogie frame 2328kg

Iee Roll inertia of bogie frame 2110 kg.m?
ley Yaw inertia of bogie frame 4080 kg.m?
me Mass of carbody 38936 kg
lex Roll inertia of carbody 1.67e6 kg.m?
ley Yaw inertia of carbody 9.61e5 kg.m?
Mm Mass of motor 750kg
Mex Mass of yaw damper 20kg

kpz Primary vertical stiffness per axle 0.75 kN/mm
Ksx Secondary longitudinal stiffness 0.133 kN/mm
ksy Secondary lateral stiffness 0.133 kN/mm
ks, Secondary vertical stiffness 0.2 kN/mm
Csz Secondary vertical damper damping 10kN s/m
Cpz Primary vertical damper damping 10kN s/m
ko Stiffness of anti-roll torsion bar 4.15MN m/rad
2h Lateral spacing of primary suspension 2000 mm

Ip Length of axle box arm 480 mm
2b Wheel base 2500 mm
2L Length between bogie centres 17375 mm
2ly Distance of the contact spot 1493 mm
2h Lateral spacing of the secondary suspension 2200 mm
2lex Lateral spacing of the yaw damper 2700 mm
o The wheel rolling radius 460 mm

fe The longitudinal creep coefficient 1e7N

fy The lateral creep coefficient 1e7N

ky The contact stiffness of the wheel-rail 500 kN/mm
e Wheel-rail contact conicity 0.05,0.17,0.30
v Running speed 350km/h
kpx Primary longitudinal stiffness per axle 120 kN/mm
kpy Primary lateral stiffness per axle 12.5kN/mm
Csy Secondary lateral damper damping 15kN s/m
kncsx Series stiffness of yaw damper damping Optimised
csx Yaw damper damping Optimised
bsx Parallel inerter of yaw damping Optimised

3.2. Linear stability analysis

The vehicle dynamics model in Section 3.1 is used to calculate the eigenvalue of the system
matrix A, and the ratio of the real part of the eigenvalue to the modulus of the eigenvalue
corresponding to the hunting mode is solved, namely, the natural damping of the hunting
mode, which is defined as the linear stability index ¢ of the system. Usually, when the
damping value is positive, it indicates that the linear system is stable. In this paper, the
smaller value is selected as the optimisation direction, so we can define that the system is
stable if ¢ is negative.

In order to analyse the influence of series stiffness kncsx, damping csx and inertance bsx
of the yaw damper on vehicle stability, the system linear stability index ¢ corresponding to
the combination of csx and kncsx is calculated under different operating speeds v, equiva-
lent conicities A and inertances bsx. The results are shown in Figure 5. The horizontal axis
is the variable kncsx and the vertical axis is the variable csx. Each subgraph in the figure
represents the contour of the linear stability index ¢. The deeper the colour is, the smaller
the stability index is, and the better the vehicle lateral stability is. In the figure, the virtual
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Figure 5. Linear stability of vehicle with different parameters of yaw damper.

line represents the parameter matching relationship between csx and kncsx when different
action frequencies meet the optimal dissipation condition of Equation (10). In Figure 5,
subgraphs (a), (b) and (c) are the results of using traditional hydraulic yaw damper with
bsx of 0 kg. The equivalent conicity A from left to right is 0.05, 0.17 and 0.3, respectively.
Considering that low conicity is prone to hunting instability at low speed, the former cal-
culation speed v is 200 km/h, and the latter two v is 350 km/h. It can be seen from the figure
that with the increase of equivalent conicity, the series stiffness kncsx needs to be increased
to improve the hunting stability of the vehicle. The optimal csx value is about 500-1500
kN s/m, and the optimal csx increases with the increase of equivalent conicity. The opti-
mal parameters kncsx and csx of the yaw damper in the figure generally meet the optimal
dissipation condition of Equation (10), that is, the ratio of optimal kncsx to csx is close to
the circular frequency of hunting mode. The vehicle hunting frequency increases with A
and v, and the corresponding optimal ratio of kncsx to csx increases. In Figure 5, subgraphs
(d)-(f) show the results with bsx of 1e4 kg. Compared with the non-inerter, the optimal csx
is almost unchanged, but the optimal kncsx value decreases significantly in the high conic-
ity conditions. In addition, the stability index of the system is also improved obviously in
high conicity conditions when kncsx is smaller than the optimal value. For instance, the sta-
bility index can reach —0.3 in the subgraph (f) at kncsx of 10 kN/mm, but it is only —0.15
in the subgraph (c). It means that the vehicle stability will not deteriorate significantly in
the state of wheel-rail extremely worn if the parallel inerter on the yaw damper has been
equipped.

