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ABSTRACT ARTICLE HISTORY
Hunting stability of high-speed train is an important objective for Received 11 March 2019
the optimization of bogie suspension parameters. An adequate Revised 19 May 2019
hunting stability margin is required for the high-speed train. Accepted 28 May 2019
Besides, a remarkable ability to resist the influence caused by the KEYWORDS
disturbance of bogie suspension parameters and wheel-rail con- High-speed train; hunting
tact parameters on hunting stability is also required. In this paper, stability robustness; bogie;
the concept of robustness of hunting stability is proposed, and the suspension parameters
indexes for vehicle speed robustness, suspension parameter matching; multi-objective
robustness, and wheel-rail contact equivalent conicity robustness optimization

are defined and chosen as the optimization objectives for the

bogie suspension parameters. The multi-objective optimization

method is used, which can optimize the key suspension para-

meters simultaneously to balance the multiple complicated and

conflicting performance indexes, and six groups of typical suspen-

sion parameters are obtained by cluster analysis of Pareto frontier.

The correlation between suspension parameters and each index is

analysed by multivariate statistical analysis, and the optimization

and matching rules for key suspension parameters of the high-

speed train bogie based on hunting stability robustness are

obtained. With the application of this method during the design

process of suspension parameters, the hunting stability of high-

speed trains in service can be greatly improved.

1. Introduction

With the increasing running speeds of the high-speed train, the lateral stability of the
vehicle has received extensive attention. Although the lateral stability of the railway vehicles
can be strengthened with the help of advanced mechanisms and active suspension systems
[1-8], the optimization of the conventional passive suspension elements still could be
considered as one of the efficient methods. Several studies on improving hunting stability
of railway vehicles have been carried out [9-14]. The influences of suspension parameters
on vehicle stability and curve passing performance are also taken into account in the
optimization of bogie suspension parameters based on the vehicle hunting stability. The
vehicle curve passing performance is often affected by the stiffness of secondary horizontal
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suspension, while the vehicle stability can be affected by more suspension parameters. In
this paper, suspension parameters affecting the vehicle lateral dynamic performance are
decoupled, and the optimization for the bogie horizontal suspension stiffness is conducted,
except for the secondary horizontal stiffness. Reasonable matching for the bogie suspension
parameters is conducive to improving the hunting stability margin and enhancing the
ability to resist the influence caused by the disturbance of bogie suspension parameters and
wheel-rail contact parameters on vehicle hunting stability. That is to say, the vehicles have
strong adaptability for variation of suspension parameters and some track parameters. In
this paper, the optimization of multi-parameters affecting the hunting stability of bogies is
carried out for this multi-objective problem.

In general, the design optimization of a mechanical system is multidisciplinary, and
the task is to find effective trade-off solutions for the complicated and conflicting design
criteria [15,16]. In the suspension design of railway vehicles, the task is to search for
a compromised design while considering lateral stability, curving performance, and ride
quality. The genetic algorithm is known as one of the most powerful tools in global
optimization and is particularly useful in design optimization problems of sophisticated
nonlinear systems. He and McPhee [17] proposed the methodology via genetic algo-
rithm, which can handle the conflicting requirements of rail vehicle design effectively.
They also utilized the genetic algorithm to settle the curving performance optimization
problem of a railway vehicle model with 21 DOF (Degree of Fredom). Johnsson [18]
et al. optimized passive damping elements of bogie suspension by using the genetic
algorithm, and optimized passive damping elements in the bogie suspensions can
improve the safety and comfort of the railway vehicle. Seyed [19] et al. solved the
wear/comfort Pareto optimization problem of bogie suspension by using the GA
(Genetic Algorithm). A 50 degrees of freedom railway vehicle model developed has
been studied, whose aim is to reduce wheel/rail contact wear and improve passenger
ride comfort, and the Pareto-optimized values of the design parameters achieved here
guarantee wear reduction and comfort improvement for railway vehicles. Uncertainties
in the design parameters of the suspension system can negatively influence the
dynamics behaviour of railway vehicles. Seyed [20] analysed the robustness of bogie
suspension parameters achieved from the wear/comfort Pareto optimization problem.
At present, most literature focus on the trade-off between vehicle running performance
on tangent track, curve performance and vehicle wear performance for the suspension
parameters optimization of railway vehicles.

