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SUMMARY

I. TITLE

“Analysis of nonlinear design parameters and development of nonlinear
dynamic analytical model for safe operation and fault detection of high-speed

train”

. The purpose and need for research and development

e The vibration of railway vehicles is basically caused by creep phenomenon
which occurs during the wheel/rail contact. The vibration caused by the
wheel/rail contact is transmitted from a wheelset to a bogie, and from a bogie
to a carbody via the primary and secondary suspension.

Because these vibrations depend on the design parameter of the primary and
secondary suspension, each design parameter should be optimized. For this
purpose, in this research, the primary and secondary suspension are optimized
using the response surface method based on the results of running analysis
using ADAMS/Rail program on the curved tracks.

The vibration of railway vehicle by creep phenomenon is the main factor for
the determination of the critical speed and the ride comfort. Therefore the
research on this problem is necessary for an in-depth study. The analytical
model for dynamic analysis of railway vehicle has mainly used Kalker’'s linear
creep theory. In this study, the ideal wheel profile is proposed by applying the
nonlinear creep theory such as Vermeulen, Wormley, Polach, Strip theory and
examined on the effects of the critical speed in accordance with the variation
of creep curve.

Also, the risk of the derailment and the vibration increases when the railway
vehicle runs on curved track compared to straight track, therefore, it should be
conducted how each design parameters such as suspension, the conicity of the
wheel and the rail, the curvature, the cant of railway vehicle affect the railway
vehicle dynamics. In this respect, the safety and stability of railway vehicle
are reviewed for various railway vehicle models of 2, 6, 14, 20 DOF model

which accommodates the linear or nonlinear creep theory.



m. Task

. The suspension of high speed train is the most important element when
the railway vehicle drives on curved track for the ride quality and the driving
performance. In this study, the lateral vibration 1is calculated using
ADAMS/Rail, and the transfer function and frequency response are calculated
from the wheelset to the bogie and the carbody. Also, an optimal suspension
parameters are determined using response surface method with the primary
and secondary suspension parameter variation from the lateral displacement of

the wheelset, the bogie, and the carbody.

The creep phenomenon which caused by wheel-rail contact determines the
critical speed of high speed train. In this study, the hunting due to Hopf
bifurcation are investigated for 6 DOF bogie model using Kalker’s linear creep
theory, Wormley’'s nonlinear creep model, Vermeulen’s nonlinear creep model,
the creep model made by Polach’'s calculation, and the new nonlinear creep
model calculated by Strip theory. These are estimated using numerical
integration and shooting algorithm. Also, the relationships between critical speed,

flange contact and suspension parameters are also reviewed.

In order to identify the railway vehicle dynamics on curved track, 2, 6, 14, 20
DOF models are made for the consideration of the lateral displacement and
vawing angle of the wheelset, bogie, and carbody, respectively. And then, the
vibration responses are calculated for the various the radius of curvatures, the
wheel-rail contact, and the cant. Additionally, the safety of railway wvehicle on
curved track is reviewed by calculating the transient response and the variation

of the derailment coefficient on transition track.



Research Development
Research contents and scope
Objectives

® [ateral vibration depending on the radius of
curvature through ADAMS/Rail running analysis

® Calculation of the vibration transfer function
® Suspension optimization and the frequency response of the wheelset, bogie,
and carbody

® Suspension parameter optimization by response
surface method

®m Creep curve calculation : Kalker, Wormley,
Vermeulen, Polach, Strip theory

® Development of railway vehicle model and
equation of motion

®  Analysis on limit cycle and critical speed

m (Critical speed depending on suspension
parameter

®  Analytical model on curved track

® Dynamics analysis depending on the
suspension, the radius of curvature, and flange
contact

® Transient response in transition track and
dynamic derailment coefficient

® (Critical speed analysis
considering nonlinear creep

m Railway vehicle nonlinear
dynamic analysis in curved
track

IV. Output

e Railway vehicle suspension optimization using ADAMS/Rail

o The lateral vibrations of wheelset, bogie, and carbody on curved track are
greater than on straight track up to about 3.5 times.

o The lateral vibration of wheelset generates 78 Hz on curved track, and 40
Hz on straight track.

o When the lateral stiffness of the primary and secondary spring decreases
10 % and the secondary damping coefficient of the secondary damping increases
10 96, the lateral vibration decreases 3 % at the wheelset and 1 % at the bogie.

e (ritical speed of high speed train considering nonlinear creep

o The creep curve converges to a limit value, however, the slopes are
different depending on creep theories, and the creep curve with the consideration
of the wheel profile is different from that of a specific creep theory.

o Small wheel conicity which can generate the large creep force can make a

greater critical speed.

o Velocity, y and yaw velocity, ¢ works as damping which inhibits the

lateral and yaw motion, respectively. However, yaw angle, v and Ilateral



displacement which works as the coupled stiffness can lead to instability of
the system, if the slope of the creep curve is large, the critical speed of
railway vehicle increases. Therefore the wheel profile which has a large slope in
its creep curve should be developed to increase the critical speed of high speed
train.

o Larger stiffness of the suspension can make larger critical speed, but the
effect can be negligible. Also, the damping coefficient is irrelevant to critical
speed.

o The flange contact can make a large critical speed, but it can generate the

high frequency.

e Railway vehicle dynamic analysis while running on curved track

o 2 DOF model which is composed a wheelset, 6 DOF model which is
composed 2 wheelsets and 1 bogie, 14 DOF model which is composed 4
wheelsets, 2 bogies, and 1 carbody. Additionally, 20 DOF model is developed by
adding the roll angle of carbody and bogie.

o During curved track running, railway vehicle dynamics does not change
depending on the suspension parameter.

o In order to analyze the dynamics of the railway vehicle which running on
curved track, the dynamics of carbody should be considered

o The vibration of the wheelset is limited by the flange to the range of
permissible deadband, however, the more the radius of curvature is large, the
more the bogie and carbody become unstable as the velocity increase. Therefore,
the railway vehicle should not run over this velocity which makes the instability
of the railway vehicle.

o As the radius of curvature and cant increases, the critical speed increases.

o The vibration of carbody is dramatically increased at the entering point to a
transition curve.

o As the radius of curvature and cant become large, the critical speed
becomes faster but the dynamic derailment coefficient becomes less if the flange

contact is considered.

_‘IO_



V. The final results of research and application performance

B Domestic Journal Publish

Dynamic Analysis of Railway Vehicle with Wheel Unbalance, 2013,
Seung-Il Lee, Yeon—-Sun Choi, Transactions of the Korean Society of
Mechanical Engineers, Vol. 37, No. 11, pp. 1387-1395.

Field Measurement of the Center of Gravity and the Moment of
Inertia of Railway Vehicles Using Vibration, 2013, Ki-Seok Song,
Yeon-Sun Choi, Transactions of the KSNVE, Vol. 23, No. 10, pp.
878-884.

Wheel/Rail Contact Analysis with Consideration of Friction and
Torque, 2014, Ki-Seok Song, Seung-Hee Han, Yeon-Sun Choi, Journal
of the Korean Society for Railway, Vol. 17, No. 1, pp. 1-4.
Analysis of the Critical Speed and Hunting Phenomenon of a High
Speed Train, 2014, Ki-Seok Song, Ja-Choon Koo, Yeon-Sun Choi,
Transactions of the Korean Society for Railway, Vol. 17, No. 5, pp.
342-348.

