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Abstract:  High-speed locomotives are prone to carbody or bogie hunting when the wheel-rail contact conicity is excessively low 

or high. This can cause negative impacts on vehicle dynamics performance. This paper presents four types of typical yaw damper 

layouts for a high-speed locomotive (Bo-Bo) and compares, by using the multi-objective optimization method, the influence of 

those layouts on the lateral dynamics performance of the locomotive; the linear stability indexes under low-conicity and 

high-conicity conditions are selected as optimization objectives. Furthermore, the radial basis function-based high-dimensional 

model representation (RBF-HDMR) method is used to conduct a global sensitivity analysis between key suspension parameters 

and the lateral dynamics performance of the locomotive, including the lateral ride comfort on straight tracks under the low-conicity 

condition, and also the operational safety on curved tracks. It is concluded that the layout of yaw dampers has a considerable 

impact on low-conicity stability and lateral ride comfort but has little influence on curving performance. There is also an important 

finding that only when the locomotive adopts the layout with opening outward, the difference in lateral ride comfort between the 

front and rear ends of the carbody can be eliminated by adjusting the lateral installation angle of the yaw dampers. Finally, force 

analysis and modal analysis methods are adopted to explain the influence mechanism of yaw damper layouts on the lateral stability 

and difference in lateral ride comfort between the front and rear ends of the carbody.  
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1 Introduction 

 

The yaw damper, as one of the important sus-

pension components of railway vehicles, is installed 

longitudinally between the bogie frame and the car-

body. It can significantly attenuate the lateral vibra-

tion of the bogie frame and suppress the carbody's 

yaw motion, thus enhancing the critical speed of ve-

hicles. Therefore, a reasonable selection of yaw 

damper parameters is particularly important to im-

prove the lateral ride comfort of the carbody and to 

reduce the wheel-rail lateral force (Persson et al., 

2014; Wang et al., 2011, 2014; Zhang et al., 2021). 

Yan et al. (2018, 2019) analyzed the influence of the 

yaw damper’s damping and series stiffness on the 

bogie stability and bifurcation type in detail. They 

combined the central popular theorem and the para-

digm method to obtain expressions for critical speed 

and bifurcation types related to the damping and se-

ries stiffness of the yaw damper, and showed qualita-

tively the influence trend of the yaw damper’s 

damping and series stiffness on the bifurcation type of 

bogies. Zeng et al. (2021) studied the stochastic fail-

ure process of damper elements and its influence on 

the dynamics performance of railway vehicles, and 

the results showed that the deterioration of failure 

probability and damping reduction amplitude would 

cause stronger vibrations. Among them, the stochastic 

failure of the secondary lateral damper and the yaw 

damper was harmful to lateral vehicle dynamics, 

which fully demonstrated the importance of yaw 

dampers on railway vehicles. Xia et al. (2021) con-

structed a bogie mechanical model with four degrees 

of freedom in which the constitutive relationship of 
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yaw dampers was considered, and analyzed the in-

fluence of damper parameters and installation posi-

tion on stability, comfort and steering ability. It was 

found that the larger lateral installation position and 

damping, as well as relatively small stiffness, were 

beneficial to the bogie lateral stability, and the design 

trend based on stability and comfort was consistent 

but contradictory to the curving performance. Aiming 

at the low-frequency swaying phenomenon of the 

carbody for HEMU-430X, Jeon et al. (2016) found 

that, through simulation results and experimental 

data, the carbody hunting instability phenomenon 

disappeared after the position of yaw dampers was 

changed, and analyzed whether the position of yaw 

dampers could generate a yaw torque to explain the 

influence mechanism, from the perspective of a single 

bogie. This shows that the yaw damper layout also 

holds a notable effect on the lateral dynamics per-

formance of railway vehicles. However, there are 

relatively few scholars studying the yaw damper 

layout. 

Yaw damper parameters and layouts have dif-

ferent influences on multiple vehicle dynamics per-

formance indexes, which belongs to the mul-

ti-objective problem. Multi -objective optimization is 

widely applied in multiple fields of railway vehicles 

and is a useful technique for resolving actual engi-

neering challenges, where the genetic algorithm (GA) 

is frequently utilized because it demonstrates notable 

superiority over the majority of intelligent search 

algorithms, including the highest likelihood of global 

optimization (Goldberg, 1989). Johnsson et al. (2012) 

conducted the optimization of damping characteris-

tics in bogie suspensions employing the GA, with the 

aim of enhancing the ride comfort and running safety 

for railway vehicles. Bideleh et al. (2016a, 2016b, 

2016c) adopted GAs to perform the wear/comfort 

Pareto optimization of some bogie suspension com-

ponents, which is for a railway vehicle dynamics 

model owing 50 degrees of freedom. Jiang et al. 

(2020) employed GAs to optimize the curving dy-

namics performance of articulated monorail vehicles 

and pointed out that the multi-parameter and mul-

ti-objective optimization method could be used for 

other types of railway vehicles. Pålsson et al. (2012) 

presented to optimize the specified track gauge vari-

ation in the switch panel of railway turnouts to reduce 

track profile wear through a genetic algorithm, and 

two different vehicle models of freight car and pas-

senger car were established, where research results 

showed that the optimal gauge configuration was 

uniform for both vehicle types. Besides, Yao et al. 

(2019) and Chen et al. (2022) proposed the concept of 

robust of hunting stability for high-speed trains, and 

the improved non-dominated sorting genetic algo-

rithm NSGA-II  was utilized to optimize suspension 

parameters, obtaining the suspension parameters 

matching law for high-speed trains. Li et al. (2022) 

carried out the multi-objective optimization of several 

suspension parameters with respect with to lateral 

stability and ride comfort for the high-speed locomo-

tive (Bo-Bo) by GAs, and extracted the matching 

relationship of suspension parameters through data 

analysis methods. Three types of combination modes 

of suspension parameters were proposed, and it was 

pointed out that there is a strong positive correlation 

between lateral ride comfort and stability under the 

low-conicity condition. 