In short, the optimal series stiffness of the high-speed train yaw damper is related to the
equivalent conicity of wheel-rail contact and the operating speed of the vehicle, namely the
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corresponding hunting frequency. The optimal series stiffness decreases with the decrease
of hunting frequency, especially in the low wheel-rail contact conicity condition, a smaller
series stiffness is required. However, a larger series stiffness of the yaw damper is required
for high conicity. Due to the rubber joint stiffness of the yaw damper is fixed in practice,
the variation range of damper dynamic stiffness under different frequencies is limited. The
selection of yaw series stiffness needs to compromise the contradiction between high and
low wheel-rail contact conicity for vehicle lateral stability, so it cannot guarantee vehicle
stability in extreme wheel-rail contact conditions. The parallel inerter yaw damper adopts
a small series stiffness to meet the low-frequency carbody huntiong stability. With the
increase of the hunting frequency, the inerter at high frequency increases the stiftness char-
acteristics of the yaw damper, which can still ensure the lateral stability of high-frequency
bogie hunting. In addition, the greater the energy dissipation power of the damper is, the
more stable the vehicle system is. The matching of series stiffness and damping can be
realised based on the optimal dissipation theory, that is, the ratio of stiffness to damping is
equal to the circular frequency of the vehicle hunting.

3.3. Frequency domain riding index

Riding quality is an important index to evaluate the performances of vehicle suspension
system. The commonly used Sperling Index is as follows:

n

W =0.896 x !© ZAﬁFj(C—fi) (16)
i=1 !

In which A; denotes the maximum value of acceleration vibration at frequency f; (cm/s?).
fi denotes the ith vibration frequency (Hz). F(f;) is the frequency weighting coefficient. The
values of 2.5,2.75 and 3.0 indicate the riding quality of excellent, good and acceptable rank,
respectively.

The frequency domain method is an improvement of the Sperling Index. In the Sper-
ling formula, the acceleration vibration value is replaced by the integration of the power
spectrum function of acceleration time operation samples in the frequency range. The new

formula is as follows:
f 2
6.67
W =C x 2/ Gl(f)Bl df (17)
0

in which Gi(f) is the power spectral density function of acceleration ((m/s?)?/Hz), C; is
0.83 for the lateral riding quality calculation and B is a frequency weighting function.

In this paper, the frequency response function of lateral vibration of carbody on the
random track irregularity state is obtained by the pseudo-excitation method [15,16].
The frequency domain riding quality index calculation has the advantage of fast calcu-
lation because it does not need time domain simulation of the dynamics model, which
is conducive to the multi-objective and multi parameter optimisation analysis of vehicle
suspension parameters. The Wuhan-Guangzhou high-speed railway track lateral irregu-
larity spectrum with the frequency range from 0.3 to30 Hz is used as the track input, and
the pseudo displacement response and pseudo acceleration response of the vehicle lateral
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dynamic system are calculated according to the pseudo-excitation method, so as to obtain
the lateral riding quality indexes Wy and Wy, of the front and rear ends of the carbody.