The optimization and matching of bogie suspension parameters is particularly
important for the design of vehicle hunting stability robustness. Therefore, the design
for hunting stability of bogie suspension parameters is also a process of multi-objective
optimization, and the hunting stability margin of vehicles, as well as the robustness of
bogie suspension parameters and the track adaptability should be taken into account. In
this regard, the robust hunting stability Pareto optimization of bogie suspension para-
meters is considered. A method for the optimization of key bogie suspension para-
meters based on vehicle hunting stability is presented in this paper. The design
objectives for vehicle hunting stability are defined, and the multi-objective optimization
method is adopted to optimize the key suspension parameters affecting the vehicle
hunting stability simultaneously to find out the matching rules for bogie suspension
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parameters, which propose a method for the optimization and design of vehicle
suspension parameters.

2. Hunting stability robustness
2.1. 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 1. The model is composed of seven rigid
bodies, which are one carbody, two frames, and four wheelsets. The carbody and the
frame have lateral, yaw and roll degrees of freedom, and the wheelsets have lateral and
yaw degrees of freedom. The primary suspension is between the wheelset and the frame,
which is composed of lateral, longitudinal and vertical positioning stiffness. Besides, the
primary rotating arm axle box structure is considered in the model. The secondary
suspension is between the carbody and the frame, which is composed of lateral, long-
itudinal and vertical stiffness, damping and anti-roll stiffness. In order to analyse the
effects of series stiffness of the oil damper on vehicle stability, the yaw damper and the
secondary lateral damper are established based on the Maxwell model that consists of
spring and damper in series [21]. The dynamics model has 25 degrees of freedom. The
linear stability of the established vehicle model is emphatically analysed in this paper;
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 in China [22,23], the specific parameters of the model are shown in
Appendix Table Al. The equation of the system dynamics model is as follows:

Mx(t) + Cx(t) + Kx(t) = Q (1)

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 and yaw movement of wheelset are coupled by the wheel-rail tangential forces
[24,25]. The K is an asymmetric stiffness matrix, and the non-diagonal items represent
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Figure 1. Simplified vehicle lateral dynamic model.
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the coupling of the wheelset’s lateral and yaw movement caused by the interaction of
wheel and rail in tangential. 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.

Due to the unsymmetrical nature of the stiffness matrix K, Equation (1) cannot be
transformed 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 effected
though, by using the complex modal transformation [2,17]. To do this, Equation (1) is
recast into the following state-space form,

y(t) = Ay () (2)

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

| O25x25 L5525
A=l MK —MoIC (3)

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

It is necessary to take account of the vehicle running performance on tangent track
and the curve passing performance when designing the bogie suspension parameters.
According to the experience, the horizontal stiffness of the bogie secondary suspension
has great influences on vehicle ride stability and curve passing performance, but has
little effect on vehicle hunting stability. Moreover, the stiffness of the secondary air
spring for the high-speed train varies in a small range. We mainly focus on the vehicle
hunting stability in this paper; thus, the lateral stiffness of secondary suspension is not
optimized. This paper mainly focuses on the key suspension parameters of bogie which
affect the hunting stability of vehicles, such as the primary longitudinal stiffness kpx, the
primary lateral stiffness kpy, the damping of yaw damper csx, the damping of secondary
lateral damper csy, the yaw damper series stiffness kncsx and the secondary lateral
damper series stiffness kncsy, which are chosen as optimization objects to improve the
robustness of hunting stability for railway vehicles.

2.2. Stability robustness index

Horizontal suspension parameters of high-speed train bogies have a remarkable influ-
ence on the vehicle lateral dynamic performance, which mainly reflected in the lateral
comfort, curve passing performance and hunting stability. Due to the high running
speed, the vehicle hunting stability is the most important index, which must be got
much attention in the design.