B Foreign Journal Publish

Dynamic analysis on wheel-set vibration due to wheel/rail contact,
Seung—Hee Han, Ki-Seok Song, Ja—Choon Koo, Yeon—-Sun Choi, 2014,
International Journal of Advanced Railway, Vol. 2, No. 3, pp. 141-148.
Optimization of Suspension Under the Condition of Curved Track in
Railway Vehicle, Jong Yoon Choi, Zheng Yuan Li, Seung Guk Baek,
Ki Seok Song, Ja Choon Koo, Yeon Sun Choi, 2014, IJR International
Journal of Railway, Vol. 7, No. 2, pp. 57-63.

B Software development

Dynamic characteristic analysis software with railway vehicle bogie
model (C-2014-031268)

V. Application plan of the research results

In this study, the optimization method of the suspension parameter is proposed.

Therefore, this could be used for the design of the suspension of high speed train.

However, the critical speed depending on the suspension parameter is not so

effective. Instead, the development of the wheel profile which has large slope of

the creep curve is necessary. This can be used for the development of the wheel

profile of Korean high speed train. Also, many computational results at the

running condition on curved track could be used to solve the several problems of

high speed train, which occurs at running condition.
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SR = Kalkerd ZeZ#Ey =z RUES yAdu H=F8+= &
oA A&ttt

6 A+ R4S Table 1.1.29 AWl thsto] XA Eeto] FA4MY il
-] AERE dFaddtt Hd5S f8 ADAMS/Rail® iL-#F3E 7
Aste] w)w, AZE9h Figll2s F8E% 566 km/hol A ¢ dizhe] 8w
& Ao ZA AZto] Aol wel Fo] AFE B F Jda, wHe &
TE o] ¥ A x=(phase diagram))olA X EwEe} ZFo] Limit cycle©]
UEeld o) Figl1.3v /% ALt 232 JdASE7F 565.3 km/h= %] 4
wA el FANES gl
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Table 1.1.2. Specification of HEMU-430X
Index Terms Symbol | Unit Value
Bogie Weight of the Bogie g 3600
Moment of Inertia(Yaw) 1, kg-m? 3000
Weight of the Wheel-set M, kg 1650
Wheel-set | Moment of Inertia(Pitch) Ly | kg-m’ 1050
Moment of Inertia(Yaw) 1, kg m? 120
Logitudinal Stiffness K, N/m 750000
Primary | Lateral Stiffness K, | N/m | 250000
Suspension | Logitudinal Damping G, | Ns/m 16
Lateral Damping G, Ns/m 5
Logitudinal Stiffness K,, N/m 100000
Secondary | Lateral Stiffness K, | N/m | 100000
Suspension | Logitudinal Damping G, Ns/m | 166000
Lateral Damping G, Ns/m 10000
ileeﬁfer oé rorlif)tween 2nd suspension L., m 195
. _ Half of between 1st spring(side) Ly, 1.3
Dimension ['ryai of between 1'st spring(front) Ly, m 1.025
Half of wheel-set distance L, m 0.75
Wheel radius Ty, H, m 0.38
Wheel conicity A 1/40
Half of the track gauge a m 0.75
Axle load W N | 1.224%10°
Creepage Lateral creep force coefficient fu N 2.212%10°
Lateral/spin creep force coefficient fio Nm? 3120
Spin creep force coefficient fao N 16
Longitudinal creep force coefficient fas N 2.563%10°
E
A i

(a) Lateral displacement
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94 42 0. 2 a8 1

S L
Displacement{m)

(b) Limit cycle
Fig. 1.1.2 Lateral displacement of bogie at v = 566 Km/h
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Fig. 1.1.3 Critical speed by Eigenvalue analysis

pR7E dojdo] wel Aol WA =13 WPo] U= Ae dASEE
2 A sgir ErE wbE W slsE MATLABS Random3t2 714 8t
Random@tr+ 94 £xolA gl & wH 3| dst= 17&% 10 53k

t}. Fig. 1.14 (a)& 60% <t w74 o] 0.38~0.379 mH oA B2 stA A
st E 7Rt 1 A3 dAEEE 565 km/h7bF H itk Fig. 1.153%
Fig. 1.1.6& Z+zF w7 ¢ W3l= 0.38~0.355 m, 0.38~0.335 m¢] W= wr}
& utRrE 3P ua JpgetH AdASEE 558 km/h, 545 km/hE oF4E &)
A AAE AT o] 24 wiEo ofF| Wb el WSyl AW S5 JASET
ZolAS s 4 rt a2y wlRz QlE AA dAsE FH AF9
W 2ol Hd 15 mmY R AEvERZ Q3 dALEEe] W= A4
P HAA Hotes AoE FEL Uk

vakity (mjs)

Radits (m)

Dephcement (m)

b

(a) = 038~0.379 m (b) Lateral displacement (c) limit cycle
Fig. 1.14 Radius 0.38~0.379 m
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Radius im)
A . A
Displcement (m)

Time{=) Timels)

(a) = 0.38~0.355 m (b) Lateral displacement (c) limit cycle
Fig. 1.1.5 Radius 0.38~0.355 m

Radius {m)
Walkcity (m/s)
5 "

Disphcament (m)

2 = = £ = = & ] h ) -
Dizplscermantim)
Timels) Timels) Dizplscement!m

(a) r, = 0.38~0.335 m (b) Lateral displacement (c) limit cycle
Fig. 1.1.6 Radius 0.38~0.335 m

e wHel AW EarE vt S dotiRy] fstel ADAMS/Raile
o] &3t ILfrlol o% AALKEE Atste] Hdth ol Fig. 1.1.7%
ol ADAMS/Raildle] 71E2d 2AEWEL 046 m, & Zo] 2 m, A%
1503 kg2 TAEAT. ADAMS/Railol A xF#Ee] A di4]e -] 9]
Aol AARSG] Walte] wet S(H)ellA F(+)o] HE HE7F A&
o =arE e g@H vpRe] AESE WstE lsky] 9fste] Fig. 1.1.8% 2
o] zt& HWo| mEIF dojux] e A UE AdALKEE A A

345.6 km/h7} = Lt}
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Fig. 1.1.7 ADAMS/Rail model

Fig. 1.1.8 Wheel profile

0, OIS ]

Fig. 1.1.9 Stability analysis
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ADAMS/Rail> 25 HHARE FHuZ Yeldlo] de 2 x5 WA
F drh. gwWel #x #FS sined cosinel®  #H ol g
=10 ®cos(22)+9x10" °sin(3z)+9x 10" cos (52) +9< 10" %sin (72) — 6 x 10~ ]| &)
sted Fig. 1.1.10% Zo] HHS EqrFetA sto] tAAdMNAE skt
kR 7 dojubA] Fgs A g

g Agsl Musas 9 ned AoEe ws g
RNo F()A FHoE Wste YAESES 3456 km/hE 5 UskAl e
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£ goms 4 %5%{::7 W
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Fig. 1.1.10 Worn wheel profile

