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Abstract: High-speed locomotives are prone to carbody or bogie hunting when thenatheeintact conicity is excessivelgw

or high. This can cause negative impacts on vehicle dynamics performance. This paper presents four types of typicalryaw dampe
layouts for a higkspeed locomotive (B80) and comparedyy usingthe multiobjective optimization method, the influence of

those layouts on théateral dynamis performanceof the locomotive; the linear stability indexes under -lmicity and
high-conicity conditions are selected as optimization objectives. Furthermore, the radial basis -heeidhigkdimensional

model epresentation (RBADMR) 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 undeotfieitpw
condition, and also the operational safety on curved tracks. It is concluded that the layout of yaw dampers has a considerable
impact on lowconicity 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 dampefsrdeinally,
analysis and modal analysis methods are adopted to explain the influence mechanism of yaw damper layouts on thditgteral stabi
and difference in lateral ride comfort between the front and rear ends of the carbody

Key words: High-speedocomotive; Yaw dampeiayout; Lateral stability; Lateral ride comfort; Multi objective optimization;
Global sensitivity analysis

1 Introduction Yan et al. (2018, 2019) analyzed the influence of the
yaw damper amsl sedes wtiffriess gn the
The yaw damper, as one of the importarg-su bogie stability and bifurcation type in detail. They
pension components of railway vehicles, is installedombined the central popular theorem and the-par
longitudinally between # bogie frame and therea digm method to obtain expressions for critical speed
body. It can significantly attenuate the lateral &ibr and bifurcation types related to the damping asd s
tion of the bogie frame and suppress the carbody'es stiffness of thgaw damper, and showed quadit
yaw motion, thus enhancing the critical speedesfvt i vel y t he influence trend
hicles. Therefore, a reasonable selection of yawamping and series stiffness on the bifurcation type of
damper parameters is patlarly important tom- bogies. Zeng et al. (2021) studied the stochastic fai
prove the lateral ride comfort of the carbody and tare process of damper elements and its influence on
reduce the wheehil lateral force (Persson et al.,the dynamics peofmance of railway vehicles, and
2014; Wang et al., 2011, 2014; Zhang et al., 2021)he results showed that the deterioration of failure
probability and damping reduction amplitude would

* Yuan YAO, yyuan884&9163.com cause stronger vibrations. Among them, the stochastic
Guang L| https://orcid.oig/0000000231900357 failure of the secondary lateral damper and the yaw
Yuan YAQ, https-/forcid.org0000000322797463 damper was harful to lateral vehicle dynamics,

ReeivedAug. 11, 2022; Revision acceptedov. 23, 222; which fu”y demonStrate_d the !mportance of yaw

Crosschecked dampers on railway vehicles. Xia et al. (2021h-co

structed a bogie mechanical model with four degrees

© Zhejiang University Press 2a of freedom in which the constitutive relationship of
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yaw dampers was codered, and analyzed tha-i senger car were established, where research results
fluence of damper parameters and installatiori-posshowed that the optimal gauge configuration was
tion on stability, comfort and steering ability. It wasuniform for both vehicle tyes Besides,Yao et al.
found that the larger lateral installation position anq2019) and Chen et al. (2022) proposed the concept of
damping, as well as relatively small stiffness, wereobust of hunting stability fohigh-speed trainsand
beneficial tothe bogie lateral stability, and the desigrthe improved nomlominated sorting genetic alg
trend based on stability and comfort was consistemithm NSGA:I was utilized to optimize suspension
but contradictory to the curving performance. Aimingparameters, obtaining theuspension parameters
at the lowfrequency swaying phenomenon of thematching law for higkspeed trains. Li et al. (2022)
carbody for HEMU430X, Jeon et al. (2016) found carried out the muHkbbjective optimization of several
that, throu@p simulation results and experimentalsuspension parameters with respect with to lateral
data, the carbody hunting instability phenomenostability and ride comfort for the higdgpeed locom-
disappeared after the position of yaw dampers wdive (Bo-Bo) by GAs, and extracted the matching
changed, and analyzed whether the position of yamelationship of suspension parameters through data
dampers could generate a yaw torque to explain tlamalysis methods. Three types of combination modes
influence mechanm, from the perspective of a single of suspension parameters were proposed, and it was
bogie. This shows that the yaw damper layout alspointed out that there is a strong positive correlation
holds a notable effect on the lateral dynamics pebetween lateral rideomfort and stability under the
formance of railway vehicles. However, there aréow-conicity condition.
relatively few scholars studying the yaw damper The yaw damper parameters and layouts are
layout. closely related to the carbody lateral ride comfort. In
Yaw damper paraeters and layouts havef-di recent years, Chinese higheed locomotives with a
ferent influences on multiple vehicle dynamics-pe speed of 200 km/h have appeared the phenomenon of
formance indexes, whichbelongs to the mil+  carbody hunting when running on some speciet se
ti-objective problemMulti-objective optimization is tions of straight track, seriously affecting the ride
widely applied in multiple fields of railway vehicles comfort of passengers and drivers. This phenomenon
and is a useful technique foesolvingactualeng- has attracted extensive attention from locomotive and
neering challenges, where the genetic algorithm (GA)ehicle manufacturers and researchers. Studige h
is frequently utilized because it demonstrates notabkhown that the carbody hunting instability caused by
superiority over the majority of intelligent searchlow wheetrail contact conicity is an important reason
algorithms, including the highest likelihood of globalfor the lowfrequency swaying phenomenon, and
optimization Goldberg, 1989. Johnsson et aR012 some solutions, such as adjusting the suspension p
conducted the optimization of damping charasteri rameter and rprofiling the rail profile, havebeen
tics in bogie suspensions employing the GA, with theroposed (Sun et al., 2021). Thus, the intention of this
aim of enhancing the ride comfort and running safetpaper is to research the effect of yaw damper layouts
for railway vehicles.Bideleh et al. (2016a, 2016b, on the lateral dynamics performance of locomotives,
2016c¢) adoptedsAs to perform the wear/comfort including lateral stability, ride comfort and curving
Pareto optimization of some bogie suspensiam-co performance.
ponents, which is for a railway vehicle dynamics
model owing 50 degrees of freedom. Jiang et a2 Multibody modelling
(2020) employed GAs to optimize the curving-d
namics performance of articuldtenonorail vehicles The composition ofthe locomotive dynamics
and pointed out that the mufiarameter and nhu  model with 90 @égrees of freedoiis presented irhis
ti-objective optimization method could be used fosection,which is developed in SIMPACK software,
other types of railway vehicles. Passon et al. (2012and thefour typical layouts ofyaw dampes are de-
presented to optimize the specified track gauge varscribed Besides, trackonditions andrregulariies,
ation in the switch panel oéitway turnouts to reduce as well as theMATLAB /SIMPACK co-simulation
track profile wear through a genetic algorithm, angblatform adopted in the following simulatignare
two different vehicle models of freight car andspa introduced.