Errors that inevitably occur in the design and manufacture of bogie suspension
components, and the creep or fajlure of rubber joints and hydraulic dampers, can
result in the change of suspension stiffness and damping, and then affect the vehicle
dynamics performances. In addition, the change of wheel-rail contact geometry caused
by the rail deformation and the tread and rail head wear will also affect the vehicle
dynamic performance. Therefore, a large hunting stability margin in a wide speed range
is required for the high-speed train, as well as remarkable ability to resist the influence
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caused by the disturbance of bogie suspension parameters and wheel-rail contact
parameters on vehicle lateral stability is required. That is to say, the trains need
a strong adaptability for suspension parameters and wheel-rail interaction.

The vehicle speed robustness, suspension parameter robustness and wheel-rail equiva-
lent conicity robustness defined as the robustness of hunting stability are taken into
account in the optimization and matching for bogie suspension parameters. The eigen-
values of the system matrix are calculated for the vehicle linear dynamic model. The ratio
of the real part of eigenvalues to the modulus corresponding to hunting mode regarded as
the natural modal damping is defined as the linear stability index of the system, which is
represented by . When ( is negative, it shows that the linear model is stable. The {5, {350
and (509 are the stability indexes corresponding to the three speed conditions of 200, 350
and 500 km/h, and the corresponding equivalent conicity in this study are 0.05, 0.17 and
0.30, respectively. The smaller the index value, the more stable the system. In order to
evaluate the influence of disturbance resulting from bogie suspension parameters and
wheel-rail contact parameters on the hunting stability of vehicle, the suspension para-
meters are distributed in a certain range, and the stability indexes of the system are
calculated with the different combined suspension parameters, and its standard deviation
is defined as suspension parameters the robustness index. Similarly, the standard devia-
tion of the stability index corresponding to the equivalent conicity distributed in a certain
range of the system is defined as the equivalent conicity robustness index, denoted by
std((par) and std((y), respectively. The smaller the two index values, the smaller the
influence of suspension parameters and equivalent conicity on the system stability, and
the stronger the corresponding robustness. The suspension parameters robustness index
is obtained by calculating the 1000 groups of suspension parameters with uniform
distribution in the range of (+20%) and randomly combined, and the equivalent conicity
robustness index is obtained by analysing the different equivalent conicity uniformly
distributed in the range of 0.05-0.3 in this paper. The stability robustness index and
corresponding calculation condition are shown in Table 1.

2.3. Multi-objective optimal

There is a significant difference between multi-objective optimization and single-
objective optimization. The best solution which is usually regarded as the global
maximum or minimum and known as the global optimal solution can be found in
single-objective optimization. While it is difficult to find a solution to make all objective
functions optimal because of the conflicts and incomparability between objectives for
multi-objective optimization. That is to say, one solution may be the best for one

Table 1. Stability robustness index.
Calculation condition

Index v (km/h) 4 Description

Ca00 200 0.05 Linear stability index of 200 km/h

(350 350 0.17 Linear stability index of 350 km/h

U500 500 0.30 Linear stability index of 500 km/h
std(Cpar) 350 0.17 Suspension parameter robustness index

std((y) 350 0.17 Equivalent conicity robustness index
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objective function, but not the best or even the worst for other objective functions.
Therefore, there is usually a set of solutions, which cannot be compared for multi-
objective optimization. These solutions are called nondominated solutions or Pareto
optimal solutions. By having different design options, the decision-maker can choose
any point from the solution set that meets the performance requirements.

Six suspension parameters, including the primary longitudinal stiffness kpx, the
primary lateral stiffness kpy, the damping of yaw damper csx, the damping of secondary
lateral damper csy, the yaw damper series stiffness kncsx and the secondary lateral
damper series stiffness kncsy are optimized in this paper. Five optimization objectives,
including the {300, (3505 (500> 5td({par) and std ({;) are considered. The multi-objective
optimal design problem is stated as

min{(zoo,Casm(500>5td<(par>’5td((()} (4)

The NSGA-II algorithm can keep the population diversity and improve the compu-
tational efficiency; thus, it is an effective algorithm for solving multi-objective problems.
Therefore, a fast non-dominated sorting genetic algorithm NSGA-II with elitist strategy
is selected for multi-objective optimization design in this study [26]. Most of the default
settings of this algorithm are kept and only two parameters are changed. They are
population size and generation number. In this study, the population size is set to 5000,
and the number of generation is set to 100.