00087 om

Fig. 1.1.11 Stability analysis

&
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B2PPL JHdE FAHOZHE wbEWgor 9
2o B Ak m,= 0, 50, 150, 250, 500, 1000 go] <=3t} w24l Fig.
12190149} o] 25 BHFS =m, 7,03, F$-(atera)FF EHF->

e

U =m, 1,8, Lyaw)d&F EFIL U,=m, «r, 1ot ol r= =
wo WAool & FHAEe HFAe Aololi, > &FTA

48717 Aol

F, = *a'ineﬂ"e.l'.]!2

Fig. 1.2.1 Wheel unbalance

Table 1.2.2 Variation of the critical speed due to wheel unbalance

Critical speed

m, lg] U lgeml | Uylgeml | U,lg«n? o /hﬁ’
0 0 0 0 115
50 215 0.54 15.05 110
150 64.5 1.62 45.15 100
250 1075 2.69 75.25 95
500 215 5.38 150.5 80
1000 430 10.75 301.0 20

%
Uy=m, »7, « 1o wW& 747te] S£x8)4e] AsE Table 1229 HEbf2
t 2w =" oal Eo] HAEA, AE =B Pl Tl w9
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VI-Rail® z&H E33o| X3+ Talgke] F L Wl wE 2k
TEAS EAAH. Table 3 LA g AesR=EEN O =9
(rolling mode, 3.16 Hz), @ A% % % (longitudinal mode, 4.81 Hz), @ 43}
Z1& (vertical mode, 520 Hz), @ 33 (pitching mode, 6.7 Hz), ® £
(vawing mode, 8.02 Hz), ® #9715 (lateral mode, 11.56 Hz)7} 242 v
St FEE WE &5 A AdE Faaer S Fua A
H 3= Fig. 49} 2o} Fig. 4049k o] A& EH ol gls W ®Y AA
F¢AEs e =359 FIdE5E 115 km/he F37F 115 Hz2 A 3}%
A, 2E BEHE, 9] 430 em A W @9 AA AIHE BRE FI
T34 % 50 km/he F357F 5.2 Hz2 A4 o= A&
7hell mhE A Q] HFol o3 FXIAAFo] HATgS &+ Stk

=

)
°
T

m& m&

PN
T

1=y I ==

E\é © o

Table 1.2.3 Vibration modes of carbody

Frequen Mode Frequen Mode
Number Remarks | Number Remarks
cy [Hz] Shape cy [Hz] Shape
D 3.16 - rolling @ 6.7 pitching
4 | longitudi 35
@ 481 i ® 8.02 vawing
& nal &
® 5.20 vertical ® 11.56 lateral
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ceeemnenns WWheelset freq.(f |, A=0.0 <
P! il 153 | :erll'
—e— Bogie freq.(f, , A=0.05) g,ﬁ’
18 F R VE'DC“Y freq_(yf) . #*‘* -
16 | ===== vertical virbration freq. I xr'“ .
e x
lateral wipration freq. . 2
14+ . gy* .
w | »
= 12k 1 2 il
=
o 1 jt;'.t"x;r'Ux:tbalan(:t,'i_‘h:r:l. =0gm
g 101 I o (11.5Hz) i
i * |
81 | #.ﬂ' Il
Unbglance, Um =430 .m#t s
6 (5.2Hz) ‘,k - i
____________ ;- -_____..__-___...._I._____...._______....______
4 X | . .
#n prope Shaihal Lo
2F o | _-::===:=:

80 100 120 140 180 180 200
Running speed [km/h]

Fig. 1.2.4 Kinematic frequency and wheel unbalance

Az FPEEE 40 km/holl A 150 km/h7HA] 5 km/h® Z7FA] 7] W A
g5, Aot s TSR] A9y Fuaedd A3E Fig.o 1.25% Fig.
1.2.6¢1 YebUSla, A& BHFo] A= 459 gl A5 27 s Azt
SH= Tota, ol Fua A SIAT Fube AL A AA iR
cuks 18 E 7] Y8 low pass filtering®l 0~50 HzAE49F gt =
& /M2 RS waterfall diagramE F3Fo] Fig. 1.2.59 Fig. 1.2.6°] 4E}

. 1259 (A= A& ER Yol e A5 AT ozN O
HRE(316 Hz)¢F ®9 A4l 82 =(8.02 Hz)7F HeErRtaL, T35
To wet @9 &5 At 3 Fukg Aol YEelWTH Fig. 1.259]
)= e B3 Yol flv A9 AT oEZN O AA EHEEVF U

]
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Carbody-front

— without unbalance

08

Lateral acce: [mt‘sz]

Time [s]

(a) With unbalance, 430g « m

Carbody-front
T

08

T T
with unbalance

Lateral acce: [mfsz]

L 10 15 20 25 30

(b) Without unbalance, U, =0g * m

Fig. 1.25 Time response and waterfall diagram for the cases of
with/without unbalance(Y -direction)

Fig. 1.269 (a)= A&HF =H Yo
FHEE(316 Hz)¢ @ #A &
o] (b)+ & EHFHol glv 4
9] AA| st MERE=7E e oy &

A YERSTE Fig. 1.2.69 (a)¢F (b)ellA et o] A3hxl =39
U A7 e ASEY A YERT ol= AE BRI 9 T
o] SR Qe Jgor FrrE

Jsomy Do AA =
z)7F YEbstt Fig. 1.26
| Do A SR}
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2. Ag/dd A=

e
@Ei}%“ﬂ]ﬁ A2 Z ¥ (creep force)> A&7 dldo] AE5TozHn A
THFor AQdHS sty JWFor A B AA 9
o] Hol Fa Y P SAES AAsHA "ol wEt A
o

Aa/dd AEEA = Fig. 211904 12l wiel Zo] AFz ddo] z+zte]
SEWE S 2t 2719 BAAAIVE FEFst AFel og A dH g AR
HEHE S|HAEANET FojA= Aol FANFoR 42439 (normal
force), =@ Wako 2 mpzo] o3k <l ¥ (traction force)o] WAd= A=
A AESHAA FANFgoRr WyPo] oy, —rﬂ‘ﬂ‘ﬁokii A 2h/m 11 3
(stick/slip)o] A5t Ap=9] 3] ogk o] &4 A e AA WA
g7} Zol7t yA ®©ok & A8 Z(creep)o] A7 AHolth AEEZE Fig

2120014 Bl wpel o] FwW3F(longitudinal), 2'3F(lateral), 3] W3k
(spin) &= 717} At A =, A€y F3 Hre T8 A=

% (hunting)oll o]k xkA|e] A & E(critical speed)v= W A 27t 4%
T FHAA = A Y zot 44 Fas) v 2Ed dd HS
TE Aa oniRe 9=2E ﬁ*ﬂé‘}ﬂ T PSS Frst= HA Y A
I oHds AAs e 51271 2

Wheet

R;

Rail

R,

(a) (b)
Fig. 2.1.1 (a) Principal wheel and (b) Rail radii of curvature
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Normal force