4. Parameter optimisation of damper
4.1. Multi-objective optimisation

The main task of the vehicle suspension parameter optimisation design is to find a class of
compromise suspension parameters, so that it can compromise the lateral stability, curve
passing and riding quality of the train. However, the lateral stability is more important,
and the curve passing performance for the high-speed train is the optimisation objective
in this study due to the large radius of high-speed railway. For lateral stability, on the one
hand, when the wheel-rail contact conicity is low, such as the state of new wheel and new
rail profile, the lower hunting frequency is close to the natural vibration frequency of the
carbody suspension, so the carbody is prone to a hunting motion or called primary hunt-
ing. Primary hunting is characterised by low-frequency lateral sway of the carbody and
mainly affects the ride comfort. On the other hand, the high wheel-rail equivalent conic-
ity after wheel tread wear makes the stability margin of the bogie hunting insufficient, and
the secondary hunting or called bogie hunting occurs, which is manifested as the high-
frequency lateral shaking of the bogie. To describe the lateral stability of trains under two
different wheel-rail contact conditions, the low conicity stability index ¢, corresponding
to wheel-rail contact conicity A of 0.05 and the high conicity stability index ¢ p;g, corre-
sponding to wheel-rail contact conicity A of 0.3 are defined, respectively. The frequency
domain lateral riding quality indexes Wy 5, and Wy _pgy relative to the corresponding
operating conditions are calculated, respectively, which take the larger values of the lateral
riding quality of the front and rear ends of the carbody under the corresponding wheel-rail
contact conditions. When the value of ¢ is negative, it indicates that the system is stable, and
the smaller the value is, the greater the hunting damping ratio under the wheel-rail contact
condition is, and better the lateral stability is. Similarly, the smaller the riding quality index
is, the better the vehicle lateral riding quality is. Vehicle lateral riding quality is related to
lateral stability, especially in the low conicity condition. Existing studies have found that
there is a contradictory relationship between the optimisation of o, and &g for the
selection of some parameters, that is, the better the low conicity stability of the vehicle is,
the worse the high conicity stability is and vice versa [13,14]. Therefore, the lateral stabil-
ity optimisation design of bogie suspension parameters is a multi-objective optimisation
process.

Multi-objective optimisation problems usually have a solution set, which is called Pareto
solution, and its image in the objective function space is called Pareto frontier. The
Pareto frontier is the objective values after optimisation; each point has the advantages
that other points do not have, from which we can find the contradiction between the
multiple objectives. According to the different design priorities, we can manually select
the optimal solution to meet the performance requirements in the Pareto set. NSGA
(Non-dominated Sorting Genetic Algorithm)-II algorithm [17] can keep the population
diversity and improve computational efficiency. Thus, it is an effective algorithm for solving
multi-objective optimisation problems. A fast non-dominated sorting genetic algorithm
NSGA-II with the elitist strategy is selected for multi-objective optimisation design in this
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study. The yaw damper series stiffness kncsx, damping csx and parallel inertance bsx are
taken as the optimisation parameters, and the parameter optimisation ranges of the three
variables are from 5 to 20 kN/mm, 100 to 4000 kN s/m and 0 to 10,000 kg, respectively.
The lateral riding quality indexes Wy 15, and Wy ;g corresponding to the high and low
equivalent conicity conditions, and the low conicity stability index ¢, are taken as the
optimisation objectives. This multi-objective optimisation problem is stated as

min {Wy jow, WY _high Zlow} (18)

4.2. Multi-objective optimal results

The genetic algorithm NSGA-II is used to solve the multi-objective optimisation of vehi-
cle dynamic performances for the three-parameter of the yaw damper. The Pareto frontier
and Pareto parameter sets are obtained by iteration and updating the suspension param-
eters to optimise the vehicle system performances. To investigate the influence of yaw
damper parameters on vehicle lateral stability, four hypothetical cases are considered, such
as whether the inerter is contained and assuming that the damping and stiftness values in
the three-parameter model are infinite. For the Maxwell model, if the stiffness is infinite,
the yaw damper can be regarded as a pure damping force element. Similarly, if the damping
is infinite, it can be regarded as a pure stiffness force element. Figure 6 is the Pareto fron-
tier of optimisation objectives, which represents the best dynamic performance indexes of
the vehicle under the defined calculation conditions. The horizontal axis and vertical axis
in the figure are the riding quality indexes Wy jo,, and Wy _p;g, corresponding to the high
and low conicity conditions of the vehicle system, and the colour represents the vehicle low
conicity stability index ¢ oy, The smaller the ¢y, value is, the darker the colour in figure
is. Designers can artificially select vehicle performance requirements from Pareto frontier
and then obtain the corresponding optimisation parameters from Pareto sets.