The yaw damper parameters and layouts are 

closely related to the carbody lateral ride comfort. In 

recent years, Chinese high-speed locomotives with a 

speed of 200 km/h have appeared the phenomenon of 

carbody hunting when running on some special sec-

tions of straight track, seriously affecting the ride 

comfort of passengers and drivers. This phenomenon 

has attracted extensive attention from locomotive and 

vehicle manufacturers and researchers. Studies have 

shown that the carbody hunting instability caused by 

low wheel-rail contact conicity is an important reason 

for the low-frequency swaying phenomenon, and 

some solutions, such as adjusting the suspension pa-

rameter and re-profiling the rail profile, have been 

proposed (Sun et al., 2021). Thus, the intention of this 

paper is to research the effect of yaw damper layouts 

on the lateral dynamics performance of locomotives, 

including lateral stability, ride comfort and curving 

performance.  

 

2 Multibody modelling 
 

The composition of the locomotive dynamics 

model with 90 degrees of freedom is presented in this 

section, which is developed in SIMPACK software, 

and the four typical layouts of yaw dampers are de-

scribed. Besides, track conditions and irregularities, 

as well as the MATLAB /SIMPACK co-simulation 

platform adopted in the following simulations, are 

introduced. 
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2.1 High-speed locomotive dynamics model  

A high-speed locomotive (Bo-Bo) dynamics 

model with 90 degrees of freedom (DOFs) is devel-

oped in SIMPACK software, see Fig. 1. The model 

contains one carbody, two bogie frames, four wheel-

sets, two traction rods, four motors and hollow shafts 

as well as eight rotary arm bodies, a total of 25 rigid 

bodies. There are six DOFs in space for some bodies, 

which include the carbody, bogie frames, and 

wheelsets as well as motors. Every hollow shaft al-

lows lateral, rolling, and yaw motions around the 

wheelset, each traction rod owns two DOFs including 

yaw and pitch motions for the carbody, and every 

rotary arm only holds a rotation motion for the wheel 

axle. The wheel/rail functions are built based on the 

CN60 rail and JM3 wheel profiles, and the track 

gauge is set to 1.435 m. FASTSIM algorithm is 

adopted to compute the creep force (Kalker, 1982), 

where the Kalker weighting factor is 1, and the algo-

rithm is based on the Kalker’s simplified theory, in 

which the wheel-rail contact model belongs to Hertz 

type. The main dynamics parameters for the model 

are shown in Appendix Table A1. 

 

 
Fig. 1  High-speed locomotive dynamics model 

 

The bogie suspension system consists of many 

suspension elements, which can be divided into two 

major categories: primary suspension and secondary 

suspension. Specifically, the primary suspension acts 

between the wheelset and bogie frame, which in-

cludes rotary arms, axle box springs and primary 

vertical dampers. The secondary suspension works 

between the bogie frame and carbody, involving the 

secondary lateral damper, secondary vertical damper, 

yaw damper as well as flex-coil spring, and secondary 

lateral stoppers are also established. Moreover, the 

locomotive model considers the nonlinear character-

istics of all dampers and stop elements in the form of a 

piecewise function and all the dampers are modeled 

using the Maxwell model. Besides, the Wuhan 

Guangzhou High-speed Rail track spectrum (Li et al., 

2014) is used for the following time-domain simula-

tions on straight and curved tracks. It should be noted 

that the accuracy of the locomotive dynamics model 

has been verified through on-track test results de-

scribed in a previous paper (Li et al., 2022). 

2.2 Yaw damper layouts  

According to practical engineering experience, 

four types of yaw damper layouts are proposed, 

whose schematic diagrams are shown in Fig. 2. The 

layouts are named by reference to their opening form 

and the connection positions of the yaw dampers on 

the bogie frame and carbody. Comparing Figs. 2a and 

2b, we can conclude that the layout form of yaw 

dampers on both sides of a single bogie is symmet-

rical about the longitudinal centerline of the bogie 

frame. The opening direction of the former is towards 

the carbody center, but the opening direction of the 

latter is away from the carbody center, so they are 

named as opening inward (OI) and opening outward 

(OO), respectively. In Figs. 2c and 2d, it can be seen 

that yaw dampers on both sides of a single bogie are 

arranged symmetrically with respect to the center of 

bogie frame. The connection position of yaw dampers 

on the bogie frame is close to the horizontal centerline 

of bogie frame for the former, but the connection 

position on the carbody is adjacent to the horizontal 

centerline for the latter. Therefore, the last two layouts 

are called skew symmetry (SS) and anti-skew sym-

metry (ASS). The yaw damper damping Csx and its 

series stiffness Kncsx as well as lateral installation 

angle Acsx are all considered in the research. 

 

 
Fig. 2  The schematic diagram of yaw damper layouts 
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2.3  MATLAB/SIMPACK co -simulation platform  

During the multi-objective optimization and 

Monte Carlo simulations for vehicle dynamics per-

formance, the optimization algorithms or sampling 

methods are generally completed in MATLAB, but 

the modeling and calculation for the locomotive dy-

namics model are implemented by SIMPACK. Con-

sequently, it is extremely critical to connect 

MATLAB and SIMPACK software to accomplish the 

optimization and simulation procedures. Here, the 

MATLAB/SIMPACK co-simulation platform is es-

tablished via SIMPACK script languages, including 

the pre-processing language ‘sjs’ and post-processing 

language ‘qs’, which are specific coding languages of 

SIMPACK. Concretely, the function of ‘sjs’ lan-

guages is to modify values of optimized parameters 

and perform simulation calculations, and the action of 

‘qs’ languages is to obtain simulation results. Fig. 3 is 

the specific flowchart of the MATLAB/SIMPACK 

co-simulation platform, where a sequence of ‘sjs’ and 

‘qs’ languages can be edited and executed by 

MATLAB , and the co-simulation process will be 

terminated when the prescribed maximum iteration 

number or sample times are reached. Finally, opti-

mization results can be saved in MATLAB, and data 

analysis, such as a sensitivity analysis, can also be 

conducted. 