3. The multi-objective optimal results

The genetic algorithm NSGA-II was used in the multi-objective optimization for the
above six groups of key bogie suspension parameters. The Pareto frontier and Pareto set
for the parameters are obtained by iteration and updating suspension parameters to
optimize the vehicle system performance toward the defined objectives, which are
shown in Figure 2. The three coordinate axes represent the vehicle stability index
(200 (350, and (509 corresponding to the speed of 200, 350, and 500 km/h, respectively.
The smaller the value, the better the system stability is. The colour in the figure
indicates the suspension parameter robustness index std((,,,). The darker the color,
the better the suspension parameter robustness is. That is, the suspension parameter
changing within a certain range has a small influence on the vehicle hunting stability is
small. The size of the point in the figure represents the equivalent conicity robustness
index std((;). The larger the point size, the better the equivalent conicity robustness,
which means that the wheel-rail contact geometry has little effect on vehicle stability,
indicating a long vehicle tread turning period and a strong track adaptability.

The Pareto frontier illustrates the contradiction between optimization objectives. The
system stability can be improved at the expense of the suspension parameters robust-
ness, and the system stability is not completely negatively correlated with the equivalent
conicity robustness for different speeds. Therefore, it is necessary to select the suitable
objective values from the Pareto frontier that satisfies the design requirements, and then
to acquire the corresponding suspension parameters.

Considering that it is difficult to deal with large amounts of data of Pareto frontier in
Figure 2, the K-Means clustering method [27] is adopted in this study. After
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Figure 2. Pareto frontier of multi-objective optimization.
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Figure 3. Cluster analysis of pareto frontier.

normalizing the Pareto frontier data, and clustering according to the spatial distance,
the cluster centres are evenly distributed in the Pareto frontier. Twenty cluster centres
are obtained by clustering the Pareto frontier, as shown in Figure 3. The clustering
results of the suspension parameter robustness index std((p,) and the equivalent
conicity robustness index std((;) are shown in Figure 4.

The 6 representative clusters were extracted from the 20 clusters for further analysis.
Figure 5 is a radar chart corresponding to the five optimization objectives of the six
cluster centres. The farther the coordinate axis in the radar chart is, the smaller the
objective value is, which means a better objective performance. The objective values of
(300 and 350 corresponding to 16th cluster are the smallest. The objective values of (5o,
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Figure 5. Objective values of the six cluster centres.

std(Cpar), and std({;) corresponding to 5th, 9th, and 7th clusters are the smallest,
respectively. The 13th and 2nd clusters are typical parameter sets that take into account
the trade-off of the five objectives, with which the system performances are in balance.
The suspension parameters corresponding to the six cluster centres are shown in Table 2.
Based on the vehicle dynamics analysis in section 4, the suspension parameter matching
type of 16th, 5th, 9th, and 13th clusters is defined as the Type 1, and the parameter
matching type of 7th and 2nd clusters is defined as the Type 2.
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Table 2. Suspension parameters of the six cluster centres.

kpx kpy csx csy kncsx kncsy Matching
Cluster (N/m) (N/m) (N s/m) (N s/m) (N/m) (N/m) type
16 4.07E+07 5.94E+06 4.61E+06 3.41E+04 1.17E+07 2.67E+07 1
5 2.44E+07 1.41E+07 2.99E+06 3.07E+04 3.15E+07 1.94E+07 1
9 1.79E+07 7.51E4+06 4.70E+06 1.71E+04 2.44E+07 1.49E+07 1
7 4.40E+07 2.57E+07 7.21E4+05 2.52E+04 3.36E+07 1.41E+07 2
13 2.50E+07 7.43E+06 3.00E+06 3.62E+04 2.35E+07 1.16E+07 1
2 1.07E+08 4.40E+06 8.30E+05 3.62E+04 1.81E+07 2.11E+07 2
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Figure 6. Suspension parameter distribution of the six clusters.