Contact region

Spin

_—

Creep/couple

Lateral treepage

Lateral creep force

h 4

Longitugdinal creepage
Longitudinal creep force
Direction of motion

Fig. 2.1.2 Creepage and creep forces

224 AFolt}h Cartere 23 AAMLE 9 o]
3 7FAgske] Fig. 2.1.33 2ol AW

(adhesion), WA= ml118 A (slip)e] HAS T 7SI 248 S =}
Zuro] BAgl W4el 2294 (creepage)ol E A A%, & T
=
= 36, (V) (2.1.1)
J33 = 3500 % (2.1.2)
F : Total tractive effort of the wheel
R, : Radius of the wheel
N : Normal force
Direction of rolling F\f
e s . Point of complete sliding
N i
Slip area Adhesion
s ;s

P

Fig. 2.1.3 (a) Local traction distribution according to Carter’s theory. (b)

Carter's creep force law
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1958 Johnson[5]& Carterd] 2219 o] &S A A 2719 ¥4 F-(sphere)
7F FERSE W, Fig. 2.14¢ Zo] W3, AWdd A IAE FAld 1
sto] Ao wE AJHEH S AEsA. Ad A e} njuwet A3} 25 % ol

N 2 A Fol wE A

(1
» (1 37') 1]( ) for T|<3
B " o (2.1.3)
1
—;<€i+77j) for |7|=3
bGE,
¢ * normalized longitudinal creepage : chj\ff”
: lized lateral . mabGE,
n  normalized lateral creepage : NG,
= o (2.1.4)

N : total normal force
f © friction coefficient

F : total resulting tangential force

b r
a a’ Rolling

SIip regioumzesion ]y x

Fig. 2.1.4 Contact area according to Johnson and Vermeulen. (Ratio of

semiaxes is (a/b)=(a‘/b"))

1963'd Halling[6]% Carter] o] &£olA HEwHA o] o] E&
4E AYMe =E(stripp®E Wrol ZH7+e] Fol  Cartero] &
Carter .t} A gt 7AQ18& AH&E39 k.

Kalker[7]:= ©]2]%F Halling®] = °]Z(strip theory)S %3 3ure 373
A& FAel st okgke] 3 A uX|7A] ¥o]A Kalkere] Ado]&

(Kalker’s linear theory)< <+A s}
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—fs&e (2.1.5)

Fo==f1,€,~ 14, (2.1.6)

M = f12£y _f22£sp (217)

F,, =(ab) GGy, (2.1.8)
3

F,=(ab)* GGy, (2.1.9)

Fy, = (ab)*GCy, (2.1.10)

F, = (ab)GC, (2.1.11)

Fx @ longitudinal creep force

Fy : lateral creep force

Mz : spin—-creep moment

F11, F12, F22, F33: creep coefficient

§..€,,& + longitudinal, lateral and spin creepages, respectively

a . semi axis of the contact lipse and the rolling direction

b : semi axis of the contact lipse and the lateral direction

G : modulus of rigidity
Cij : creepage and spin coefficients, which depend only on Poisson’s

ratio 0 and the ratio of the semi axis of the contact lipse(a/b)

ol#] 8 Kalkere Adol2o AL ek 3 A B o]Hd g 2oz 9l
ot a2eu AEd dde] S FE8 L ] S B

Aol o g Ao 7lge] AEHoEN AAF I oF IHNEAN} F
oA = A& ddH AE HFA AR Al mpEAFE AA

o sigstyt wnnHA= A5 wrERASIE FvEAS, w7t 2S L EHA

WEol e Wk g2 #H Y Cartero] &
np A A =S FAlO mEsta AUdH

e Aatskth

rr
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22 A dH=
AZHAAM A 499 Adert FEHESF & o, dF , IJHEA ) mpR
Al pol w2t &5 5 (rolling) @ 7] 128 H (slipping)e] A gt} Fig. 2.2.1
I o]l WA rQl Y Adgrr Ha felM AT Ag, 9F A"y
A m, APJEANE [ 7t A= 3ld ETE 79 & o, A= WeZHH
FAYgE NS T3 Ae AxHe e Eol web wpEy o A
ohomEE SR o, A7FEE o9 Ao Was Fig 2219 2ol A9
st 2 (2.2.1)~(222)0] A et
M—fr=Iu (2.2.1)
ma—f:,uN—m:M = 1g (2.2.2)

N
Fig. 2.2.1 Wheel rolling

2l (22.1)~(222)l A= 3 A9 m X457 EAs) 2 o] A oz 3
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=i, (2.2.3)

olu] mpzy fi= , NHTE Folop sl wEla] Al (22.1)04 w118 A A

g Hd 7HEEE A 224)¢ 2SS ¢ F do S HutEEE e
I oHde AR AFTE A8 Heds o 7 ATk
a < g (2.2.4)
Artees A7) aME AdEA} Aol s, AAEAE #FTE
(pure rolling)S 9l8lAE 4 (225)~1226)S 234 & g & & A
Iu.g
T;ollinq_usmgr: " (225)
: r
fs I
rollmg s —l—usmgr—,us (r+m7") (226)

2.2.2 1153w}z (slipping)

JAEATE 2] (226) o]Fe s ZHA HW mlizelde] wAyE 4 glo
o, olu wpEH f=p N=pmge FAAE Zt=th olw AU 7MEEE a=pyg
7F Ha vk 7t S5 ra>a OJEE

Tszip — HgMmg

7 > ;9 (2.2.7)

T

slzp

e pimg = pg ]+m) (2.2.8)

Ao AAEAZ} AND £ Ak vkl Byo]R Aol 9 WEAE
o2y AAE AAEAE 2] (2288t Folol &},
ol 7492 HEMU-430Xel 243 Z3Z Table 2.2.1°1 2]
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Table 2.2.1 HEMU-430X parameters

(kg) 800
(kg « m ) 73.96 m;
Hg 04
Ky 0.3
T;ollmy (N ° m) <2026
Ty, (N« m) >2861

ACIREd 93 I|AEAZ} F7}sle] 1350 Nem7F 2 w7x] 7pE=
FrEA 2edor Foujsit & IHAEATE A % oS THACk
Zol7] Alztett), Fig. 222% °l& 9vstd, IHEAVL Frhsk 2026
Nem7} 4 UHWW AEe =FTE AHE A JHdEATE 2861

el of EAstH 1 o]fm= wie vt
A ekt 7}¢E—E 14 7A13S & 5 vk S5 Asd dd 5= 2
glz7p BAstejof 3 EAVE AJHE FEsiy Qo] AAW A
v ge] AS & F vk vuk ol A

o

2=
A7F AAE oA EE A0

Ho rir

20

=
o

Acceleration (m/sz)

N T R S :

|
|
i
0 500 1000 1500 2000 2500 3000 3500 4000

Tr oling Torque (Nm) TSlip

Fig. 2.2.2 Acceleration on torque change
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3WR

L (2.3.6)

1
_ 3W_1 60, (237)

P ona®? T R?
a* 9W* %
= = (2.3.8)
R (16RE*2)
olel At wA RO FA AFe] A 90° Soj7l FEdA HEYS
w o] 7499 e AFgs 2=t} [9]

Zol gl FAel f%o] A= u, YAwgos AAYmt FolAW Aek
S} 5|

&% = Fig. 2239 A =43 Zo] TAF .