2.1 High-speed locomotive dynamics model

A hightspeed locomotive(Bo-Bo) dynamis
modelwith 90 degrees of freedof@OF9 is devé
opedin SIMPACK software seeFig. 1. The model
containsonecarbody two bogie frames, four whiee
sets, two traction rogdgour motorsandhollow shafts
as well aseight rotary arm bodies, a total 25 rigid
bodies Therearesix DOFs in spactor some bodies,
which include the carbody, bogie frang and
wheelsed as well asnotors. Every hollow shaftal-
lows lateral] rolling, and yawmotions around the
wheelseteach traction rodwns two DOFsincluding
yaw and pitchmotions for the carbody, and every
rotary armonly holdsa rotaion motionfor the wheel
axle. The whedlail functiors arebuilt based on the
CN60 rail and JM3wheel profiles and thetrack
gaugeis set t01.435 m. FASTSIM algorithmis
adopted to compatthe creepforce (Kalker, 1982)
where theKalker weighting faatr is 1, and the atg
rithm is based on the
which the wheetail contact model belongs to Hertz

type. The main dynamics parameters for the mod?

are shown in Appendix Table Al.

.

3 ‘; ~
Sccondary lateral damper

Flex-coil spring

Secondary vertical damper

Primary vertical damper

< Axle box spring
" Yaw damper

Fig. 1 High;speed locomotive dynamics model

The bogie suspensiorsystem consists of many

major categories: primary suspension and secondar

suspension. Specificallyhé primary suspension act
betweenthe wheelset andbogie frame, whichin-
cludesrotary arns, axle box spring and primary
vertical dampersThe secondary suspensiavorks
between thdogie frame andcarbody,involving the
secondary lateral dampesecondary vertical damper
yaw dampeas well as flexcoil spring,andsecondary
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lateral $oppers are also establesth Moreover the
locomotive modetonsides thenonlinear characte
isticsof all dampers and staggemensin the form of a
piecewise function and all the dampers mn@dekd
using the Maxwell model Besides the Wuhan
GuangzhowHigh-speed Rail trackpectruniLi et al.,
2014)is used for the following tim&lomain simua-
tionsonstraight and cunaktracks. Itshould be noted
thatthe accuracy of the locomotive dynamics model
has been verified through drack test results ed
scribel in a previous paper (Li et al., 2022).

2.2 Yaw damper layouts

According topractical engineering experience,
four types of yaw damper layost are proposed,
whose shematic diagrasiareshownin Fig. 2. The
layouts are nameldly reference to thempening fom
and theconnection positionof the yawdampes on
thebogieframe anctarbody.Comparingrigs. 2a and

b canconcludethat the [layout.form, of yaw
%aamY;}rsgnrboth sides 'ohmsenlglg b‘iéie% gymr%/:h
rilcal about the longitudinal centerline of thegie

eory,

rame Theopeningdirection of the former is towards
the carbody center, btiie openingdirection ofthe
latter isaway fromthe carbody centeso they are
namedas genng inward (Ol) andopering outward
(O0), respectivelyln Figs. 2c and, it can beseen
thatyaw dampers omoth sidesf a single bogie are
arranged symmetrically with respect to the cenofer
bogie frame. fieconnection psition of yaw dampers
on the bogidrameis close to théorizontal centerline
of bogie frame for the former,but the connection
position on the carbodg adjacentto the horizontal
centerlinefor the latterTherefore, the last two layouts
are calledskew symmetry (SS) and askkew syn-
metry (ASS) The yaw damperdampingCsx andits
series stiffnesKnesx as well aslateral installation
angleAcsxare allconsideed in the research

Ag A | Y
L T I
__________ 11 :
=
(a) 01 (b) 00,
A 2% e |7 B
= L
() SS (d) ASS

Fig. 2 The schematic diagram of yaw damper layouts
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langugg e * q s’ , pedifib ¢odiny larsguages of
SIMPACK. Camcretely the function of * s jlas-’
guags is to modify values of optimized parameters
During the multi-objective optimization and andperformsimulationcalculationsandtheaction of
Monte Carlo simulations for vehicle dynamipe- ‘ glanguagsis to obtainsimulationresults Fig.3 is
formance, lhe optimization algorithns or sampling the specific flowchart of the MATLAB/SIMPACK
methodsare generalljcompleted in MATLAB but  co-simulation platformwhere asequencef ‘sjs and
the modelingand calculation forthe locomotivedy- ‘ q dahguages can bedited and executedby
namics modehreimplemented by SIMPACKCon- MATLAB, and he co-simulation processwill be
sequently it is extremely critical to connect terminatedwhenthe prescribed maximum iteration
MATLAB and SIMPACK softwareto accomplisithe  numberor sample times are reachddnally, opt-
optimization and simulationprocedurs. Here, the mization results can be saved in MATLAB, and data
MATLAB/SIMPACK co-simulation platform is &- analysis, such as a sensitivity analysis, can also be
tablished viaSIMPACK script language including conducted.
the pre-procesmg languagesjs and posfprocessg

2.3 MATLAB/SIMPACK co -simulation platform

MATLAB SIMPACK
Tmizati Prel.sjs
Opllln%Ldthn Optimization Pre2.sjs Ve
algorithm/ - ] > :
Sampling method parameters update Pre3.sjs Dynamic model
i = Y

Simulation and
calculation

Postl.qs
Data analysis [« Save results [ Post2.gs - Dynamms
Post3.gs indexes

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

3 Dynamics evaluation index to solve eigenvalues and eigenvectors of the Jacobian
matrix for the vehicle linear systenThe calculation
This sectionpresentghe cefinition, calculation equations are as follows:
and evaluation methods of latestdbility, lateral ride h=a 4bi (1)
comfortand operation safety indexes, which all refer f=lbl/2
to the GB/T55992019 standard, and the above _| | t 2
evaluation indexes will be used in the followiRg- 7= a/m 3)

reto optimization and spension parameters analysis . . . .
P . P ¥ In Eq. (1), i represents the imaginary unit agd

3.1 Lateral stability indicates theeigenvalueof the linear system; the
symbolsa andb stand forthe correspondingeal part
. . . ) _andimaginary partrespectivelyAs Eq.(2) shows.f

namics requirements for railway vehiclemd en representshe modal vibration frequencwhich can

hat th hicl k Iy L
suresthat the vehic €s can run on trac S stablynGe reflect the vibratioevel of thesystemIn Eq. (3) the
erally, the lateral stability of railway vehicles system

includes linear stability and nonlinear stabilitjhe symbol z stands for themodal vibratiordamping

former is adopted tevaluatelateral stability of the .ratlo, dgflned as th? lineastability mle; thesystem
studiedlocomotive, which can considerably reduce is consideredstableif the value ofz is smallerthan

the computational workload and meanwhile describ&e0-AlSO, the vehicle system is regarded to be stable
the lateral stabilitto some exten{Polach, 2006a, €nough when the indexis smaller than0.05 (Fo-
2006b) The linear stability is calculated for thedin lach, 2006b).