In Figure 6, subgraph (a) shows collaborative optimisation of three parameters. Sub-
graph (b) is the case of the damper model without the inerter. Subgraph (c) and subgraph
(d) show the pure stiffness and pure damping of damper with inerter, respectively. When
considering collaborative optimisation of three parameters, the lateral riding quality index
of vehicle can reach about 1.8 under the two conicity conditions; however, the lateral rid-
ing quality of the vehicle becomes worse without considering inerter. Subgraph (b) reflects
the contradiction of vehicle lateral dynamic performances in the condition of high and low
wheel-rail contact conicity. When ¢, is less than —0.1, Wy pg, is greater than 2.6, which
is unacceptable for the high-speed train. Subgraph (c) and subgraph (d) are pure stiffness
and pure damping model of the damper containing inerter. The lateral riding quality of
the vehicle with pure stiffness of the yaw damper is significantly better than that with pure
damping. It shows that the mechanism of the yaw damper is not only the energy dissipation
but also the stiffness characteristics to realise the yaw motion or hunting coupling between
carbody and bogie.

Figure 7 shows the Pareto sets obtained by multi-objective optimisation, reflecting the
relationship between optimisation parameters and optimisation objectives. The horizontal
axis of each subgraph is the low conicity riding quality index Wy j,,,, and the vertical axis
is the series stiffness kncsx, damping csx and inertance bsx of the yaw damper, respectively.
For the collaborative optimisation of the three-parameter model as well as the pure stiffness
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Figure 6. Multi-objective optimal results with different yaw damper models.

model with csx of infinity, the vehicle can achieve excellent lateral riding quality in the low
conicity condition, which requires a small kncsx and a large bsx. If the inerter is not consid-
ered, the lateral riding quality is poor, and the optimal value of csx is 1000-2000 kN s/m.
With the improvement of the low conicity riding quality Wy ., kncsx needs to be reduced,
as shown in the subgraph (a). If the yaw damper is a pure damping element with inerter, the
lateral riding quality indexes in high and low conicity conditions that can be realised with
any other csx and bsx are worse, and the optimal csx and bsx are both set to 0. Therefore,
the above analysis results are verified. The stiffness characteristics of yaw damper are more
important to realise the motion coupling between carbody and bogie. When the wheel-rail
contact conicity is low, the stiffness of yaw damper needs to be reduced; conversely, it
needs to be enlarged in the high conicity condition. The parallel inerter can enlarge the
damper stiffness and realise yaw motion coupling between the carbody and the bogie at
high frequencies, to achieve better lateral dynamic performances in high-speed and high
wheel-rail contact conicity conditions.

4.3. Parameters optimisation configuration

For the yaw damper with the parallel inerter, it can be seen from the multi-objective
optimisation of three parameters considering the lateral dynamic performances in high
and low wheel-rail contact conicity conditions that the series stiffness kncsx of the yaw
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Figure 8. Influence of damper parameters on vehicle lateral dynamic performances.

damper should be selected to be smaller in the range of optimisation parameters, while
the inertance bsx should be selected to be larger. For this type of high-speed train, the yaw
damping csx is about 1000 kN s/m. In this section, several combination configurations of
yaw damper parameters are selected to compare the lateral dynamic performances of the
vehicle. In the first configuration, kncsx is 5 kN/mm and bsx is 0kg. In the second config-
uration, kncsx is 12 kN/mm and bsx is 0 kg. In the third configuration, kncsx is 5 kN/mm
and bsx is 10,000 kg. The first and second configurations, respectively, adopt a small and a
large series stiffness value based on the traditional yaw damper without inerter. The third is
that the yaw damper with the parallel inerter adopts a small series stiffness value. Accord-
ing to the actual high-speed train operation in China, the equivalent conicity from 0.02 to
0.5 is taken into account. The calculation results of vehicle lateral stability index ¢ yqx and
carbody lateral riding quality index Wy at the speed of 350 km/h are shown in Figure 8.
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Figure 9. Influence of damper inerter on vehicle lateral dynamic performances.

For the first configuration, the yaw damper without inerter adopts a small series stift-
ness, and the vehicle has good lateral stability and lateral riding quality at the front and rear
ends of carbody in the low conicity condition. However, the lateral dynamic performances
are poor in the high conicity condition. In the second configuration, the opposite is true.
That is, the traditional yaw damper without the inerter cannot give consideration to the
vehicle stability in a wide range of wheel-rail contact conicity. In Figure 8, subgraph (c)
and subgraph (f) show the calculation results of lateral stability and riding quality of the
vehicle equipped with the parallel inerter yaw damper matching a small series stiffness in
the third configuration, which can achieve excellent lateral dynamic performances both in
low and high conicity conditions. It shows that the yaw damper with the parallel inerter
has a positive effect on solving the contradiction of vehicle lateral dynamic performances
in different wheel-rail contact conditions.