Figure 6 reflects the distribution of corresponding six groups suspension parameters
of the selected six clusters, and it is represented by a Box-plot. The number of
parameter sets corresponding the six clusters is 19, 37, 28, 54, 25, and 32, respectively.
The emphasized optimization objective of each cluster is different, and the matching
rules of suspension parameters for the corresponding objectives can be obtained by
observing the graphs. It can be seen from the graph that kpy and kncsy have no obvious
influence on the system stability, which can also be confirmed from the correlation
analysis in section 4. For the suspension parameters of 16th cluster, the stability indexes
(500 and (350 are better, and a smaller kncsx and a larger csx are beneficial to the two
indexes. For the 5th cluster, the stability index (s is better, where a smaller kpx as well
as a larger csx and kncsx are beneficial to the system hunting stability under the ultra-
high speed condition. For the 9th cluster, the suspension parameters robustness index
std((pqr) is the best, and a smaller kpx, csy as well as a larger csx are beneficial to the
index. For the 7th cluster, the equivalent conicity robustness index std((;) is the best,
and a larger kpx as well as a smaller csx improves the equivalent conicity robustness.
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According to the analysis of the suspension parameter distribution of the Pareto set,
two types of suspension parameters matching rules for improving vehicle hunting
stability robustness can be summarized. The first one is the matching of small primary
longitudinal stiffness kpx with large yaw damping csx. The second one is the matching
of large primary longitudinal stiffness kpx with small yaw damping csx. The 13th and
2nd clusters are selected to represent the two types of the typical matching rules, with
which the multiple optimal indexes are taken into account, and the vehicle dynamic
performances are more balanced. Compared with 2nd cluster, the stability margin of
vehicle system adopting the suspension parameters of 13th cluster is larger, but the
equivalent conicity robustness is worse, while the suspension parameters robustness are
equal. The two types of suspension parameters matching rules are consistent with the
two types of high-speed trains currently in service in China.

In order to analyse the system hunting stability of the vehicle corresponding to the
six groups of suspension parameters in Table 2, the linear stability index of the vehicle
with the variation of equivalent conicity and running speed is calculated as shown in
Figure 7. It can be observed from the graphs that the change of the running speed has
a little effect on the hunting stability when the variation range of the stability index
along the longitudinal axis is small, which suggests that the system has strong speed
robustness. The influence of the running speed on the stability of the vehicle with low
equivalent conicity is smaller than the vehicle with high equivalent conicity. When the
stability index changes little along the abscissa axis, the equivalent conicity robustness
of the vehicle is better. It can be drawn from the figure that the stability of the vehicle
adopting different suspension parameters has significantly different effects with the
variation of equivalent conicity and running speed.

For the 16th, 5th, and 13th clusters, there are larger stability regions, and the stability
of the 16th cluster is better at low equivalent conicity, while the 5th cluster is better at

500 pro 500 — - 500
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Figure 7. Vehicle stability index at different speed and equivalent conicity.
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high speed. The stability regions of 7th and 2nd clusters are smaller, but the system
stability is less affected by the variation of vehicle speed and equivalent conicity. When
the vehicle adopts the suspension parameters of Type 2, a larger equivalent conicity
tread is needed to ensure the vehicle hunting stability. No matter which type of
suspension parameter is adopted, the system stability will become worse if the equiva-
lent conicity of wheel-rail contact is too small. With the increase of running speed and
equivalent conicity, the variation of vehicle system stability corresponding to the six
groups of suspension parameters is inconsistent, so it can be inferred that the bifurca-
tion forms of the vehicle non-linear stability will be different.

4. Optimal matching of suspension parameters
4.1. Speed robustness

The root loci of the vehicle system with the change of running speed according to the
six groups of suspension parameters are shown in Figure 8. Each root locus is com-
posed of 40 sets of characteristic roots in the speed range of 20-800 km/h, and each ‘+’
indicates a corresponding mode. The larger symbol represents a larger running speed.
The horizontal axis indicates the mode damping ratio { (negative sign indicates a stable
value), which is the ratio of the real part to the modulus of eigenvalues of the system
matrix. The vertical axis indicates the damped vibration frequency of mode, which is
the imaginary part of eigenvalues. Normally, as the speed increases, the hunting-related
mode’s damping reduces. When the { is greater than 0, the hunting movement is

40 o
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Figure 8. Root loci of the vehicle with the change of speed.
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unstable. Mostly, the low-frequency hunting mode (1-5 Hz) determines the vehicle
hunting critical speed.