 

 
Fig. 3  The flowchart of the MATLAB /SIMPACK co-simulation platform  

 

3 Dynamics evaluation index 

 

This section presents the definition, calculation 

and evaluation methods of lateral stability, lateral ride 

comfort and operation safety indexes, which all refer 

to the GB/T5599-2019 standard, and the above 

evaluation indexes will be used in the following Pa-

reto optimization and suspension parameters analysis. 

3.1 Lateral stability  

Lateral stability is one of the most basic dy-

namics requirements for railway vehicles, and en-

sures that the vehicles can run on tracks stably. Gen-

erally, the lateral stability of railway vehicles system 

includes linear stability and nonlinear stability. The 

former is adopted to evaluate lateral stability of the 

studied locomotive, which can considerably reduce 

the computational workload and meanwhile describe 

the lateral stability to some extent (Polach, 2006a, 

2006b). The linear stability is calculated for the line-

arized locomotive dynamics model, whose essence is 

to solve eigenvalues and eigenvectors of the Jacobian 

matrix for the vehicle linear system. The calculation 

equations are as follows: 

= +a bih                               (1) 

/ 2= pf b                              (2) 

2 2/= +a a bz                           (3) 

In Eq. (1), i represents the imaginary unit and ɖ 

indicates the eigenvalue of the linear system; the 

symbols a and b stand for the corresponding real part 

and imaginary part, respectively. As Eq. (2) shows, f 

represents the modal vibration frequency, which can 

reflect the vibration level of the system. In Eq. (3), the 

symbol z stands for the modal vibration-damping 

ratio, defined as the linear stability index; the system 

is considered stable if  the value of z is smaller than 

zero. Also, the vehicle system is regarded to be stable 

enough when the index z is smaller than -0.05 (Po-

lach, 2006b). 
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3.2 Lateral ride comfort  

Many developed railway countries have indi-

vidual evaluation systems for ride comfort, such as 

the Chinese GB/T5599, European UIC513 and in-

ternational standard ISO2613, etc., which are mostly 

used to evaluate the comfort of passengers or drivers 

on trains and the integrity of goods loaded on railway 

trucks. The ride comfort index is formulated for 

evaluating the carbody’s random vibration. The 

Sperling index is usually used to appraise the ride 

comfort for railway vehicles. It contains the lateral 

and vertical ride comfort indexes, and the former is 

the one examined here. The calculation equation of 

the lateral ride comfort index Wy is expressed as 

(National Railway Administration, 2019): 

310
y

y
3.57 ( )= a

a

A
W F f

f
                      (4) 

As Eq. (4) shows, Ay represents the lateral ac-

celeration amplitude in the frequency domain, fa in-

dicates the corresponding frequency, and F(fa) stands 

for the frequency correction coefficient. In the cal-

culation procedure of Wy, the measurement location is 

generally the carbody floor. To study the difference in 

lateral ride comfort between the front and rear ends of 

the carbody, lateral accelerations at the carbody’s 

front and rear ends are both extracted, and the corre-

sponding lateral ride comfort indexes are obtained, 

which are represented by Wyf and Wyr, respectively. 

The limit value for an excellent level of locomotive 

lateral ride comfort is 2.75, and smaller values of Wy 

represent a better lateral ride comfort performance. 

3.3 Operational safety 

Generally, the operational safety constraints for 

railway vehicles are very extensive, including the 

vehicle dynamics performance and structural strength 

as well as track response, etc. However, only evalua-

tion indexes for operational safety related to the ve-

hicle lateral dynamics performance are studied here. 

The operational safety indexes are often related to the 

force of railway vehicles on tracks, such as the 

wheelset lateral force, derailment coefficient and 

overturning coefficient. These indexes are relatively 

large when railway vehicles run on curved tracks, and 

the overturning coefficient is primarily utilized to 

evaluate the operational safety of a vehicle running 

under crosswind conditions. Thus, in this study, the 

wheelset lateral force ɻWF and derailment coefficient 

ɻDC are selected to evaluate the locomotive’s curving 

dynamics performance. 

The wheelset lateral force ɻWF is the algebraic 

sum of the left and right wheel-rail lateral forces on 

the same wheelset and evaluates whether the track 

gauge will be widened or tracks will be severely de-

formed because of the excessive lateral force during 

vehicle operation. In addition, there are various dy-

namics standards concerning the evaluation value of 

the wheelset lateral force. The calculation equation of 

the adopted evaluation method is as follows: 

WF 015 / 3¢ +PG                             (5) 

where P0 is the static axle weight, ‘kN’, and the limit 

value of the wheelset lateral force ɻWF is about 78 kN 

for the locomotive studied here. 

The derailment coefficient ɻDC is formulated 

according to the derailment condition of wheel 

climbing, and is used to assess whether the wheel rim 

of a railway vehicle will climb onto the rail head and 

even derail under the action of lateral forces. The 

calculation method and critical value calculation 

equations are defined as: 

DC

tan
/

1 tan

-
= =

+
Y Q

a m
G

m a
                    (6) 

In Eq. (6), Y and Q are the lateral force and ver-

tical force acting on the rail by the wheels on the 

climbing rail side, and Ŭ and ɛ are the wheel flange 

angle and wheel-rail friction coefficient, respectively. 