T ‘ . — ‘ T

7(z) = 1 (2.39)

Al ol Foix Aol A w1 A eH AF o 9sk 2 &= (normal
force)oll A vpEA T w3k vpEsE BIAS x3s|oF kot
1
7 (z)=pup,(1 —2%/d?)? (2.3.10)
py =2 W/ Lma (2.3.11)
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2 1 2 1
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a C
A7 A YT AR e he WAE BEGnz
o o= [ F@aat [ @) (2.3.14)
Cogm Foo aAde g
a il
pw?

= Aol AW JHGY 7} AolA FFHoRE HAT 4o
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Fig. 2.3.2 Rolling contacts
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Fig. 2.3.3 Tractive rolling contact of similar cylinders
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?w)=="up (1 o) (2.3.16)

ojuf W9lo] Wsh= Fig. 2.34¢ #Zi AIA|= 2 (2317 Zo] ALt
Hot [10].

1
e= M1 f;V] 2 (2.3.17)
= ‘; ”Ef? (2.3.18)
1
d=a*(1—(1— M—ZI;V)Z ) (2.3.19)
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Fig. 2.3.4 Distribution of tangential tractions
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st thrh SRt A EA S Al ®nk o] Fig. 2359014 Skl A
Adggo] ol de Aoem AHE & Jdon, IFEoA 434
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Table 2.3.1 KTX Specification

Parameter Input value
Radius of wheel (m) 0.43
Poisson ratio of wheel 0.3
Poisson ratio of rail 0.3
Young’s modulus of wheel (GPa) 207
Young’'s modulus of rail (GPa) 207
Width of rail (m) 0.746
Wheel load (N) 80000
Traction force (N) 18000
Coefficient of static friction 0.4
Coefficient of dynamic friction 0.3
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Fig. 2.3.5 Contact pressure distribution
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Fig. 2.3.6 Traction force at static situation

Fig. 2.3.7 Final traction force distribution at static situation
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Fig. 2.3.8 Traction force distribution at dynamic situation
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Fig. 2.3.10 Traction force distribution considering friction
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Input value
0.3 m
207,000 MPa
0.3
0.4
850000 N
255000 N

Ry)

Table 2.4.1 Input value of cylinder contact

Parameter

Radius (

Young’s modulus (£, E,)
Poisson ratio (v;,v,)
Friction ratio (u)
Normal load (F)
Tangential traction force (7)
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Contact pressure (Pa)

o

Position (m)

(a) 255,000 N/m (b) 300,000 N/m (c) 330,000 N/m
Fig. 2.4.2 Contact pressure distribution along different traction load
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Fig. 2.4.3 Shear stress along different traction load
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Plain strain®. 2 stttk AA=7A

Ao W olgue RE BFS T58Y
o, AEAAT A GRS ARe FaAWe gANFgon s
2HE7ke] Al 1,356 mm, AZE 1,435 mme] YA E HEHA THoZ Fa,
S ZAx kvl deweko g 805 mmE WS HEAEZ W
A AT,
Table 2.4.2 Wheel/rail contact
Parameter Input value
Young's modulus ( £) 207,000 MPa
Poisson ratio (v,1,) 0.3
Friction ratio (u) 0.4
Normal load (#) 85000 N
Rail slope 1/20

(a) Normal contact (b) Thin contact (c) Flange contact

Fig. 2.4.6 Wheel/rail contact position
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Fig. 2.47 Contact pressure of different contact position

(a) Normal contact (b) Thin contact (c) Flange contact
Fig. 2.4.8 Wheel/rail contact position with normal load 850000 N
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Fig. 2.4.9 Contact pressure of different contact position with normal load
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(a) 2D (b) 3D
Fig. 2.4.10 Simple model for the wheel-rail contact simulation

Fig 24.11 - 12+ Fig 2452 KTX #&E3 UIC 60 @ Lol s =d &
agolth §9 YES w4 460 mm, Z°] 135 mmeE sta, HWeol 9=
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JEFIT. Table 243& Awd AEdZ6 A8 W5 ol w
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Ry ot

Implicit nonlinear, 3DE 3t 1, &9 99 WA 7+4& 1 mm=E s

2ot N
oo

Table 2.4.3 Perpendicular cylinder for normal contact

Parameter Input value
Radius ( ) 0.46 m
Radius(R,) 0.3 m, 0.08 m
Young’s modulus (&, E,) 207,000 MPa
Poisson ratio (v,v,) 0.3
Friction ratio (u) 0.4
Normal load (F) 80,000 N

ssssss

(a) Radius(®,) 0.3 m
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(b) Radius( ) 0.08 m
Fig. 2.4.11 Perpendicular 3D solid model - Simplified wheel and rail

(a) Mesh model

(b) Detailed view of 3D cylinder mesh
Fig. 2.4.12 Perpendicular 3D cylinder model - Simplified wheel and rail
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(a) Radius( ) 0.3 m

(b) Radius(&,) 0.08 m
Fig 2.4.13 Contact pressure of the perpendicular 3D cylinder
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Fig 2.4.14 Contact pressure distribution for perpendicular 3D cylinder
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Table 2.4.4 Perpendicular cylinder contact with traction load

Parameter Input value
Radius (&) 0.46 m
Radius(2,) 0.055 m
Young's modulus (Z, E,) 207,000 MPa
Poisson ratio (v,v,) 0.3
Friction ratio (u) 0.4
Normal load (F) 850,000 N
Tangential traction force (7) 255,000 N
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(b) 255,000 N
Fig. 2.4.16 Contact pressure distribution along different traction load
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(a) Contact pressure distribution
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********** . Theory
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Fig 2417 FEM results of perpendicular 3D cylinder
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Normalized contact pressure

Normalized shear stress

(b) Shear stress distribution

—————————— . Theory
-0-0-0-0-0— : 2D parallel cylinder % 4F3l4]
-o-o-o- : 3D perpendicular cylinder 12Fa]4]

Fig 2.4.18 Normalized FEM results of perpendicular 3D cylinder
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revolution 7]5& ©o]&3lo] 180°3| AA| A WSS 4A 35
2o o g tHS 2w d H prism¥ sweeping”’ls 5
mm Zo]¢ 3z HFA4S Fig. 2.4.19¢} 7o) J=H &kt

o} dd T3
o]-8-3Fo] 135

o 32

Fig. 2.4.19 Wheel / UIC-60 rail -~ SAMCEF 3D solid medel

Fig. 2.4.20 Wheel / UIC-60 rail - SAMCEF 3D mesh
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Fig. 2.4.21 SAMCEF 3D mesh for wheel contact area

dde Hud A7 7IeAX(AF22FE 55 mm 9A 9 s )E Z
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ZQ7ve] FAAY HA7F 52 o] HZH(contact point)S A A3

H(Fig. 24.22 - 25 #x).