arized locomotive dynamics model, whose essence is

Lateral stability is one of the most basig-d
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3.2 Lateral ride comfort 1 oc areselecedto evaluate the locomotives cur vi ng
dynamicsperformance

The wheelsetlateral forcej we is the algebraic
sum of the left and right wheedil lateral forceon
the same wheelseind evaluatesvhether thetrack
gauge will be widened drackswill be severely d-
formedbecause ofhe excessivdateral force during
vehicle operation In addition,there are arious ¢-
namics standardsoncerningthe evaluatiorvalue of
thewheelsetateral force Thecalculationequation of

Many developed railway countries haviedi-
vidual evaluation systemfor ride comforf such as
the ChineseGB/T5599, European UIC513 and-i
ternational standard 1SO2613, etc., which raesty
usedto evaluate the comfort of passengargrivers
ontrains and thentegrity of gooddoaded orrailway
trucks The ride comfortindex is formulated for
evaluating thecabody srandom vibration. The
Sperling |nde?<|s usually usedo appr@sethe ride the adopted evaluation methisdcas follows:
comfort for railway vehicles. It contains thiateral ¢15 # /3 ®)
and vertical ride comfort indes, and the former is Gie 0
the one examined her&he calculationequationof ~ WherePois the static axle weightkN’, andthe limit
the lateral ride comforindex W, is expressed as value of thewheelsetateral force| wr is about 7&N

(National Railway Administratior2019: for the locomotive studied here
10l 3 The derailmentcoefficient {oc is formulated
W =3.57 il:(f ) (4) according to the derailment condition of wheel
y f, climbing, andis used to assess whether the wheel rim

As Eq. (4) shows A, representshe lateralac-  Of arailway vehicle will climb onto the rail head and
celeration amplitude in the frequency domdinin- even derail under the action of lateral fosceThe
dicatesthe corresponding frequenandF(f.) stands calculation method and critical value calculation
for the fequency correction coefficienin the c&  €quationsaredefined as

culationprocedureof W, the measurement location is G.=Y/Q _tana- n ©)
generallythe carbody floafTo study the difference oe 1+ mtan a
lateralride comfort between the froand rear ergiof In Eq. (6) Y andQ are the lateral force andve

the cabody lateral accelerations at thea r b o dijyaj fSrce acting on the railybthe wheek on the
front and rear ends are both extracted, and the-co climbing rail side, andJande are the wheel flange
sponding lateral ride comfort indexes are obtainegingle and wheetil friction coefficient, respectively.
which are represented Bi4s and Wi, respectively. |n the practicalcalculation ofthe derailment coef
The limit value for an excellent level oflocomotive  cjent, it is onlyrequiredto extractvalues ofY andQ,
lateralride comfortis 2.75 andsmallervalues o\ and ro is theratio of Y to Q on the same wheelset.
represent detterlateral ride comfort erformance Besides when the curve radius afperationcond-
tions is within the range of 25@&00 m, the limited
value ofy pc is 0.9, anda smaller value of ro means

Generay, the operatioal safety caistraintsfor  that the railwayehiclehas a better operatiorsdfety
railway vehiclesare very extensive including the performance.

vehicle dynamics performance and structural strength Multi-objective optimization

as well as track response, etc. However, ondjLa-

tion indexesfor operatioral safety related tohe e- In this section, several low-conicity/high-

hicle lateral dynamicperformance are studied here conicity stability Paretooptimization problems are
Theoperatioml safetyindexes areftenrelated to the formulated and solved for locomotive models with

force of railway vehicles on tracls, such asthe four layouts of yaw damperand the matching ra}

wheebet lateral force, derailment coefficient andtionshipbetweeryaw damper layouts arslispension
overturning oefficient Theseindexes argelatively  parametersfor thel ocomot i ve’ s | at er a
large wherrailway vehiclesun oncurvel tracksand  determined

the overturning coefficient igprimarily utilized to
evaluate theoperatioml safetyof a vehicle running
under crosswinatonditions. Thusin this study,the Lateral stability is one of the most important
wheelsetateral fOI’CG{ wr and derailment coefficient dynamics performancefor railway vehicles. The

3.3 Operational safety

4.1 Optimization scenarios
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primary function ofyaw dampers is to improvateral  optimization objectives is harmful whencompamg
stability for the vehicle systemMoreover, lateral theinfluence resufi, only the lowconicity stability
stabilities under lowconicity and higkconicity can-  index gow and highconicity stability index gign are
ditions aregenerally contradictorgnd mustbe sm-  selectedas optimizationobjectives and for which
ultaneouslysatisfiedin the design of railway vehicles. equivalent conicities at &x1m of wheelrail relative
The purpose of this study is to analybhe influence displacement are 0.04 and 0.4 respectively. Tére d
of yaw damper layost on thelocomotivé dateral tailed setting for the two objectives are shown in
dynamic performanceSince an excessive number ofTable 1

Table 1 Optimization indexes and operation settings
Calculation condition

Index — Wheeltread Rail cant Description
v (km/h)  conicity
Gow 200 0.04 JM3_new 1/20 Low-conicity stability index
Ghigh 200 0.40 JM3_wear 1/40 High-conicity stabilty index
Table 2 Design parameters and optimization ranges
Parameters Design ranges Description

Csx 200~2000(kN.s/m) Damping of yaw damper
Knesx 10~50(kN/mm) Series stiffnessf yaw damper
Acsx 0~10 (y Lateral installation anglef 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 dampe

The optimization direction is to obtaimaller
values of bothoptimization objectives simultane-
oudly, as shown irEq. (7). To fully researchthe influence ofyaw damper

min{ Zows %h} (7) layoutsonlateral stabilitytwo optimizaion levelsare

L . o carried out forthe locomotivesunder fourtypes of
In the lowconicity/high-conicity stabiliyy Pareto yaw damper layoutsSpecifically, in the firstopii-

optimization,the design parameters contain the YaWization level, e lateralinstallationangle Acsx is a

damper s damping, serH egqqgafuddd IhfFrieand tafthe vaubag s !
lation angle in the horizaal plane, which are closely notinvolvedin the optinization, butAcsxis optimized
related parameters of the yaw damper. Among ”\ﬁ the secondptimizationlevel. The low-conicity/
above threﬁ par{;:meters, the Iaterlal installation an%?gh—conicity stability objective functions (Pareto
Acsx can reflect the yaw damper layout to a Certal[Fronts) for the twooptimizationlevelsare shown in

extent, which means that we can ju<_jge the influenqgg_ 4, where thehollow and solid dots represent
of yaw damper layds on the locomotive dynamics Paretofronts for the first and secondoptimization

perf.o.rmance t,’y observipg 'Fh&iria_tion OF Acse In levels, respectively and the subgraphg)-(d) corre-
addition the primary longitudinal stiffness and IateralSpond to the foulayouss: OI, 0O, SS and ASS.

stiffness as well asthe secondary lateral damper
damping are also consider&theoptimization ranges
of thedesignparameters are shown in Table 2.