In the practical calculation of the derailment coeffi-

cient, it is only required to extract values of Y and Q, 

and ɻRD is the ratio of Y to Q on the same wheelset. 

Besides, when the curve radius of operation condi-

tions is within the range of 250~400 m, the limited 

value of ɻDC is 0.9, and a smaller value of ɻRD means 

that the railway vehicle has a better operational safety 

performance. 

4 Multi-objective optimization 

 

In this section, several low-conicity/high- 

conicity stability Pareto optimization problems are 

formulated and solved for locomotive models with 

four layouts of yaw dampers and the matching rela-

tionship between yaw damper layouts and suspension 

parameters for the locomotive’s lateral stability is 

determined. 

4.1 Optimization scenarios 

Lateral stability is one of the most important 

dynamics performance for railway vehicles. The 
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primary function of yaw dampers is to improve lateral 

stability for the vehicle system. Moreover, lateral 

stabilities under low-conicity and high-conicity con-

ditions are generally contradictory and must be sim-

ultaneously satisfied in the design of railway vehicles. 

The purpose of this study is to analyze the influence 

of yaw damper layouts on the locomotive’s lateral 

dynamics performance. Since an excessive number of 

optimization objectives is harmful when comparing 

the influence results, only the low-conicity stability 

index ɕlow and high-conicity stability index ɕhigh are 

selected as optimization objectives and for which 

equivalent conicities at 3 mm of wheel-rail relative 

displacement are 0.04 and 0.4 respectively. The de-

tailed settings for the two objectives are shown in 

Table 1.  
 

Table 1  Optimization indexes and operation settings 

Index 
Calculation condition 

Wheel tread Rail cant Description 
v (km/h) conicity 

ɕlow 200 0.04 JM3_new 1/20 Low-conicity stability index 

ɕhigh 200 0.40 JM3_wear 1/40 High-conicity stability index 

 
Table 2  Design parameters and optimization ranges 

Parameters Design ranges Description 

Csx 200~2000 (kN.s/m) Damping of yaw damper  

Kncsx 10~50 (kN/mm) Series stiffness of yaw damper 

Acsx 0~10 (°)  Lateral installation angle of yaw damper 

Kpx 10~100 (kN/mm) Primary longitudinal stiffness 

Kpy 2~10 (kN/mm) Primary lateral stiffness  

Csy 10~60 (kN.s/m) Damping of secondary lateral damper  

 

The optimization direction is to obtain smaller 

values of both optimization objectives simultane-

ously, as shown in Eq. (7). 

{ }low highmin ,z z                        (7) 

In the low-conicity/high-conicity stability Pareto 

optimization, the design parameters contain the yaw 

damper’s damping, series stiffness and lateral instal-

lation angle in the horizontal plane, which are closely 

related parameters of the yaw damper. Among the 

above three parameters, the lateral installation angle 

Acsx can reflect the yaw damper layout to a certain 

extent, which means that we can judge the influence 

of yaw damper layouts on the locomotive’s dynamics 

performance by observing the variation of Acsx. In 

addition, the primary longitudinal stiffness and lateral 

stiffness as well as the secondary lateral damper 

damping are also considered. The optimization ranges 

of the design parameters are shown in Table 2.  

In addition, the genetic algorithm NSGA-II has 

been used for the low-conicity/high-conicity stability 

Pareto optimization, which is conducted based on the 

MATLAB/SIMPACK co-simulation platform. The 

values of population size and generation number are 

5000 and 12, respectively. Also, the crossover prob-

ability is set to 0.8 and the mutation probability is set 

to 0.2. 

4.2 Optimization results 

To fully research the influence of yaw damper 

layouts on lateral stability, two optimization levels are 

carried out for the locomotives under four types of 

yaw damper layouts. Specifically, in the first opti-

mization level, the lateral installation angle Acsx is a 

fixed value of 4°, which means that the value of Acsx is 

not involved in the optimization, but Acsx is optimized 

in the second optimization level. The low-conicity/ 

high-conicity stability objective functions (Pareto 

fronts) for the two optimization levels are shown in 

Fig. 4, where the hollow and solid dots represent 

Pareto fronts for the first and second optimization 

levels, respectively, and the subgraphs (a)-(d) corre-

spond to the four layouts: OI, OO, SS and ASS. 

In Fig. 4, the horizontal and vertical axes repre-

sent low-conicity stability and high-conicity stability 

indexes, respectively. It can be concluded that, for the 

OI or OO layout, the optimal low-conicity stability 

has been improved when Acsx is involved in the op-

timization. However, when the SS or ASS layout is 

selected by the locomotive, the Pareto fronts for the 

two optimization levels are consistent, which shows 

the value of Acsx has almost no effect on the lateral 

stability. In addition, it can be learnt that, no matter 

which type of yaw damper layout is adopted, the 
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low-conicity and high-conicity stabilities of the lo-

comotive can always meet practical operating re-

quirements through Pareto optimization. 