Comparing the speed root locus of the vehicle system with the six groups of
suspension parameters, it can be found that the root locus curve is consistent with
the classification of the suspension parameter type. Type 1 adopts the rule that a smaller
kpx matches a larger csx, and the stability of the bogie hunting mode with frequency
below 2 Hz is enhanced with the increasing vehicle speed, such as the suspension
parameters according to 16th, 5th, 9th, and 13th clusters. Type 2 adopts opposite rule
that a larger kpx is matched with a smaller csx, with which the hunting mode with
frequency range of 1 ~ 4 Hz affects the linear stability of the vehicle system. The
stability of bogie hunting mode decreases with the increase of the vehicle speed, such as
the suspension parameters according to 7th and 2nd clusters.

The stability of the vehicle adopting the suspension parameter corresponding to the
16th cluster is better at the speed of 200 km/h and 350 km/h, while the vehicle
corresponding to 5th cluster has a better stability at ultrahigh speed, which has
a good stable margin for speed. The vehicle adopting the suspension parameters
based on 7th and 2nd clusters has poor a stability margin, but the variation on the
system stability index is small with the change of running speed. This is consistent with
the results in the radar chart of Figure 5.

Each suspension parameter is normally distributed within a certain range, and the
suspension parameters are combined randomly with each other. Furthermore, the
stability index of the vehicle with the random combined parameters is calculated,
respectively. Therefore, the influence of the suspension parameters on the stability of
the vehicle system can be evaluated by the suspension parameter robustness index. Take
the 16th cluster suspension parameters as an example, Figure 9 shows the influence of
suspension parameter distribution on the system stability of the vehicle at the speed of
350 km/h. The abscissa axis represents the scaling coefficient of suspension parameters,
and the vertical axis represents the vehicle stability index {35. It can be drawn from the
figure that the system stability index decreases with the increasing csy, and the corre-
sponding vehicle hunting stability improves. Namely, (350 is negatively correlated with
csy for this group of suspension parameter.

In order to analyse the correlation between the index and each suspension para-
meter, the regression coefficient was calculated utilizing the method of partial least-
squares regression [27]. Partial least-squares regression coeflicient 8 (hereinafter called
regression coefficient) between (350 calculated under the 6 groups of suspension para-
meters and each suspension parameter is shown in Figure 10. The higher the histogram
in the figure, the stronger the correlation among the corresponding parameter and
system performance indexes is. If the correlation between the suspension parameter and
the system performance index is weak, it indicates that the group of suspension
parameters is reasonable for the performance index. The calculated regression coeffi-
cient B[(500] and B[{s0] at the speed of 200 and 500 km/h are shown in Tables 3 and 4,
respectively. Based on the correlation analysis of the (5, increasing csy and decreaseing
kncsx lead to the reduction of the index value of (50, improving the hunting stability of
the vehicle system at speed of the 200 km/h. According to the (35, increasing csy as well
as decreasing kpx, csx, and kncsx result in the diminution of (35 for the suspension
parameters of Type 1. For the suspension parameters of Type 2, such as 7th and 2nd
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Figure 10. Correlation analysis between (350 and suspension parameters.

clusters, increasing csx is conducive to reducing (350. Corresponding to the (500,
increasing kncsx is beneficial to reducing (500 for the suspension parameters of Type
1. For the suspension parameter of Type 2, increasing csx is conducive to reducing (s,
and improving the vehicle hunting stability at the speed of 500 km/h.
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Table 3. Correlation analysis between (5o and

suspension parameters.

B [¢200]
Cluster kpx kpy csx csy kncsx kncsy
16 0.04 -0.05 —-0.69 0.66 -0.00 0.04
5 0.02 0.01 -0.70 0.37 0.01 0.02
9 0.01 0.11 -0.69 0.33 0.00 0.01
7 0.09 0.36 -0.14 0.44 0.00 0.09
13 0.01 -0.07 -0.67 0.51 -0.00 0.01
2 0.40 0.12 -0.23 0.84 -0.02 0.40

Table 4. Correlation analysis between (5o, and suspension parameters.