4.2 Optimization results

In Fig. 4,the horizontal and vertical axespre-
sentlow-conicity stability and higkconicity stability
indexes repecitvely. It can beconcludedhat for the

In addition, the gen-e‘Fic a!gorithm _NSGN_]_aS Ol or OO layout the optimal lowconicity stability
beenusedfor the low-conicity/highconicity stabiliy < paen improved whels is involved in the p-

Pareto optimizationwhich is coqducted based on thetimization. However,whenthe SS or ASSlayout is
M'?‘TLAB/SIMPIA_CK go-sm:julaﬂon platform.b'ﬁe selected by the locomotivéhe Pareto frontdor the
values ofpopulation sie and generation number arey ., ontimization levelsare consistentwhich shows

5000and 12, respectivelyAlso, the crossover pim the value ofAw, has almost no effect on thateral

ability is set to 0.8 anthe mutation probabilityis set stability. In addition, it can bdearntthat no matter
to0.2.

which type of yaw damper layout is adagt the



low-conicity and higkconicity stabiliies of the b-
conptive can always meegpractical operating e-

quirements througRaretooptimization.

Chigh

Fig. 4 Paretofronts for locomotive under four yaw damper

level, and the four colors represémtfour layouts of
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sion parameteit can beseenthat no matter which
type of yaw damper layouts ised the distribution
trend of Csy, Knesy Kpx, andKpy to the lowconicity
stability is consistent. Speuiélly, smaller values of
Csx Knesx andKpx are conducive to loweonicity sa-
bility, but the value oKy has little effect on theot
comotivé s | atabity. Bésides, when the Ol
layout is adopted, the values@,are concentrated in
the range 0f55~60 kN.s/m, which implies that a
larger value ofCsyis demanded for the locomotive.
addition, here istheinteresting phenomenon that the
distribution of Acsx sShows somenotabledistinctions
when the locomotiveadoptsthe fourlayoutsof yaw
dampes. Specifically for the Ol layout, the value of
Acsx is concentrated at 023 which means that a
smaller value ofsxis required When the locomotive
adoptsthe OO layout, the value dhcsxis distributed
in the range 06~10°. Forthe SS or ASS layouthe
value of Acsx is evenly dstributed in the range of
0~1C. The above conclusions may reflect thare
are significant matchg relationshipsbetween the
yaw damper layout and the value A, and prove

Fig. 5 shows the optimized values of suspensiothat the layouts can affect the laenicity gability.
parameters (Pareto sgefor the second optimization The low conicity stability is usually closely related to

the carbody lateral ride comfort, so the effect of yaw

yaw dampers respectively. The horizontal axis-ind damper layouts on lateral ride comfort under the

cates the lovconicity stability indexgow, and the
vertical axis of each subgraph represehéssuspe-
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low-conicity condition is investigated in the next
subsection.
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Fig. 5 The distribution of Pareto sets regardingsiow
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5 Parameter analysis methods and results respectively;h is the number of RBF hidden layer
neurons,and u; indicatesthe centervector of the
This sectiorintroduces the data analysis methochidden layer nodesAlso, bpis the biasvalug andw
of globalsensitivityanalysis (GSApnd the sampling stands fothe weidnt. The kbylhbeopthadd sent s

method. It deals wittime-domain simulatios when  Euclidean normand 7(} indicatesthe Gaussian a-
the locomotive runs inwo operational scenarios dial basis function.

includng straighttrack under the loveonicity can- CutHDMR is defined as

dition and curved track Then, heinfluencesof yaw m

damperlayouss and suspension parameterslateral f)=1 4 fi(x) +a {0.x) ©
ride comfort on the straight tracéand curing per- i=1 licj m ¢
formanceareinvestigated In Eq. (9),fo is aconstanterm, fi(x;)) represents

the effect of the variablg on the response function

whenx; alters alone, ant}(x,x) stands for coupling
Global sensitivity analysis (GSA) can provide aeffects betweer andx;. The symbois the number

good understandinfpr evaluaing the importance of of input parameters.

design parameters and deciegghe number of é- Hence, RBFHDMR based on CuDMR is

sign parametersso as toredu@ the computational expressed as follows

burden. Nevertheless the locomotive dynamics " Mo .

modd has complex structures and nonlinear suspe ~ f(X)=f, 4@ f(%x) +a f(x X) (o)

sion elements, which woulslignificantly affect the i=1 liej M ¢

precision of GSA, so the surrogate model methodherethe symbol represents the RBF model, avid

may provide an effective solution to the problemindicateshenumber of samples.

Traditional surrogate models principally include the =~ GSA methodsnostlyinclude Regression aryal

responsesurface, neural network, and Krigingrsu sis, Fourier Amplitude analysis, and Variasig&sed

rogate model, which can handle lalimensional analysis(Bigoni and True, 2014Xu et al, 2018);the

problems well, but large errors may occur wherfsSA method of VarianeBasedanalysisis adopted

dealing with nonlinear complex systems. Howeverere.

5.1 Global sensitivity analysis nethod

High-Dimensional Model Representation (HDMR) _ Db
can successfully solve tipeoblems(Shao and Wang, S = B (1)
2010; Simpsoret al, 2004; Tunga and Demiralp, D
2005) and thus it is useh conduct the GSA between S = d'l (12)
the locomotiveé dateral dynamics performance and ' D
thekey suspension parameters. where S standg for the independenimpact of the

There are various extended forms of HDNWR{  variablex; on outputs, and; indicates theeffect of
the Cu-HDMR requires only simple arithmetical parameter interactions betweemandx;. D represents
calculations and providdbe lowest cost modelith  the total varianceD; stand for the total variance of
an accuracy comparable to other HDMR tydess  fi(x), andDj indicates the partial variance &f(xi,x)).
widely used tdackleengineering problems with low Therefore the GSA index TS can becalculatedas
coupling characteristics, but theutHDMR lacks follows:
incidertal sampling methodsind cannot present a M
complete model.However, theRBFHDMR can S=%49 p (13)
make up forthe above drawbaskof CutHDMR, )=
where the radial basis functionRBF) is integrated

, 5.2 Sampling method and Monte Carlo simula-
into the component o€CutHDMR to construct the

RBFHDMR model. tion
The RBF mocel is generally expressed:as In this papewe conduct GSA between the key
h suspension parameters and lateral dynamics rperfo
(%) :ia_l wiPx -yl B @) mance of the locomotivérom the perspective of

wherex andf(x) representheinput and outputerrs, time-domain simulatiog, where the analysis data is


javascript:;

obtained throughthe Monte Carlo simulation and as design parameters, whose sampliaggesare
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some procedussshould be adopted to produce-st shown in Table 2. Then, the Monte Carlo simulation
chastic samples for suspension parameters. Tine sifor time-domain simulations is carried out through the
plest procedure is the standard Mo@&rlo random MATLAB/SIMPACK co-simulaton platform, where
sampling (SMCRS) method, which is generally basestraight and curved tracks are both considered, and
on the law of large numbers and requires plenty dhe detailed settings about the tracks are shown in
samples to ensure the convergence speed. HowevEable 3. Because the yaw damper layout has signif
the timedomain simulation in SIMPACK software cant impact on the lowonicity stability, the lateral
requires long computation times, so the Ltypea-
cube sampling (LHS) method is selected hérean

fully guarantee the uniformity of the sample spacéw-conicity condition, and are represented

ride comfort indexes of thear body ' s

front

ends are both extracted for straight tracks under the

projection and decrease the sampling numlger randWy, respectively. The maximum wheelset force
Jwre and maximum derailment coefficientoc are

quired in the SMCRS methoassaand Nielsen
2008;Shojaeefaret al, 2017)