 

 
Fig. 4  Pareto fronts for locomotive under four yaw damper 

layouts 

 

Fig. 5 shows the optimized values of suspension 

parameters (Pareto sets) for the second optimization 

level, and the four colors represent the four layouts of 

yaw dampers respectively. The horizontal axis indi-

cates the low-conicity stability index ɕlow, and the 

vertical axis of each subgraph represents the suspen-

sion parameter. It can be seen that no matter which 

type of yaw damper layouts is used, the distribution 

trend of Csx, Kncsx, Kpx, and Kpy to the low-conicity 

stability is consistent. Specifically, smaller values of 

Csx, Kncsx, and Kpx are conducive to low-conicity sta-

bility, but the value of Kpy has little effect on the lo-

comotive’s lateral stability. Besides, when the OI 

layout is adopted, the values of Csy are concentrated in 

the range of 55~60 kN.s/m, which implies that a 

larger value of Csy is demanded for the locomotive. In 

addition, there is the interesting phenomenon that the 

distribution of Acsx shows some notable distinctions 

when the locomotive adopts the four layouts of yaw 

dampers. Specifically, for the OI layout, the value of 

Acsx is concentrated at 0~3°, which means that a 

smaller value of Acsx is required. When the locomotive 

adopts the OO layout, the value of Acsx is distributed 

in the range of 5~10°. For the SS or ASS layout, the 

value of Acsx is evenly distributed in the range of 

0~10°. The above conclusions may reflect that there 

are significant matching relationships between the 

yaw damper layout and the value of Acsx, and prove 

that the layouts can affect the low-conicity stability. 

The low conicity stability is usually closely related to 

the carbody lateral ride comfort, so the effect of yaw 

damper layouts on lateral ride comfort under the 

low-conicity condition is investigated in the next 

subsection. 
 

 
Fig. 5  The distribution of Pareto sets regarding ɕlow 
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5 Parameter analysis methods and results 

 

This section introduces the data analysis method 

of global sensitivity analysis (GSA) and the sampling 

method. It deals with time-domain simulations when 

the locomotive runs in two operational scenarios 

including straight track under the low-conicity con-

dition and curved track. Then, the influences of yaw 

damper layouts and suspension parameters on lateral 

ride comfort on the straight track and curving per-

formance are investigated. 

5.1 Global sensitivity analysis method 

Global sensitivity analysis (GSA) can provide a 

good understanding for evaluating the importance of 

design parameters and decreasing the number of de-

sign parameters, so as to reduce the computational 

burden. Nevertheless, the locomotive dynamics 

model has complex structures and nonlinear suspen-

sion elements, which would significantly affect the 

precision of GSA, so the surrogate model method 

may provide an effective solution to the problem. 

Traditional surrogate models principally include the 

response surface, neural network, and Kriging sur-

rogate model, which can handle low-dimensional 

problems well, but large errors may occur when 

dealing with nonlinear complex systems. However, 

High-Dimensional Model Representation (HDMR) 

can successfully solve the problems (Shao and Wang, 

2010; Simpson et al., 2004; Tunga and Demiralp, 

2005), and thus it is used to conduct the GSA between 

the locomotive’s lateral dynamics performance and 

the key suspension parameters. 

There are various extended forms of HDMR, but 

the Cut-HDMR requires only simple arithmetical 

calculations and provides the lowest cost model with 

an accuracy comparable to other HDMR types. It is 

widely used to tackle engineering problems with low 

coupling characteristics, but the Cut-HDMR lacks 

incidental sampling methods and cannot present a 

complete model. However, the RBF-HDMR can 

make up for the above drawbacks of Cut-HDMR, 

where the radial basis function (RBF) is integrated 

into the component of Cut-HDMR to construct the 

RBF-HDMR model. 

The RBF model is generally expressed as: 

0

1

( ) ( )
=

= - +ä
h

i i

i

f x w x u bfP P                   (8) 

where x and f(x) represent the input and output terms, 

respectively; h is the number of RBF hidden layer 

neurons, and ui indicates the center vector of the 

hidden layer nodes. Also, b0 is the bias value, and wi 

stands for the weight. The symbol ‘‖·‖’ represents the 

Euclidean norm, and f(·) indicates the Gaussian ra-

dial basis function. 

Cut-HDMR is defined as: 

0

1

( ) ( ) ( , )
= 1¢ < ¢

= + +ä ä
m

i i ij i j

i i j m

f x f f x f x x   (9) 

In Eq. (9), f0 is a constant term, fi(xi) represents 

the effect of the variable xi on the response function 

when xi alters alone, and fij(xi,xj) stands for coupling 

effects between xi and xj. The symbol m is the number 

of input parameters. 

Hence, RBF-HDMR based on Cut-HDMR is 

expressed as follows: 

0

1

ˆ ˆ ˆ( ) ( ) ( , )
= 1¢ < ¢

= + +ä ä
M

i i ij i j

i i j M

f x f f x f x x   (10) 

where the symbol  ̂represents the RBF model, and M 

indicates the number of samples. 

GSA methods mostly include Regression analy-

sis, Fourier Amplitude analysis, and Variance-Based 

analysis (Bigoni and True, 2014; Xu et al., 2018); the 

GSA method of Variance-Based analysis is adopted 

here. 

i
i

D
S

D
=                             (11) 

ij

ij

D
S

D
=                            (12) 

where Si stands for the independent impact of the 

variable xi on outputs, and Sij indicates the effect of 

parameter interactions between xi and xj. D represents 

the total variance, Di stands for the total variance of 

fi(xi), and Dij indicates the partial variance of fij(xi,xj). 

Therefore, the GSA index TSi can be calculated as 

follows: 

1=

= +ä
M

i i ij

j

TS S S                    (13) 

5.2 Sampling method and Monte Carlo simula-

tion 

In this paper we conduct GSA between the key 

suspension parameters and lateral dynamics perfor-

mance of the locomotive from the perspective of 

time-domain simulations, where the analysis data is 

javascript:;
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obtained through the Monte Carlo simulation and 

some procedures should be adopted to produce sto-

chastic samples for suspension parameters. The sim-

plest procedure is the standard Monte Carlo random 

sampling (SMCRS) method, which is generally based 

on the law of large numbers and requires plenty of 

samples to ensure the convergence speed. However, 

the time-domain simulation in SIMPACK software 

requires long computation times, so the Latin hyper-

cube sampling (LHS) method is selected here. It can 

fully guarantee the uniformity of the sample space 

projection and decrease the sampling number re-

quired in the SMCRS method (Kassa and Nielsen, 

2008; Shojaeefard et al., 2017). 