B [{s00]
Cluster kpx kpy csx csy knesx kncsy
16 -0.11 0.37 —-0.00 -0.27 -0.90 —0.00
5 -0.47 0.00 0.02 -0.23 -0.77 -0.01
9 -0.59 0.09 0.01 —-0.15 —-0.81 —0.00
7 0.38 0.02 -0.87 -0.06 0.27 -0.00
13 —-0.40 0.14 0.02 -0.27 —-0.88 0.00
2 0.11 0.24 -0.88 -0.21 0.18 0.02

4.2. Suspension parameter robustness

Each suspension parameter is normally distributed within a certain range and the suspension
parameters are combined randomly with each other. Furthermore, the standard deviation of
system stability index is calculated, which defined as the vehicle suspension parameter
robustness index. According to this method, the sensitivity of vehicle suspension parameters
on the hunting stability can be evaluated. Take the 16th cluster as an example, the calculation
results of this group of suspension parameters are shown in Figure 11. The abscissa axis
represents the scaling coefficient of suspension parameters, and the vertical axis represents the
suspension parameter robustness index std((pm). Figure 12 shows the regression coefficient f3
between suspension parameters robustness indexes calculated under the 6 groups of suspen-
sion parameters and each suspension parameter. There are remarkable distinctions in the
influence law between the each group of parameters. The smaller the height of the histogram
implies that the influence of the suspension parameter on std((,,,) is smaller. For the
suspension parameters of Type 1, increasing csx as well as decreasing csy and kncsx is beneficial
to improve the vehicle suspension parameters robustness. For the suspension parameters of
Type 2, increasing kpx, kncsx and decreasing csx are beneficial to enhance the vehicle
suspension parameters robustness.

4.3. Equivalent conicity robustness

The root loci of the vehicle system with the change of equivalent conicity according to the six
groups of suspension parameters are shown in Figure 13, in which the vehicle running speed is
350 km/h. Each root locus curve is composed of 25 sets of characteristic roots in the equivalent
conicity range of 0.02-0.5, and each ‘o’ indicates a corresponding mode. The larger symbol
represents a larger equivalent conicity. The horizontal axis indicates the mode damping ratio {
(negative sign indicates a stable value), which is the ratio of the real part to the modulus of
eigenvalues of the system matrix. The vertical axis indicates the damped vibration frequency
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Figure 11. The std((,,) with scaling of suspension parameters of 16th cluster.
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Figure 12. Correlation analysis between std((,,,) and suspension parameters.

of the mode, which is the imaginary part of eigenvalues. When the ( is greater than 0, the
hunting movement is unstable. Mostly, the low-frequency hunting mode (1-5 Hz) determines
the vehicle hunting critical speed. Normally, as the equivalent conicity increases, the hunting-
related mode damping increases first and then decreases.
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Figure 13. Root loci of the vehicle with the change of equivalent conicity.

In the figure, when the normal equivalent conicity of the vehicle is located at the turning
position of the bogie hunting root locus, the equivalent conicity robustness index of the vehicle
is small. The small vehicle equivalent conicity robustness index indicates that the hunting
stability is insensitive to the variation of the wheel-rail contact equivalent conicity. In other
words, the vehicle has strong adaptability to the track variation, such as variable rail cant and
rail head profile, as well as a long repair period for the tread, which reduces the costs of vehicles
operation and maintenance. It is observed from the figure that the stability of the vehicle
corresponding to the suspension parameters of 7th and 2nd clusters is less affected by the
variation of the equivalent conicity. In fact, the vehicle hunting instability due to the low
wheel-rail contact equivalent conicity occurs occasionally, especially in the situation of a new
tread profile or larger rail cant. By means of increasing the hunting stability of the vehicle, the
equivalent conicity robustness and the system stability with low equivalent conicity of the
vehicle are better, such as the suspension parameters of the 16th cluster. But the excessive
stability margin will reduce the lateral displacement of the wheel-rail contact point, resulting
in the local tread wear easily.

Similarly, the influence of the suspension parameter matching on the equivalent conicity
stability can be evaluated according to the method of random parameters. The regression
coefficient § among std({;) and each suspension parameter is shown in Figure 14. For
suspension parameters of Type 1, decreasing kncsx and increasing csx are beneficial to
improve the vehicle equivalent conicity robustness. For the suspension parameters of Type
2, decreasing csx and increasing kncsx are beneficial to the vehicle equivalent conicity
robustness.
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Figure 14. Correlation analysis between std((;) and suspension parameters.