The sampling numberf &HS is set to 200, and safety performance.
the above six key suspension parameters are chosen

drawn for curved trackso ewluate the operational

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

Tracks Radiugm) S_upeele\a- v (km/h) Indexes Rail cant Condition
tion (mm)
Straight 5} i 200 Wyr, W 1/20 Low-conicity
Curved 300 125 70 LW, 10C 1/40 Normatconicity
- ¢ '\'.\' - Kn('.\‘.r I:I/f('.\‘.\' -K_n.\' - K,';_l' |:| ¢ '.\_|'
| T T . r 1 :
(a) (b)
0.8F 0.8}
S 06} TS 06}
204t 204t
0.2 0.2
0 0
Ol 00 SS ASS ol 00 Ss ASS
layouts layouts
| , | -
(c) (d)
0.8} 0.8}
=061 T 06}
= Q
- )
@0 : 7 .
n 04 &2 04
0.2 0.2
0 0
Ol 00 SS ASS Ol 00 SS ASS
layouts layouts

Fig. 6 Global sensitivity analysis results
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5.3 Parameters analysis results

The GSA results are shown Fig. 6, andthe

subgraphs (ajd) correspond to the analysis result

between dynamics index®¥s, W, { wr and oc to

th nsion parameters. The horizontal axis r . .
€ suspension parameters © horizon'al axs ewhen thelocomotive runs omstraighttrack under the

resents the four layouts of yaw dampearsithe ve-

tical axis stands for the global sensitivity coefficient

TS wherea larger value off Sindicatesthatthe ca-
responding sensitivity is stronger.

The GSAresults show thatks and Wy aresen-
sitive to Csx and Acsx, and the value oAcsx is more
sensitivefor the locomotivewith Ol or OO layout, as
depiced inFigs. G and 6b It can be concluded that
yaw damper layouthave asignificant effect on the
loconmtive lateral ride comfort on &traight track
under the lowconicity condition. As Figs. 6and6d
show | wr andJ pc are most sensitive 1Gsx andKpy,
especially for the formeno matter whiclype ofyaw
damperlayouts is adoptetbr the locomotive How-

ever {wr and | pc are not sensitive toAcsy Which

impliesthat Acsx Or even the layoutsavelittle effect
on the locomotive survingperformance.

In order to further study the influence paw
damperlayout on the carbodylateral ride comfort,

low-conicity condition,the calculated results &4y
andW,, with the variation ofAcsxare shown in Table
4. There is thénterestingphenomenon thacsxhasa
negative correl@&n with W, only for theloconotive
with OO layout, which indicates thad largervalue of
Acsxcanhelp to improvehelateral ride comfort of the
car body '’ =k addittoawhendhe dalue ofcsx
is zero, the value oWV, is alwaysgreaterthan W.
Therefore,anappropriate vime of Acsx canreduce or
even eliminate the difference in lateradle comfort
betweerthe front and reagnds of the carbody, which
is the unique characteristic tfie OO layout for the
locomotive compared with the other three layouts.

Table 4 The cakulated results ofWys and Wyr with the variation of Acsx

Acsi%) Ol (e]0] SS ASS
§ Wt Wir Wit Wir Wit Wi Wit Wir
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 sectiondeals withthe mechanismanalysis
for the matching relationship betwegaw damper
layouss and lateral nstallation angléAcsy the influ-
enceof the layous on the difference in lateralde
comfortbetweerthec a r b drahtyahdsreaendsis

also explainedwhere the force analysis and modal

tween the carbody and bogie frame, lrggth ofthe
yaw dampers will change, which could result d a
ditional displacement and velocity at both ends of the
yaw dampergeneratingan additional forceF' be-
tween the carbody and bogie framde calculation
formula ofF' is as follows:

Fi=K, ¢/Bin@,, C, +ysidom, (14)
In Eq. (14), pyandad representhe relative &

analysismethods are adopted for the whole CarbOOIy'eraI displacement and velocity at both ends of the yaw

6.1 Forceanalysis

damper, respectivelyand Ke and Ce stand forthe
equivalent lateral stiffness and dampingtloé yaw

Since the yaw damper layout of the front/réag,ynes It can be concluded that the additional force
bogie under the Ol layout is the same as that of the i (qated to thevalue of Acsx, and thate" would
rear/front bogie under the OO layout, it is UNreaso ,-rease with increase ®.. Moreover, here is no
able to carry out the mechanism analysis for the singley jitional force for theaboveyaw damperayous
bogle,.andln thls stgdyihe mechanism analigsfor when the value ofsxis zero, andhe original value
matching relationships between the layoutsagds ¢ Acsxis 4%or the locomotive When the value aby
aimed at the whole cartlp. For railway vehicles 5 o mm,the additional displacement dlfie yaw
running on straight tracks, when thalue ofAcsxiS  amper iaboutl.4mm, which is close to half of the
unequal to zero and there exists a lateral mot®n b_ion stroke of the yaw dampetConsequentlythe
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value ofF' is about half of the yaw dampewsutput carbodycenteris minor. However, whethe SS lg/-
force and itsimpacton t he | o c onio t dutiseadoped byythe docomotivethe values ofTef
performancecannot be ignored. and T areboth equal tazero, which naturallym-
Because the force analysis of the OI/ABS pliesthat no additional torque @pplied on the da
similarto that for the OO/SS layouheforceanalysis body. The above conclusis reveal that when the
regarding the O@ndSS layout igaken as an era  calbodyonly has lateral motigrthe combined add
ple for explanationAssuming that the bogfeameis tional torqua T.' are all smalfor thelocomotive with
fixed, when thecarbodyoccus a lateral or yaw m-  the twolayouts
tion, the action direction and effect of theditional In Figs.7c and 7dwhen the carbodycurs only
force F' andthe additionatorqueT.', whicharegen- ayaw moton (¢, the front and rear ends of therca
erated by yaw dampgon thecarbody are analyzed, body will produceopposite laterainotions, which are
and schematic diagrams of that force analgsis represented by andye'. For the OO layout the
shown inFig. 7. In the igure, the additional force actiondirectiors of T¢f and T are the same abe
exerted on the carbodyy each yaw damper ispe direction of the carbodyyaw motion which is
resented b¥f11'a F12'a F21'andF22, and theadditional equivalen to reducing the rotation stiffnessor
torques appliedto the front and reaends ofthe ca- damping to resist the yaw motion For the
body are expressed bylf and T/ In addition,the  low-conicity stability, it isnecessaryto reduce the
acion direction ofF' is along thdayoutdirection of rotational coupling between the carbody and bogie
the yaw dampes, and the generation @ff and T,  frame.A largervalue ofAcsxis beneficial to redung
that isstudied considersnly the longitudinalcom-  the coupling #ect of the carbody and bogfeame
ponent ofF', because the lateral componentrbis but the excessive angle will furthereakenthe ca-