Figure 9 shows the influence of the parallel inertance bsx on the lateral dynamic perfor-
mances of the vehicle with two series stiffness and two equivalent conicity values. It can
be seen that the lateral dynamic performances are significantly improved with the increase
of bsx, especially in the condition of small kncsx and high wheel-rail contact conicity. If
using a large kncsx, the stability of the vehicle is poor in the low conicity condition, and the
vehicle lateral dynamic performances deteriorate with the increase of bsx.
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Figure 10. Root loci of vehicle at different speeds.

5. Root locus and modal energy analysis of system

In order to further study the mechanism of the yaw damper on high-speed trains, the
root locus and hunting modal energy of vehicle dynamics model are analysed. The root
loci of the vehicle linear system with the change of running speed corresponding to dif-
ferent wheel-rail contact equivalent conicity A, yaw damper series stiffness kncsx and
inertance bsx are shown in Figure 10. Each ‘4 represents the vibration frequency and
modal damping ratio of a vibration mode at a certain speed. The larger ‘+ represents a
larger running speed, and the velocity range is 20-800 km/h. The horizontal axis indicates
the mode damping ratio ¢, which is the ratio of the real part of eigenvalues of the sys-
tem matrix to the modulus of eigenvalues. It indicates the stable condition when the ¢ is
less than 0. The less the ¢ is, the more stable the hunting motion of the vehicle is. When
the ¢ is greater than 0, hunting instability will occur in the vehicle linear system model.
The vertical axis indicates the modal frequency f, which is the imaginary part of eigen-
values. The root loci of vibration modes related to vehicle hunting within the frequency
range of less than 10 Hz are mainly analysed. For this type of high-speed train, the lat-
eral stability of the vehicle is determined by a single hunting root locus curve similar to
the letter ‘C’ shape. Under the conditions of low speed and high speed, the stability of
the low-frequency carbody hunting and the high-frequency bogie hunting is poor, respec-
tively. Instead, the hunting stability is better in the middle speed range. The stability of
this type of vehicle is determined by the hunting mode of the single root locus curve. That
is, when the speed or the equivalent conicity of wheel-rail contact increases, the critical
instability mode of the vehicle gradually evolves from the low-frequency carbody hunting
to the high-frequency bogie hunting, and there is no hunting frequency transition, which
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Figure 11. Modal energy distribution of vehicle body and bogie.

corresponds to the supercritical bifurcation characteristics in vehicle nonlinear dynamics.
When bsx is 0, reducing kncsx is conducive to improving the low-frequency carbody hunt-
ing stability, while increasing kncsx is conducive to improving the high-frequency bogie
hunting stability. When the bsx equals 10,000 kg, a small matching kncsx can achieve better
low-frequency and high-frequency lateral hunting stability.

The vehicle hunting frequency increases with the increase of the running speed and
the equivalent conicity of wheel-rail contact, and its lateral stability is poor in the low-
frequency and high-frequency domains. The mechanism is explained according to the
modal energy analysis of vehicle hunting. The hunting energy of the carbody and bogie
under different operating speeds and equivalent conicity conditions is shown in Figure 11.
The dark red in the figure indicates that the hunting energy of the carbody accounts for
100%. On the contrary, the blue part indicates that the hunting energy of bogie is relatively
high. If the hunting frequency is close to the natural vibration frequency of carbody sus-
pension, the hunting energy of carbody is large, and the carbody hunting stability is easy
to deteriorate, which is called carbody or primary hunting instability. With the increase of
hunting frequency, vehicle stability is improved but then becomes worse again. When the
hunting frequency increases to a certain extent, high-frequency hunting instability occurs,
which is called bogie or secondary hunting instability. The primary hunting is mainly car-
body hunting motion, while the secondary hunting is mainly bogie hunting motion. In
fact, if the stability is poor or instability occurs, the former is the low-frequency carbody
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Figure 12. Root loci of vehicle under different equivalent conicities.