Ly

Fig. 2.4.22 SAMCEF 3D mesh for KTX UIC-60 rail
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Fig. 2.4.23 Wheel / UIC-60 rail SAMCEF 3D mesh - X view

Fig. 2.4.24 Wheel / UIC-60 rail SAMCEF 3D mesh - Y view

Fig. 2.4.25 Wheel/UIC-60 rail contact
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el o, Fig. 2.4.2790

A3}, Fig. 2.4.260] H<Ql whe}

= 37h sk
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(deformed shape)

Fig. 2.4.26 Wheel/UIC-60 rail contact - Nodal Displacement
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Fig. 2.4.27 Wheel/UIC-60 rail contact pressure distribution(3D plot)
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Fig. 2.4.28(a) Wheel/UIC-60 rail contact pressure distribution
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Mormalized Contact Pressure
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o

Enuivalent stress (Mean by Node, Load Case Number[1]:1 ratio)

Fig. 2.4.29 Wheel/UIC-60 rail shear stress distribution
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Fig. 2.4.30 KTX Wheel/UIC-60 rail SAMCEF 3D solid model

Fig. 2.4.31 KTX wheel / UIC-60 Rail SAMCEF 3D mesh model
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Fig. 2.4.32 KTX wheel / UIC-60 Rail contact pressure distribution

Mormalized Contact Pressure

Hia -3

Fig. 2.4.34 KTX wheel / UIC-60 rail shear stress distribution
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2.4.36 KTX wheel / UIC-60 rail contact — Nodal displacement - Y view
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Fig 2.4.37 ¢} Fig 2.4.38 °l|A]

2.4.37 KTX wheel / UIC-60 rail - Enlarged nodal displacement - X view

2.4.38 KTX wheel / UIC-60 rail nodal displacement - X view
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(e) longitudinal force
Fig. 2.5.7 Numerical results at 300 km/h using mdi_contact_tab.ccf
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Fig. 2.5.11 Comparison between theoretical and numerical result
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Fig. 2.1 (a) Longitudinal, (b) lateral , (c) spin creepage
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(ol 1eD)

vl
siny _ Rsinry
lely — fuly

(2.1)

radius of wheel
~v: wheel conicity

21 AE/Hd HFol&
b Hd HEo B At 19261 Carter[1]0] 9] 3k $w ek T2 L9}
Ao #3F o224 Ato|t}, Carter= 229 HAMAE Hglbo] F3k gHA
dEd dsd HEFdoa 7HAske] Fig. 229 #Zol A Az
2}

(adhesion), FH A= w11e] W (slip)e] TAgtta 7pdste] #2149, =
S Rbo] Ak Wl ARY A f, & TIA
Rl
Fyy=3500 (V) (2.2)

R, : radius of wheel

N : normal force

Direction of rolling

Slip area Adhesion

Fig. 2.2 Traction due to Carter

1958 Johnson[2]& Carterd] 2z o] &5 2709 ¥hA F-(elastic sphere)”7}
TERHETE 3AH R FHAA FHYE, IUE AIYAE FAlo st

Gt 1964 Johnson¥ Vermeulen< W3 H o)A FE5HE=E o, Fig.
237 o] Mz winy s e

_85_



Fig. 2.3 Contact area according to Johnson and Vermeulen[50]

ql ‘1.2 Aqy
= @, §=ap+ ' (2.3)
& F & F
FE=y ¢ H=s%, (2.4)
gz‘ )2 1)2
- 4
37 v,
Vermeulene =g 8 = olefo] 3 g2l o 2 F st}
[ 1 5, 1 4
Fo_ U3t +27u for|ul<3 o5
N .
11 for |ul=3

q, : Lateral displacement of wheel
¢, - Yaw angle of wheel

V' velocity of railway vehicle
mabG¢,
fNg

a: semiaxis of the contact ellipse in the longitudinal direction

¢ : normalized longitudinal creepage

b: semiaxis of the contact ellipse in the lateral direction

G : modulus of rigidity
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: coefficient of friction
T= £ +772

: total normal force
F. : the creep force due to longitudinal motion
F, - the creep force due to lateral motion

F': total resulting tangential force

1963 Halling2 Carter®] & w82 =2 Strip o] 22 A|A|5tA T} =

= HAE5E T3 A5HA S Yoz 7HAska, o8 Strip= yro] 747

Cartero] 2& A &30 7 CarterBth A& 7AAd=HSE A=A}t Strip
]_

il U a= =
o] &2 FASTSIM, CONTACT & &5z oA o] &%},

r>~1

_______ N

Fig. 2.4 Halling’s strip theoryl6]

Kalker= zb#3 #ld JFo 93 a8 S Ado= 7H4gsto] Kalkerd
A3 o]&(Kalker's linear theory)< A Attt Halling®] Strip o] && %

CFAWE A AE A nesn 3 AYIAS 273 Kalker A
Fol&2 AA g #5485 dSst=d 9 2ol vt

ol oSL’

fiu = (ab)GCy, fr=(ab)*?GCy fyy = (ab)*GCy, fsy = (ab) GO, (2.6)

F,= —f3¢&, (2.7)
Fy= =18y~ 1€ (2.8)
M, = 158, — folsp (2.9)

f117f12af22., fa3 © creep coefficient

& &y &sp + longitudinal, lateral and spin creepage, respectively
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: semiaxis of the contact ellipse in the longitudinal direction
b : semiaxis of the contact ellipse in the lateral direction
: modulus of rigidity

C;: creepage and spin  coefficient, which depend only on

Poisson’s ratio o and the ratio of the semiaxis of
the contact ellipse (a/b)
I, : longitudinal creep force

£, - lateral creep force

M, : spin creep moment

FASTSIME Kalker o2& zteFstst m2a@lo 2 wr} w24 AR
o B2 gt EAl ] AAEe 71 Aol A™t O]Oﬂ Polach[65]& # &
2 dugFS Acotstd

AAIAIZHS 7FAI ] Kalker ©] 22 Alaky} zpolrl 2 &
t}. Fig. 259 198 Polach °o]&oA] 7}A 3 Wy

s

I _Q
)
M
13
o)
(S
o)

o .
ofo
ol
20
22
LY

g o, gUgHE 4Edctn HESA A2z dEEe .
ek, G ez og Axea s o) wAE PHe 77
W Asekgith HA0 o @ mulEsh Fuge] vne el o HulE:
Ao vrE EWlE Hla] w-- 27] uftol] FA]SES
o Direction
Normal of motion
Stiess 0
Tangential
stress T ||
X
¥
Cc B A
I ''''''''' Areaof | j Area of x
< slip i adhesion
-

Fig. 2.5 Polach’s assumption

_88_



22 Aa/dd ALkslA

2bE Ade] e we JEHAY L HESEHS ded = Ak V)&
9] Kalker, Vermeulen, Polach ©] 22 H=WAS el oz 743 ] 253
dde] EAx WHawe ny3Anh B AjoMs AA s dde] g
FE aEste] FEHUA 2 HEGEHS AAdSta Strip o2& et A

glzel gzl BAE ALtstat

AA A ALY WEEHS ANHIA FE FRLL HHZETY
SAMCEF[11]2 o] &3tk Aa/de 4] A A4 g8 dFsnz

Fohe A%e] WEsE mdle] theke] ANHML FAste] o EAY A

dteb Wl alsk gl

4

Eohd vlolth obd) AFY VWS BE A%
FAA FA%ES FUD WUW QF2AL Fo] T A% Aot
W 449l Fig 26& SAMCEF d4a)47) sl2= folgo ofg