minorandits impact orlateraldynamics perfamance pling effect, which islso harmfuto thel oc omot i ve’ s
is negligible. lateral stability Therefae, a moderate value @«
As Figs.7a and 7lalepict when tte carbody only should be providedo suit the locomotive with OO
has a lateral nimn y., the lateral component ¢  layout which can improve the lowonicity stability.
always prevents the carbddyateral movement. For For the $layout thevalues ofTcf andTe areboth
the OO layout, the directisiof Tef and T areop-  equal tozero,so the value ofcsx has little effect on
posite, so the combined ational torqueTs tothe t he | ocomotive’'s | ateral sta
21 F11 1’ Fir’
‘I‘Q\ B ’ﬂ’r“ /A—r , J”F"
' : ' 3 : : E ' 7o' =0
T ceecteee | ceefeees Fooeeen I I S RN [ - F
K Rear'bogie ‘ e Front'bogie e Rear'bogie + Ye Front'bogic
" Carbn'dy e " Carbolc!y =
= P F1 o /'nz’ /'F’ll
(a) Lateral: OO (b) Lateral: SS
‘Fll' ;4;23/
— \ R =%
. : P
e B T ?‘fc" E "“T‘gj“ F -
o, A Rear'bogie H H Front'bogie
ver i e Carbnldy Carbo'dy —
R = i
(c) Yaw: OO (d) Yaw: SS
Fig. 7 Schematic diagrams of force analysis: (alb) the carbody incurs a lateral motion; (c}(d) the carbody incurs a yaw

motion

6.2 Modal analysis root locus is very common and used to search the

: . linear critical speed of railway vehicles, but the root
To research the influence mechanism of ya P Y ’

. . . hat varies with the lateral installation anigle
damper layouts on the difference in lateral ridenco .OCUSt atvaries with the fateral installation a

fort between the front and rear ends of the carbod's, Utmzed, here, and the phase lag between the ca .
ody’' s | ater al and yaw mot i c

the moqlal anabis is conducted for the higtpeed Qunting moalis obtained.
locomotive dynamics model. Generally, the spee
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The calculated root locus curves witte varia-
tion of Acsxare shown irfFig. 8, and the lowconicity
condition is only considered hee becausethe
high-conicity stabilityis generallybetter andhardly
affected by the lateral installation andfesx In the
figure, theabscissaxis repesents the modal dagm
ing ratiog, and theordinateaxis indicates the natal
frequencyf. Besides, thesubgraphs (ajd) core-
spond to the locomotive under the four layaftgaw

can be found that when the value/tyis equal ®
zero, the phase lags are almost the same for lmcom
tives with the four layouts. For the Ol layout, the
phase lag would be enlarged with the increageQf

but the value oRcsx has little influence on the phase
lag when the SS or ASS layout is adopbgdhe b-
comotive. Only when the OO layout is employed, a
larger value ofsxcan decrease the phase lag, and the
difference in lateral ride comfort betwedme front

dampes, and every root locus is composed of 1Bnd rear ends of the carbody can be reduced or even

groups of characteristic roots with the valueAgix
range of 0~19 where each
sponding modal under a cértavalue ofAcsx AlSO,

xeol

eliminated, so the OO layout forahocomotive is
betierrthein other thieeslayoaits froro this point of view.

the | arger t h e thatythme bcomd- )
sponding yaw damper layout adopts a larger value of
Acsx It can be concluded that when the locomotive

180

150

adopts the Ol layout, decreasing the vadfid\sy is

_——

bet we

. - ~ 120
favorable for thdocomotive ’laderalstability. When %
the locomotive employthe OO layout, amoderate f o0
value ofAcsxis beneficial to thdateral stability, and Ei
there exsts an optimalvalue of Acsx However,the = 60F [—o1
value of Acsx has little effect on théateral stability —00
whenthe SSor ASS layoutis utilized by the lom- 07 | N
motive. . . ‘ . .
0 2 4 6 8 10
10 0 10 o Aesz(0)
(a) w (b) : Fi
8 ; 8 . ig.9The phase | ag results
— o | — 00 ! lateral and yaw motions
% 6 . Stable region ' :,;,3 o . Stable regior "
- 4 | =~ 4 : Wh en t he lateral mbtiony.yahd yaw
5| Huntingmodal -y _ 2 Hunting modal | motion ;. occur simultaneously, the lateral nesv
. fa ocomtl ) b D, 2. O | !
) e b oot 0w mens of the front and rear ends of the carbody are
e B0 e a0 expressed as followgAlfi et al, 2008; Yaoet al,
10 © L 10 o 2015)
o \© : (d) ; T
3 ¢ SS : - 8 ASS : \eycf yc yc | (15)
=6 » : T 6 9 : ! \/ — \7 _J |
bt Sta llll'm : Stabl I\.‘!l\"lll I ycr - yc '/ c
! 1 ! 1 In Eq. (1), y« represerg the lateral movment
2 H"‘:,”":"fq":‘f:":(.:,; 2ig o““.ic;,'{j of the car bgedstands forfthre dateral
O o2 o2 o o 1 . movement of the clashalfoofly’

-0.2 0
¢ ¢
Fig. 8 Root locus curves with the variation ofAcsx

The phases othecar body’ s
motions corresponding to the hunting rabdre &-

tractedfrom Fig. § and the phase lag between the, s is consistent. In reality

lateral aml yaw motions is calculated, it results

shown inFig. 9 The horizontal axis represents thehunting modlis greater than 90°

the longitudinal distance between the front and rear
ends of the carbody.
Ideally, thereshouldexist a 90°phase lag d&

I a tyfbndateral Al Jaw ofih¥of the carbodgo the

| ater al ride comfort of

the lateral and yaw motions corresponding to the
especially when the

value ofAcsx and the vertical axis indicates the phas%quivalent conity of wheetrail contact islow, as

bet ween t he

|l ag

end,

S

t

the phase lag between

r

he

car bodygn§unih Bd. & Belilies, th& 1teral Z¥itiotACdrde O N S -

€



Fy' and torqueTy' produced by the yaw damper are
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is adopted in the locomotiy¢he phase laghetween

related to the magnitude of the lateral displacement &' andT,' is smallerthan 907 which is beneficialto

the carbody, and the directionffis always opposed
to the lateral movement of the carbody. Hence, th
vector relationship betwee,’ and Ty is obtained,
seeFig. 10.