5. Conclusion

(1)

(2)

3)

The concept of robust hunting stabilities is proposed, and the running speed
robustness, suspension parameter robustness, and equivalent conicity robustness
for vehicle system are defined. Based on the robustness indexes, the key suspen-
sion parameters of bogie affecting the vehicle hunting stability are optimized.
The genetic algorithm of NSGA-II is adopted to calculate the Pareto frontier of
multiple objectives and Pareto set of vehicle optimal suspension parameters. The
vehicle system has better robustness indexes by adopting the optimized suspen-
sion parameters to improve the adaptability for the variation of suspension
parameters, tread profile, as well as track, such as variable rail cant and rail
head profile, in a wide speed range.

Six groups of typical suspension parameters are obtained by cluster analysis for
the optimization results, and the corresponding robustness indexes for the
vehicle hunting stability are analysed. Two typical optimization and matching
rules of key suspension parameters of bogies for high-speed trains based on
hunting stability robustness are obtained. The first one is the matching of small
primary longitudinal stiffness with large yaw damping, with which the hunting
stability and suspension parameters robustness of the vehicle system are better.
The second one is the matching of large primary longitudinal stiffness with small
yaw damping, with which the vehicle speed robustness and equivalent conicity
robustness are better, but the tread with a larger equivalent conicity is required
to ensure the vehicle hunting stability.

The correlations among suspension parameters and each index are analysed by
multivariate statistical analysis, which indicates the optimization direction for the
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suspension parameters. When the correlation among suspension parameters and
the optimized index is small, it indicates that the optimization and matching for
suspension parameters are better. For the suspension parameters of Type 1,
reducing the csx and kncsx, as well as increasing the csx is conducive to
improving the vehicle system stability, the suspension parameter robustness as
well as the equivalent conicity robustness. For the suspension parameters of Type
2, increasing the kpx and kncsx, as well as reducing csx is beneficial to vehicle
system stability and suspension parameter robustness. Besides, the csx has strong
correlation with the equivalent conicity robustness index, and reducing csx is
conducive to improving the vehicle equivalent conicity robustness.
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Appendix

Table A1. The vehicle model parameters.

Symbol Definition Value
my, Mass of the wheelset 1639 kg
L Yaw inertia of the wheelset 822 kg m?
mg Mass of bogie frame 2328 kg
Ige Roll inertia of bogie frame 2110 kg m?
Iz Yaw inertia of bogie frame 4080 kg m?
me Mass of carbody 38,936 kg
lex Roll inertia of carbody 1.67e6 kg m?
ley Yaw inertia of carbody 9.61e5 kg m?
ky, Primary vertical stiffness per axle 0.75 kN/mm
Ksx Secondary longitudinal stiffness 0.133 kN/mm
ks, Secondary lateral stiffness 0.133 kN/mm
ks, Secondary vertical stiffness 0.2 kN/mm
Csz Secondary vertical damper damping 10 kN s/m
Coz Primary vertical damper damping 10 kN s/m
kg Stiffness of anti-roll torsion bar 4.15 MN m/rad
2l Lateral spacing of primary suspension 2000 mm
I Length of axle box arm 480 mm
2b Wheel base 2500 mm
2L Length between bogie centers 17,375 mm
2ly Distance of the contact spot 1493 mm
21, Lateral spacing of the secondary suspension 2200 mm
ro The wheel rolling radius 460 mm
fl The longitudinal creep coefficient 1e7 N

fy The lateral creep coefficient 1e7 N

k, The contact stiffness of the wheel-rail 500 kN/mm
& Wheel-rail contact conicity 0.05, 0.17, 0.30
% Running speed 200, 350, 500 km/h
kox Primary longitudinal stiffness per axle Optimized
ky Primary lateral stiffness per axle Optimized
Cox Yaw damper damping Optimized
Cy Secondary lateral damper damping Optimized
Knx Series stiffness of yaw damper damping Optimized
Kny Series stiffness of secondary lateral damper damping Optimized
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