Table 2.1 Specifications of parallel two cylinders

Parameter Input value
Radius ( ) 03 m
Young’'s modulus (# ) 207,000 MPa
Poisson ratio ( ) 0.3
Normal load (V) 850,000 N

(a) Two cylinder contact FEM model
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Contact pressure (Pa)
= N w
- (5, N (5, w o

o
o

o

-1 -0.5 0 0.5 1
Distance (m) -3

(b) Contact pressure

Fig. 2.6 Two cylinder contact

2AH7/dd HERELE Fig. 2704 HiEe Ay 2ol KTX FHa#E9
GV-40xt& 2 HEMUAES AASA 3, dde dA a&HHdd AFS +<
UIC 60d 9 oz st Aa/dde A5+ 2ha WS53ke A
1,356 mm, #ZF 1,435 mmE 1# 3t FAAA G HEFst e Ao=
AR skt B A A 207,000 MPa, E94%1] 038 217}

< dE Y 52 o}ﬂ Uﬂrﬂﬂﬂ HES AHEete AE9 HEH ddY
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(a) HEMU Wheel (b) GV-40 Wheel

(c) Contact position (d) Partial mesh model
Fig. 2.7 Wheel / Rail SAMCEF model

267 55680 Kt

-4t docaes

535711386
507 968%eE 569 £05R06

107062309 892 £070e6

-1 3627500 KA ot

-1 sisasie | Bbati
14024100
178581009

2001 H0S

-1 5735009
EREiFL ]

-7 4001 0f

~1678557e0 T2
Baramelers | was Faromelers: a3

Mg Datauft baps ees
Befault, ¥ 23
k i, Freere Bounds

Ot of boands Satoration

(] Froeze Boands
(] Out-of bounds Saluration

| Closn

| Clota

(a) HEMU wheel (b) GV-40 wheel
Fig. 2.8 Contact pressure
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22 1/2
q'(x) = upo (1 —?)

/2
c (x+ )2’
new) — _ € 1
q aﬂpo{ = }

! q(x) = q'(x) +q" (x)

A B o pa Qx =
q (x) E__f{l_(l_;ﬁ) }

Fig. 2.9 Strip theory

(b) Lateral strip
Fig. 2.10 Strip of contact area
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Fig. 2.11 Contact pressure of each strip in equivalent creep
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= Carter 22 Al&39th. Stripel® A 89 odAZ Fig. 2112 Fig.
2.10(b)oll A Fwreko g 31712 Y Stripe] 16W A Stripa 12 A Strip<]
HAEGHolt) Fig. 2.11(a)¢F (b)e £ ay=zd u njnngdo] =4 o
AuE =2 7} Stripe] Az E S et F Az ES okl Fig. 212
o] flow chartt® SAMCEF #d4taf4]e] Strip o] & 3z
273 A olth At Eil?ﬂ“ﬂw Aike A A= FEAHEe] X5 Y5

o 2 51 o

of HeHES A7t BHEgm, A AT Wrge BEZ 42959

G Gelom AAa oz del 45367 A A e

2o 5992 Suipo® v 7} Stip] WEIGS wAF St b, A

454 p & 7RG, dolEl BN whel vl BE AR, olzelA
3|

= FYelAM mlme o] o]HXH. o]
T A% AYzrt T E AYEELe BE dYoA vy d gt F
A&, o]2 2=~ Lobold(gross sliding)[7]o] gt E&ch wepba Z
Stripell A 28 A ZE ZEAY BE gl A mlizeifo] dojrh= Strip9

i
v
[
L)
o
i)
ol
Q2
of
[y i
)
[
L)
o
-
ol
3
o

SAMCEF B=or=
DATA

Fig. 2.12 Flow chart
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23 Az JA
P x e Ae|xe] Wgte] wE xS TS gzl

& =
Fig. 213~14% <A A3t o]23} Hatald Ans e, Iwade A7
Z FHdoz Yehd etk HEMU A& HEFMA9 HEIJe e 9T F
g WA E 75 mm, FWF Hd 9AE 3 mmolH, GV-40x3FS T
g WHAE 7 mm, ¥ Ho BHAF 38 mmeolth. e 49 HEMU,
GV-40 25 25 B]u% Polache] A3 B=3 ez yelyton 3w
& AEL FHLE g ol ARG 7|77t FAA YElgth ek Ag

EA S 98]l Table 2.29
MATLABI8]¢] polyfitm< 0]%:6}04 a1z2pt}e 2] (high  order poynomial

equation) &2 YEF AT 3 FAHZFo] old AFS olFAA FHF9 A
7S AYEZ ZHOF Fig. 215~ 16] Ueb itk HEMUA&9 2% =}
2 o5 v, $SAES FAEAA WA FHS vHJ o

rl

]
Aol FFoF AFAH FolA = AT HATE oo HFHF A9
=4 YeEbgoh GV-402-E9] 4 HEMU =53 22 2&o] ols
T HAdd JFAATE FASHA dERg e, $S5AEY] JF Aol WA H
Ebyitt. HEMU A&7 GV40zkE<] o] det HEZA7F A= t24
SRSt a=

_?L ol
Lom
MM o2 M

T~

Kalker
Vermuelen
Polach
O  HEMU

0 0.5 1 1.5 2 2.5 3 3.5 4
GR/pa

(a) HEMU wheel
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Kalker
Vermuelen
Polach
O KTXGV40)

0 0.5 1 1.5 2 25 3 3.5 4
G Ripa

(b) GV-40

Fig. 2.13 Longitudinal creep curve

Kalker
Vermuelen
Polach
O HEMU

od [ i Il i Il i i i
0 05 1 15 2 25 3 35 4

gleua

(a) HEMU wheel

Kalker
Vermuelen
Polach
O  KTXGV40)

(X/ ; . i . i i ;
0 0.5 1 1.5 2 2.5 3 3.5 4

glepa
(b) GV-40

Fig. 2.14 Lateral creep curve
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Table 2.2 Polynomials of each creep curve

4 2
=a 2+ a7a:7 + aGQ:G + a5a:5 +ax + a3:1:3 +ayr” +ax+ay

Strip =0.0063371, a, =—0.10628, a, = 0.58235, a, =—0.044194
HEM X
ag =—2.3859 < 105, a, =0.00011843, a; =—0.0024566,
u Polach a; =—0.027621, a, =—0.18266, a, =0.72119, a, =— 1.6473,
a, = 1.9875, a, = 0.0093499
. a, = 0.0088459, a; =—0.065669, a, = 0.047161, a, = 0.5445,
Strip 4 3 2 1
a, = 0.0046773
GV-4 -
0 ag =—1.8298 X 1075, @, = 9.4471 < 10~°, a, =— 0.0020368,
Polach a; =0.02378, a, =—0.16306, a; =0.66611, a, =—1.5689,

a; =1.9414x, a, =0.015665

O HEMU Normal
4 HEMU Left Wheel
"l & HEMU Right Wheel
PR
6 @
0.8} 6 °
®
]
o
206 o ®
>
& e ¥
Q
0.4 &
o2t % & *
05 1 15 2 2.5 3 3.5 4
G Ripa