AsFig. 10ashows,thephase lagpetweerf,' and
Ty is greater than 90for the locomotive with Ol
layout, which would makehe phase ladetveen the
lateral andyaw motionsof the carbodyncrease with
the increase ofcsx In Fig. 10b, whenthe OO layout

Fy'

reducingthe phase laghetween he lateraland yaw
motionsof the carbodywith the increase ofcsx For
SS and ASS layouts, there are additionakorques
so thevalue ofAcsx has little effect on the phase lag
between the laterand yaw mations of the caibody.
Consequentlythe infuenceof yaw dampedayouts
on the differenceén lateralride comfortbetween the
front and rearends of the carbodis perfectly &-
plained

(b) 00
Fig. 10 The vector relationship of lat

7 Conclusions

1. This paper describedd lowconicity/high
conicity stability Pareto optimization for higdgpeed
locomotives (BeBo) under four types of yaw damper
layouts through the genetic algorithm NSAG
which is conducted based on the MATLABIM-
PACK cosimulation platform Then, theoptimal
lateral dynamics performance and suspensian p

(d) ASS
eral additional forces and torques

mostly sensitive to the yaw damper dampyg
and lateral installation anghksy and the infli-
ence ofAcsxis more obvious when the Ol or OO
layout is adopted. This means the yaw damper
layout has a significant effect on the lateral ride
comfort on strajht tracks.

(2) Operatioral safety oncurved tracks is sensitive
to yaw damper dampinGsx and primary lateral
stiffnessKpy, especially the former, but has little

rameters matching relationship for locomotives under
the four layouts are obtained. They provide a helpful
comparison solution for bogie structure schemes, and
caneliminatethe interference of the maing reb-
tionship between suspension parameters and-stru
tural schemes in the results.

2.Based on Latin Hypercube sampling using
Monte Carlo simulationghe global sensitivity ana
ysis for lateral ride comfort and operation safety
performance of the loconises under four yaw
damper layouts to thgix key suspension parameters
has been conducted through the RBBPMR method.
The following conclusions are important.

(1) Lateral ride comfort of the carbody on the
straight track under the lewonicity condition is

sensitivity to the value ofcsx 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 Wy, but is negatively related to the
value ofW,, which means that a moderaig
can reduce or even eliminate the difference in
lateral ride comfort between the front and rear
ends of the carbody. This is the unique cbara
teristic of the locomotive with OO layout, and
the value ofAcsx is positively correlated with
values ofW,s andW, for those locomotives with
the other three layouts.
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3. When the yaw damper layout has a lateral i System Dynamic§2(S1): 272286.
stallation angléAcs« the relative lateral displacement  https://doi.org/10.1080/00423114.2014.898776
between thecarbodyand bogie frame will cause a M€ XW: Yao Y, Shen, et al,, 2022. Multobjective opk

. . mization of highspeed train suspension parameters for
certal_n dgforma_lt_lon at both ends of the yaw damper improvinghunting stabilityInternational Journal of Ralil
resulting inadditional forces and torques. Based on  Transportation 10(2): 159176.
this phenomenon, taking the whole carbody as the https://doiorg/10.108023248378021.1904444
research object, a force analysis is conductedk+o eGoldberg DE, 1989. Genetic Algorithms in Search, Optmiz
plain the matching relationship between the yaw t'O“’W a”Id '\;'acfh'”‘? L:Smlng' U'\gi“husetts- Add

e son\vesley Protessionaboston, .

damper layout andhcsx I.n addlt.lon’ from the He. Jeon CS, Kim YG, Park JH, et al., 2016. A study on the d
specive of modal analy5|s, the |_nfluence mechamsm namic behavior of the Korean neggneration higtspeed
of the layouts on the difference in lateral ride comfort  ¢ain. Proceedings of the Institution of Mechanicai-E
between the front and rear ends of the carbody has gineers Part F Journal of Rai and Rapid Trans26(4):
also been given, and the selection principldgfis 746-754.

pointed out when the locomotive adopts therfo  https:/toiorg10.1177/0954409715576355
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system dynamics using genetic algorithfahicle System
Acknowledgments Dynamics 58(1): 7491.
This work is supported byNational Railway Group https://doi.org/10.1080%23114.2019.1566557
Science and Technology Program grghbs. N2020J026,  johnsson A, Berbyuk V, Enelund M, 2012. Pareto optimisation
N2021J023 and Traction Power Stat¢ey Laboratory grant of railway bogie suspension damping to enhance safety
(No. 2022TPL_QO02) of the IndependerResearch and and comfort. Vehicle System Dynamijcs50(9):
Development Preicts. 13791407.
https://doiorg/10.1080/00423114.2012.659846
Author contributions Kalker JJ, 1982. Adst algorithm for the simplified theory of
Guang LI and Yuan YAO designed the research. rolling contactVehicle System Dynamjckl(1): ¥13.
Longjiang SHEN and Xiaoxing DEN@rocessed the carr https://doiorg/10.108000423118208968684
sponding dataGuang Liwrote the first draft of the nmaiscript.  Kassa E, Nielsen J CO, 2008. Stochastic analysis of dynamic
Wensheng ZHON®elped to organize the manuscripuang interaction between train and railway turnowMehicle
LI revised and edited the final version. System Dynamicg6(5): 429449.

https://doi.org/10.1080/00423110701452829

Li G, Wu RD, Deng XX, et al., 2022. Suspension parameters
matching of highspeed locomotive based on stabi
ity/comfort Paretcoptimization Vehicle System Dyna
ics, 60(11):38483867.
https://doi.org/10.108004231142021.1979602

Li JY, Liu LY, Kou DH, 2014. Wu Guang Higspeed Rail

Conflict of interest

Guang LI Yuan YAO, Longjiang SHEN, Xiaoxing
DENG and Wensheng ZHONGdeclare that they have no
conflict of interest.

References Track Irregularity Power Spectrum Analysispplied

Alfi S, Mazzola L, Bruni S, 2008. Effect of motor connection Mechanics and Materia)$38640: 12241228.
on the critial speed of higispeed railway vehicled/e- https:/ivww.scientific.net/ AMM.638640.1224
hicle System Dynamicd6(S1): 20+214. National Railway Administration, 20195B/T5599. Specif
https://doi.org/10.1080/00423110801935814 cation for dynamic performance assessment and testing

Bideleh SMM, Berbyuk V, 2016a. Multiobjective optimisation verification of rolling stock. Beijing, China.

of bogie suspension to boost speed on curVehicle  passon BA, Nielsen JCO, 2012. Track gauge optimisation of
System Dynamic$4(1): 5885. railway switches using geneticalgorithm. Vehicle Sg-
https://doiorg/10.1080/00423114.2018L.14655 tem Dynamics50(S1): 365387.
Bideleh SMM, Berbyuk V, 2016b. Global sensitivity analysis https://doi.org/10.1080/00423114.2012.665167
of bogie dynamics with respect to suspension componentsersson R, Andersson E, Stichel S, et al., 2014. Bogies towards
Multibody System Dynamic37(2): 145174. higher speed on existing trackaternationaldournal of
https//dmorglO1007/51104-@15-9497-0 Rail Transportation 2(1) 4049.
Bideleh SMM, Berbyuk V, Persson R, 2016c. Wear/comfort http://dx.doiorg/10.1080/23248378.2013.878294
Pareto optimisation of bogie suspensivahicle System pplach O, 2006a. On neinear methods of bogie stability
Dynamics 54(8): 10531076. assessment using computer simulatidPmceedings of
https://doiorg/10.1080/00423114.2016.80405 the Institution of Mechanical Engineers Part Journal
Bigoni D, True H, Engsigarup AP, 2014. Sensitivity analysis of Rai and Rapid Transi220(1):13-27.
of the critical speed in railway vehicle dynamivghicle