The sampling number of LHS is set to 200, and 

the above six key suspension parameters are chosen 

as design parameters, whose sampling ranges are 

shown in Table 2. Then, the Monte Carlo simulation 

for time-domain simulations is carried out through the 

MATLAB/SIMPACK co-simulation platform, where 

straight and curved tracks are both considered, and 

the detailed settings about the tracks are shown in 

Table 3. Because the yaw damper layout has signifi-

cant impact on the low-conicity stability, the lateral 

ride comfort indexes of the carbody’s front and rear 

ends are both extracted for straight tracks under the 

low-conicity condition, and are represented by Wyf 

and Wyf, respectively. The maximum wheelset force 

ɻWF and maximum derailment coefficient ɻDC are 

drawn for curved tracks to evaluate the operational 

safety performance. 

 

Table 3  The detailed settings of the tracks for Monte Carlo simulation 

Tracks Radius(m) 
Supereleva-

tion (mm) 
v (km/h) Indexes Rail cant Condition 

Straight Ð ĺ 200 Wyf, Wyf 1/20 Low-conicity 

Curved 300 125 70 ɻWF, ɻDC 1/40 Normal-conicity 

 

 
Fig. 6  Global sensitivity analysis results 
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5.3 Parameters analysis results 

The GSA results are shown in Fig. 6, and the 

subgraphs (a)-(d) correspond to the analysis results 

between dynamics indexes Wyf, Wyf, ɻWF and ɻDC to 

the suspension parameters. The horizontal axis rep-

resents the four layouts of yaw dampers, and the ver-

tical axis stands for the global sensitivity coefficient 

TS, where a larger value of TS indicates that the cor-

responding sensitivity is stronger. 

The GSA results show that Wyf and Wyf are sen-

sitive to Csx and Acsx, and the value of Acsx is more 

sensitive for the locomotive with OI or OO layout, as 

depicted in Figs. 6a and 6b. It can be concluded that 

yaw damper layouts have a significant effect on the 

locomotive lateral ride comfort on a straight track 

under the low-conicity condition. As Figs. 6c and 6d 

show, ɻWF and ɻDC are most sensitive to Csx and Kpy, 

especially for the former, no matter which type of yaw 

damper layouts is adopted for the locomotive. How-

ever, ɻWF and ɻDC are not sensitive to Acsx, which 

implies that Acsx or even the layouts have little effect 

on the locomotive’s curving performance. 

In order to further study the influence of yaw 

damper layout on the carbody lateral ride comfort, 

when the locomotive runs on straight track under the 

low-conicity condition, the calculated results of Wyf 

and Wyr with the variation of Acsx are shown in Table 

4. There is the interesting phenomenon that Acsx has a 

negative correlation with Wyr only for the locomotive 

with OO layout, which indicates that a larger value of 

Acsx can help to improve the lateral ride comfort of the 

carbody’s rear end. In addition, when the value of Acsx 

is zero, the value of Wyr is always greater than Wyf. 

Therefore, an appropriate value of Acsx can reduce or 

even eliminate the difference in lateral ride comfort 

between the front and rear ends of the carbody, which 

is the unique characteristic of the OO layout for the 

locomotive compared with the other three layouts. 

 

Table 4  The calculated results of Wyf and Wyr with the variation of Acsx 

Acsx(°) 
OI OO SS ASS 

Wyf Wyr Wyf Wyr Wyf Wyr Wyf Wyr 

0 2.14 2.61 2.15 2.64 2.15 2.64 2.14 2.61 

2 2.09 2.61 2.19 2.61 2.15 2.62 2.18 2.65 

4 2.13 2.65 2.20 2.52 2.16 2.61 2.23 2.69 

6 2.24 2.76 2.23 2.42 2.18 2.61 2.28 2.72 

8 2.37 3.00 2.27 2.32 2.22 2.61 2.33 2.76 

10 2.39 3.00 2.34 2.23 2.26 2.62 2.38 2.80 

 

6 Discussion 

 

This section deals with the mechanism analysis 

for the matching relationship between yaw damper 

layouts and lateral installation angle Acsx; the influ-

ence of the layouts on the difference in lateral ride 

comfort between the carbody’s front and rear ends is 

also explained, where the force analysis and modal 

analysis methods are adopted for the whole carbody. 

6.1 Force analysis 

Since the yaw damper layout of the front/rear 

bogie under the OI layout is the same as that of the 

rear/front bogie under the OO layout, it is unreason-

able to carry out the mechanism analysis for the single 

bogie, and, in this study, the mechanism analysis for 

matching relationships between the layouts and Acsx is 

aimed at the whole carbody. For railway vehicles 

running on straight tracks, when the value of Acsx is 

unequal to zero and there exists a lateral motion be-

tween the carbody and bogie frame, the length of the 

yaw dampers will change, which could result in ad-

ditional displacement and velocity at both ends of the 

yaw damper, generating an additional force F' be-

tween the carbody and bogie frame. The calculation 

formula of F' is as follows: 

e esin sin= ÖD Ö + ÖD Öcsx csxF K y A C y AĽ        (14) 

In Eq. (14), ȹy and ȹὒ represent the relative lat-

eral displacement and velocity at both ends of the yaw 

damper, respectively, and Ke and Ce stand for the 

equivalent lateral stiffness and damping of the yaw 

dampers. It can be concluded that the additional force 

F' is related to the value of Acsx, and that F' would 

increase with increase of Acsx. Moreover, there is no 

additional force for the above yaw damper layouts 

when the value of Acsx is zero, and the original value 

of Acsx is 4° for the locomotive. When the value of ȹy 

is 20 mm, the additional displacement of the yaw 

damper is about 1.4 mm, which is close to half of the 

action stroke of the yaw damper. Consequently, the 
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value of F' is about half of the yaw damper’s output 

force, and its impact on the locomotive’s dynamics 

performance cannot be ignored. 