‘sway’ phenomenon, which leads to deterioration of ride comfort. Comparatively, the latter
is the high-frequency bogie ‘shaking’ phenomenon, which reflects as the alarm accident of
lateral acceleration of bogie frame.

According to the hunting energy proportion of vehicle in different frequency ranges, as
well as the parameters optimisation law of the yaw damper, the stiffness action mechanism
of the yaw damper for high-speed trains can be summarised. If the equivalent conicity
of wheel-rail contact is low, the carbody hunting is the main proportion, and a smaller
stiffness of yaw damper reduces the motion coupling between carbody and bogie, which is
conducive to the stability of bogie hunting. When the equivalent conicity is high, the bogie
hunting is the main energy, and the stiffness function of the yaw damper is conducive to
suppressing the bogie hunting through the relatively static carbody. The hunting energy
of bogie increases with the increase of equivalent conicity, and the corresponding optimal
stiffness of the yaw damper needs to be increased.

In order to compare the application effects of the yaw damper with the parallel inerter
on a variety of high-speed trains, the yaw damper adopts the optimisation configuration
of knesx and bsx in Section 4.3. The system stability of two types of high-speed trains
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in the literature [13] in different wheel-rail contact conicity conditions is investigated,
and the vehicle discussed above is Type 2. The root loci of the two types of vehicles with
wheel-rail contact equivalent conicity from 0.02 to 0.6 are drawn as shown in Figure 12.
A larger circle symbol in the figure represents a larger equivalent conicity A. The eigen-
value of vibration modes related to vehicle hunting within the frequency range of less than
10 Hz is mainly analysed, as shown in Figure 12(c,d). It can be seen from the compar-
ison that the yaw damper with the parallel inerter can significantly improve the vehicle
lateral stability, especially in the extreme wheel-rail contact conicity states, with which the
risk of low-frequency carbody sways and high-frequency bogie shaking can be reduced
significantly.

6. Conclusion

(1) Inaddition to the damping of yaw damper dissipating the vehicle hunting energy, the
stiffness characteristic of the yaw damper is more critical to vehicle hunting stability.
When the new wheel tread matches the newly grinding rail, the wheel-rail contact
equivalent conicity is small, namely the low conicity condition, and the carbody hunt-
ing at a lower frequency is prone to take place, which leads to the carbody swaying
phenomenon with a larger lateral amplitude. A smaller stiffness of the yaw damper
is conducive to improving the carbody hunting stability. On the contrary, a larger
stiffness of the yaw damper improves the coupling between carbody and bogie yaw
motion, which is beneficial to suppress the high-frequency bogie hunting and improve
the bogie hunting stability to reduce the risk of bogie high-frequency shaking.

(2) The eddy current damper converts reciprocal motion into rotational motion of the
outer cylinder through the ball screw to improve the eddy current damping. The
rotational outer cylinder acts as a inerter, which can realise high-frequency stiffness
hardening of the damper. The frequency-dependent stiffness characteristics of the tra-
ditional hydraulic damper are not sufficient to meet the optimal stiffness requirements
of high-speed trains in different wheel-rail contact conditions. The compromised stiff-
ness parameters cannot realise the comprehensive optimisation of the dynamic perfor-
mances of the vehicle in wide operating conditions, especially in extreme wheel-rail
contact states. The frequency-dependent stiffness of the yaw damper with the parallel
inerter can effectively solve this contradiction.

(3) A small radial stiffness of the rubber joint at both ends of the damper is suitable
for the low-frequency primary hunting stability. Meanwhile, the parallel inerter can
achieve the high stiffness requirements of the yaw damper in high-frequency con-
ditions. The action frequency of the yaw damper varies with the train speed and
wheel-rail equivalent conicity. The frequency-dependent stiffness of the yaw damper
is adaptively adjusted to reduce the influence of the wheel-rail relationship such as
equivalent conicity on vehicle stability, so as to realise the stable operation of trains in
wide wheel-rail contact states. Therefore, the application of yaw damper with parallel
inerter has a positive effect in improving the vehicle lateral stability in an abnor-
mal wheel-rail contact condition adaptively, thus reducing the maintenance cost of
high-speed trains as well as tracks.
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