J Zhejiang Univ-Sci A (Appl Phys & Eng) in press | 15

https://doiorg/10.1243095440905X33251 https://doi.org/10.1007/s0044¥1.8-14756
Polach O, 2006b. Comparability of the rlimear and linea Yao Y, Li G, Wu GS, et al., 201%uspensioparameters o
ized stability assessment during railway vehicle design.  timum of highspeed train bogie for hunting stability-r

Vehicle System Dynamje#(S1): 129138. bustnessinternational Journal of Rail Transportian,
https://doiorg/10.1080/00423110600869537 8(3): 195214.

Shan SQ, Wang G010 Metanodeling for high dimensional https://doi.org/10.108@82483782019.1625824
simulationbased design problemdournal of Mechar-  Yao Y, Zhang HJ, Luo SH, 2015. The mechanism of drive
cal Design 132(5):051009(11) system flexible suspension and its application irodoc
https://doi.org/10.1115/1.4001597 motives.Transportation 30(1): 6979.

Shojaeefard MH, Khalkhali A, Yarmohammadisatri S, 2017. https://doi.orgl0.3846164841422013.78597
An efficient sensitivity analysis method for modified Zeng YC, Song DL, Zhang WH, et al., 2021. Stochastic failure
geometry of Macpherson suspension based on Pearson process of railway vehicle dampers and the effects on

correlation coefficientVehicle System DynamjcS5(6): suspension and vehicle dynamid#ehicle System Yo

827-852. namics 59(5): 703718.

https://doi.org/10.1080/00423114.2017.1283046 https://doi.org/10.1080/00423114.2019.1711136
Simpson TW, Booker AJ, Ghosh D, et al., 2004. Appraim Zhang H, Ran X, Wag X, et al., 2021. Coupling effects of yaw

tion methods in multidisciplinary alysis and optimia- damper and wheehil contact on ride quality of railway

tion: a panel discussionStructural Multidisciplinary vehicle.Shock and Vibration(3): 1-18.

Optimization 27(5): 302313. https://doi.org/1011552021/6692451

https://doi.org/10.1007/s001884-03899
Sun JF, Chi MR, Jin XS, et al., 2021. Experimental and n Appendix

merical study on carbody hunting of electric locometiv Table A1 Locomotive model parameters

induced by low wheefail contact conicityMVehicle Sg-

tem Dyngmic559(2): 203223. l(tlzrrrz)ody mass Xgl:ge Egmt
https://d0|.0rg/10.1080/00423114._2019.1_674?_,44 _ Bogie frame mass 3441 kg
Tunga MA, Demiralp M, 2005. A factorized high dimensional\yneelset mass 2434 kg
model representation on the nodes of a finite hyp@rpri \wheel base 2.9e3 mm
matic reglar grid. Applied Mathematics and Comput Length between bogie centres 9e3 mm
tion, 164(3): 865883. Distance of contact point 1493 mm
https://doi.org/10.1016/j.amc.2004.06.056 Wheel rolling radius 625 mm
Wang WL, Huang Y, Yang XJ, et al., 2011. Namear paa-  Friction coefficient 0.3 /
metric modelling of a higispeed rail hydraulic yaw Rail cant 1:40 /
damper with series clearance and stiffnédenlinear ~ Primary vertical stifiness 15 kN/mm
Dynamics 65(%:2): 1334. Pr!mary Iongltudl_nal stiffness 15 kN/mm
https:doi.orgl0.1007611071010-98717 E”mafy lateral stiffness 3.5 kN/mm
- amping of secondary lateral damper 25 kN.s/m
Wang WL, Yu DS, Huang Y, et al., 2014. A locomotiveys d - geries stiffness of secondary lateral damg 25 kN/mm
namic response to iservice parameter variations of its Damping of yandamper 800 KN.s/m
hydraulic yaw damperNonlinear Dynamics 77(4):  Series stiffness of yaw damper 225 kN/mm

14851502.
https//doi.org/10.1007/s1107014-13932
Xia ZH, Zhou JS, Gong D, et al., 2019. Theoretical study 0133
the effect of the anyaw damper for rail vehicle®ro-
ceedings of the Institution of Mechanical Engineers Part .
C-Journal of Mechanical Engineering Scien@34(2): : . z
457-473. ' Pareton, o Ne
https://doi.orgl0.1177/0954406219878752
Xu L, Zhai WM, Gao J, 2018. Global sensitivity analysis for
vehicletrack interactions: special attention on track i Y i "k i x

regularities. Journal of Computational and Nonlinear - )
Dynamics 13(3): :12. ! ?109‘_3”*( X . F
https{/doi.org/10.1115/1.4038820 X I 412001

Yan Y, Zeng J, 2018. Hopf bifurcation analysis of railway
bogie.Nonlinear Dynamics92: 107117. YT 2B0 " * No
https://doi.org/10.1007/s110717-36347 o w

Yan Y, Zeng J, Huang C, et al., 2019. Bifurcation analysis of ! . P '7 .

Z a

railway bogie with yaw daper. Archive Applied M- ) )
chanics 89(7): 11851199. b A


https://doi.org/10.1155/2021/6692451

16 | J Zhejiang Univ-Sci A (Appl Phys & Eng) in press

1. n. n. v
! n * oz i
b oAt 2 i
. vb z b z
. r 5
a
A
1. ¢ MATLAB /SIMPACK . o T
n ( n "z
1 a Ne - 4 5" 2
¢
E \' o °
RBFHDMR Ne i a
n Ne ~ 6" 3. Ne
b 7l
. 5 T
r B~ 8 gA
1
i b ¥
04 ¢ T2 Ne
' W
1 TP
'3
“n "y Lk
- (I E
@ A



	1 Introduction
	2 Multibody modelling
	2.1 High-speed locomotive dynamics model
	2.2 Yaw damper layouts

	3 Dynamics evaluation index
	3.1 Lateral stability
	3.2 Lateral ride comfort
	3.3 Operational safety

	4 Multi-objective optimization
	4.1 Optimization scenarios
	4.2 Optimization results

	5 Parameter analysis methods and results
	5.1 Global sensitivity analysis method
	5.2 Sampling method and Monte Carlo simulation
	5.3 Parameters analysis results

	6 Discussion
	6.1 Force analysis
	6.2 Modal analysis

	7 Conclusions
	References
	Appendix