Because the force analysis of the OI/ASS is 

similar to that for the OO/SS layout, the force analysis 

regarding the OO and SS layout is taken as an exam-

ple for explanation. Assuming that the bogie frame is 

fixed, when the carbody occurs a lateral or yaw mo-

tion, the action direction and effect of the additional 

force F' and the additional torque Tc', which are gen-

erated by yaw dampers on the carbody are analyzed, 

and schematic diagrams of that force analysis are 

shown in Fig. 7. In the figure, the additional force 

exerted on the carbody by each yaw damper is rep-

resented by F11'ȁF12'ȁF21' and F22', and the additional 

torques applied to the front and rear ends of the car-

body are expressed by Tcf' and Tcr'. In addition, the 

action direction of F' is along the layout direction of 

the yaw dampers, and the generation of Tcf' and Tcr' 

that is studied considers only the longitudinal com-

ponent of F', because the lateral component of F' is 

minor and its impact on lateral dynamics performance 

is negligible. 

As Figs. 7a and 7b depict, when the carbody only 

has a lateral motion yc, the lateral component of F' 

always prevents the carbody’s lateral movement. For 

the OO layout, the directions of Tcf' and Tcr' are op-

posite, so the combined additional torque Tc' to the 

carbody center is minor. However, when the SS lay-

out is adopted by the locomotive, the values of Tcf' 

and Tcr' are both equal to zero, which naturally im-

plies that no additional torque is applied on the car-

body. The above conclusions reveal that when the 

carbody only has lateral motion, the combined addi-

tional torques Tc' are all small for the locomotive with 

the two layouts. 

In Figs. 7c and 7d, when the carbody incurs only 

a yaw motion űc, the front and rear ends of the car-

body will produce opposite lateral motions, which are 

represented by ycf' and ycr'. For the OO layout, the 

action directions of Tcf' and Tcr' are the same as the 

direction of the carbody’ yaw motion, which is 

equivalent to reducing the rotation stiffness or 

damping to resist the yaw motion. For the 

low-conicity stability, it is necessary to reduce the 

rotational coupling between the carbody and bogie 

frame. A larger value of Acsx is beneficial to reducing 

the coupling effect of the carbody and bogie frame, 

but the excessive angle will further weaken the cou-

pling effect, which is also harmful to the locomotive’s 

lateral stability. Therefore, a moderate value of Acsx 

should be provided to suit the locomotive with OO 

layout, which can improve the low-conicity stability. 

For the SS layout, the values of Tcf' and Tcr' are both 

equal to zero, so the value of Acsx has little effect on 

the locomotive’s lateral stability. 

 

 
Fig. 7  Schematic diagrams of force analysis: (a)-(b) the carbody incurs a lateral motion; (c)-(d) the carbody incurs a yaw 

motion 

 

6.2 Modal analysis 

To research the influence mechanism of yaw 

damper layouts on the difference in lateral ride com-

fort between the front and rear ends of the carbody, 

the modal analysis is conducted for the high-speed 

locomotive dynamics model. Generally, the speed 

root locus is very common and used to search the 

linear critical speed of railway vehicles, but the root 

locus that varies with the lateral installation angle Acsx 

is utilized here, and the phase lag between the car-

body’s lateral and yaw motions corresponding to the 

hunting modal is obtained. 
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The calculated root locus curves with the varia-

tion of Acsx are shown in Fig. 8, and the low-conicity 

condition is only considered here because the 

high-conicity stability is generally better and hardly 

affected by the lateral installation angle Acsx. In the 

figure, the abscissa axis represents the modal damp-

ing ratio ɕ, and the ordinate axis indicates the modal 

frequency f. Besides, the subgraphs (a)-(d) corre-

spond to the locomotive under the four layouts of yaw 

dampers, and every root locus is composed of 11 

groups of characteristic roots with the value of Acsx 

range of 0~10°, where each ‘o’ indicates a corre-

sponding modal under a certain value of Acsx. Also, 

the larger the symbol ‘o’ implies that the corre-

sponding yaw damper layout adopts a larger value of 

Acsx. It can be concluded that when the locomotive 

adopts the OI layout, decreasing the value of Acsx is 

favorable for the locomotive’s lateral stability. When 

the locomotive employs the OO layout, a moderate 

value of Acsx is beneficial to the lateral stability, and 

there exists an optimal value of Acsx. However, the 

value of Acsx has little effect on the lateral stability 

when the SS or ASS layout is utilized by the loco-

motive. 

 

 
Fig. 8  Root locus curves with the variation of Acsx 

 

The phases of the carbody’s lateral and yaw 

motions corresponding to the hunting modal are ex-

tracted from Fig. 8, and the phase lag between the 

lateral and yaw motions is calculated, with results 

shown in Fig. 9. The horizontal axis represents the 

value of Acsx, and the vertical axis indicates the phase 

lag between the carbody’s lateral and yaw motions. It 

can be found that when the value of Acsx is equal to 

zero, the phase lags are almost the same for locomo-

tives with the four layouts. For the OI layout, the 

phase lag would be enlarged with the increase of Acsx, 

but the value of Acsx has little influence on the phase 

lag when the SS or ASS layout is adopted by the lo-

comotive. Only when the OO layout is employed, a 

larger value of Acsx can decrease the phase lag, and the 

difference in lateral ride comfort between the front 

and rear ends of the carbody can be reduced or even 

eliminated, so the OO layout for the locomotive is 

better than other three layouts from this point of view. 
 

 
Fig. 9  The phase lag results between the carbodyôs 

lateral and yaw motions 

 

When the carbody’ lateral motion yc and yaw 

motion űc occur simultaneously, the lateral move-

ments of the front and rear ends of the carbody are 

expressed as follows (Alfi et al., 2008; Yao et al., 

2015): 

cf c c

cr c c

= + Öë
ì
= - Öí

y y l

y y l

j

j
                            (15) 

In Eq. (15), ycf represents the lateral movement 

of the carbody’s front end, ycr stands for the lateral 

movement of the carbody’s rear end, and l is half of 

the longitudinal distance between the front and rear 

ends of the carbody. 

Ideally, there should exist a 90° phase lag be-

tween lateral and yaw motions of the carbody so the 

lateral ride comfort of the carbody’s front and rear 

ends is consistent. In reality, the phase lag between 

the lateral and yaw motions corresponding to the 

hunting modal is greater than 90°, especially when the 

equivalent conicity of wheel-rail contact is low, as 

shown in Fig. 9. Besides, the lateral additional force 
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Fy' and torque Ty' produced by the yaw damper are 

related to the magnitude of the lateral displacement of 

the carbody, and the direction of F' is always opposed 

to the lateral movement of the carbody. Hence, the 

vector relationship between Fy' and Ty' is obtained, 

see Fig. 10. 

As Fig. 10a shows, the phase lag between Fy' and 

Ty' is greater than 90° for the locomotive with OI 

layout, which would make the phase lag between the 

lateral and yaw motions of the carbody increase with 

the increase of Acsx. In Fig. 10b, when the OO layout 

is adopted in the locomotive, the phase lag between 

Fy' and Ty' is smaller than 90°, which is beneficial to 

reducing the phase lag between the lateral and yaw 

motions of the carbody with the increase of Acsx. For 

SS and ASS layouts, there are no additional torques, 

so the value of Acsx has little effect on the phase lag 

between the lateral and yaw motions of the carbody. 

Consequently, the influence of yaw damper layouts 

on the difference in lateral ride comfort between the 

front and rear ends of the carbody is perfectly ex-

plained. 

 

 
Fig. 10  The vector relationship of lateral additional forces and torques 

 

7 Conclusions 

 

1. This paper describes the low-conicity/high- 

conicity stability Pareto optimization for high-speed 

locomotives (Bo-Bo) under four types of yaw damper 

layouts through the genetic algorithm NSAG-II, 

which is conducted based on the MATLAB/ SIM-

PACK co-simulation platform. Then, the optimal 

lateral dynamics performance and suspension pa-

rameters matching relationship for locomotives under 

the four layouts are obtained. They provide a helpful 

comparison solution for bogie structure schemes, and 

can eliminate the interference of the matching rela-

tionship between suspension parameters and struc-

tural schemes in the results. 

2. Based on Latin Hypercube sampling using 

Monte Carlo simulations, the global sensitivity anal-

ysis for lateral ride comfort and operation safety 

performance of the locomotives under four yaw 

damper layouts to the six key suspension parameters 

has been conducted through the RBF-HDMR method. 

The following conclusions are important. 

(1) Lateral ride comfort of the carbody on the 

straight track under the low-conicity condition is 

mostly sensitive to the yaw damper damping Csx 

and lateral installation angle Acsx, and the influ-

ence of Acsx is more obvious when the OI or OO 

layout is adopted. This means the yaw damper 

layout has a significant effect on the lateral ride 

comfort on straight tracks. 

(2) Operational safety on curved tracks is sensitive 

to yaw damper damping Csx and primary lateral 

stiffness Kpy, especially the former, but has little 

sensitivity to the value of Acsx, which indicates 

that yaw damper layouts have little effect on 

curve passing performance.  

(3) When the locomotive adopts the OO layout, 

there is the interesting phenomenon that the 

value of Acsx is positively correlated with the 

value of Wyf, but is negatively related to the 

value of Wyr, which means that a moderate Acsx 

can reduce or even eliminate the difference in 

lateral ride comfort between the front and rear 

ends of the carbody. This is the unique charac-

teristic of the locomotive with OO layout, and 

the value of Acsx is positively correlated with 

values of Wyf and Wyr for those locomotives with 

the other three layouts. 
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3. When the yaw damper layout has a lateral in-

stallation angle Acsx, the relative lateral displacement 

between the carbody and bogie frame will cause a 

certain deformation at both ends of the yaw damper, 

resulting in additional forces and torques. Based on 

this phenomenon, taking the whole carbody as the 

research object, a force analysis is conducted to ex-

plain the matching relationship between the yaw 

damper layout and Acsx. In addition, from the per-

spective of modal analysis, the influence mechanism 

of the layouts on the difference in lateral ride comfort 

between the front and rear ends of the carbody has 

also been given, and the selection principle of Acsx is 

pointed out when the locomotive adopts the four 

layouts. 
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Appendix 
Table A1  Locomotive model parameters 

Item Value Unit 

Carbody mass  42e3 kg 

Bogie frame mass 3441 kg 

Wheelset mass 2434 kg 

Wheel base 2.9e3 mm 

Length between bogie centres 9e3 mm 

Distance of contact point 1493 mm 

Wheel rolling radius 625 mm 

Friction coefficient 0.3 / 

Rail cant 1:40 / 

Primary vertical stiffness 15 kN/mm 

Primary longitudinal stiffness 15 kN/mm 

Primary lateral stiffness 3.5 kN/mm 

Damping of secondary lateral damper 25 kN.s/m 

Series stiffness of secondary lateral damper 25 kN/mm 

Damping of yaw damper 800 kN.s/m 

Series stiffness of yaw damper 22.5 kN/mm 
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