(a) Wheel displacement 5 mm

O HEMU Normal
+ HEMU Left Wheel
1 # HEMU Right Wheel
% ® W *
Q%
0.8 ®
o}
® @
o
206 Q @
>
o &
&
0.4}
Q
0.2} & é
Sl L i L i i "
0 0.5 1 1.5 2 25 3 3.5 4
L Ripa

(b) Wheel displacement 8 mm
Fig. 2.15 Lateral creep curve of HEMU wheel
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4  KTX(GV40) Normal
+  KTX(GV40) Left Wheel
1t % # 6% | % KTXGV40) Right Wheel
. L
®
¥
08} ¢ *
o £
206 *
& N +
04 *
b
02l
N *
o ‘ ‘ ‘ ‘ ‘
0 05 1 15 2 25 3 35 4
G Ripa

(a) Wheel displacement 5 mm

+  KTX(GV40) Normal
4  KTXGV40) Left Wheel
1 L%, ®wE | & KTXGV40) Right Wheel
* b
e " * %
0.8 %
i *
a *
3
% 0.6 *
+*
04t *
*
*
0.2+
¥
*
0 " L i L i i "
0 0.5 1 1.5 2 25 3 3.5 4
L Ripa

(b) Wheel displacement 8 mm
Fig. 2.16 Lateral creep curve of GV-40 wheel

Table 2.3 Polynomials of each creep curve

4 2
Z:a:tg%—a¢x7%—a@x6%—agx5+-a4t %—aytg%—aft +a;x+a

Left =0.0066056, a, =—0.10662, a; =0.57371, a, =— 0.029084
5 mm
Right | a, =0.0028968, a, =—0.061283, a, = 0.44031, a, =— 0.084489
HEMU
Left a; =0.0073289, a, =—0.011227, a; =0.58471, a; =—0.038486
8 mm

Right a; =0.0021791, a, =—0.051198, a; = 0.4056, a, =—0.09905

a, =0.01022, a; =—0.079652, a, =0.088458, a; =0.51768,

GV-40 | 5 mm | Left | '_ ;544
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, —0.006084, a, = 0.094323, a; = 0.55547, a, = 1.5412,
Right | 90008,  a,=0.031366
Lot | 04 =00088159, a, =—0.065669, a, =0.04716L, a, = 0.5445,
€ ay = 0.0046773
8 mm
. a; =0.0079347, a, = 0.11573, ay = 0.64146, a, = 1.677,
Right | ' 5 0559, a, = 0.054827
3. d=atsk 2
Adrezteke]l FEAS H9st7] ¢9sf VAMPIRE, FATSIM, ADAMS/Rail
s U A8 dAEA ZEadfo] ol g¥th. ey A8 dA 2
< 77t afe] Aol i a2 siAARE Agsithe g5 glth o]
2 AFAANE des RdS T8 HEAFY $5A4S Fotstazt skt
Z|EARo R AEAHe &5, A, AAZR FAAHY MY AET 9d
o] HFoll 7|dgth HY/AkE HFol 7 e &5, dA, AAE A
gdett 59 e 1A d7PEAE Fa it dAexa, dizke] s
& 22k A7PEAE FE AAY dEEn o7 A E5TS Ed 2 ARk
A 2E &0 27 i AE e d 6
Z

5 Afw W vEk 2 gl
AARA 3eE 14 ARE 2AS 247 wER 25PPYL AU Fig
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w
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2
—_>‘4—"4
i
kr
)
ol
lo,
=
8
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il
>,
rr
)
(i
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k)
o,
(o]
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Carbody

K, :_I_rlu c, K, {} c,

i Bogie > 14 DOF
Kl Cl
> 6 DOF
» 2 DOF
K,

312 A AEAF g
Agzy ¥ Agzge] o8 mulE M S A Lol AT ZH
A wet AP wHPgor FHIT 4 gty Kalkerd] 2 A3 ol
Vermeulen®] 3%F2], Polach #Al4kell ¢ A== SAMCEFS] H =349
Strip o] && A& A& Hd¥ o] Ak

=2 o2 AFET dd HSFd 71} waba zb
= S HAra o 71 7]E 2dolt) Fig. 3.2 A&E-&
dzZx F=9 3 W9 (lateral displacement)® £ ZF¥H 9 (yaw angular
displacement)& Z}7b A== 2=t Fig, 32004 & A&9 WA &,

Yy
=9 3%, £, M,= 2

© &5 2 W, o &59 & AWe, 2 & LM,
74 g wger Agste I3 &5 IARUES gt
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o T L by |
el t
= @ g M% K,
s FR‘:?F . 1& Foy Fp, iy
’ Ly i
| € ||
- AT —hFRy f _-}s‘ __"FL};
Ng N

310 YERH AT
M’LU y = - (2[(1yy + 2013;3'/ + Fa"eep + F}'lange) (31)
]wzib‘ = = (ZIQbe?yyip—{_QClebiylp +Mcreep) (32)

(K,(y—0) o<y
F}’”l(mge (y) = i 0
K,

y—4) 0>y
2fn - A 0 A
Fcreep: V (y+r0ay_¢v)+2f12 V+ngzy (33>
V. A 2f1 - )\ - ¢ b
_ Ty AN RAT 20 ¥ _ i
Mcreep ar, Ay +2af 3 roy % (y ‘H"oay ¢V)+2a I3 7a aM g p+2fy Ve

(3.4)
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Table 3.1 Design parameters of 2 DOF model

Index Terms Symbol Unit
Mass of the Wheel-set g
Wheel-set -
Moment of Inertia(Yaw) Z,, kg-m?
Primary Lateral Stiffness K, N/m
Suspension | Lateral Damping a, Ns/m
) ) Half of between 1% spring(front) L, m
Dimension X
Wheel radius To m
Wheel conicity A
Creepage Half of the track gauge a m
Axle load W N
326 AfE AEAY 2
A5 A Gl ol BAH AT 1A AALA da fFol v
o Adse] AFo]l AL 6 AFE LA &% 27, WA el o
wae oA #%9 F BN £ $ES 44 n@th £5% g
el 14 BAFAE AAH] ek 6 AfE RAA AAE 15
A gort, AAE AR Agekel thash AAS AL 23 BIHFA 2
=3k Fig 332 6 Af% ARAFRelr, | O, 14 AP
< XW#(ongitudinal) 2" 3 ©@9, K C = YW&(ateral) ZZ7 3}
99 27 et oA @A 18 14 @A, ol @A 2% 24 @t
FAE on gk
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Bogie

P
! Koy {1 Cay

csy

prx

Fig. 3.3 Free-body diagram of 6 DOF model

My,=— 2K, +4K,,)y, + 2K, Y, + 2Ky, — (2Cy, +4C, )yt 2C 40+ 2Cyn
(3.5)
+ 2prx Clyywl—’_ 2Lb?oy Cl.rrl/}wl_ 2pra“ Clyyu;2+ 2Lb37y Clxwuﬂ
(3.6)
-5 FEUAY (=1, 2)
Mwywj: 2l(lyyln + (_ 1 )jJrIQprx](ly b _ 2l{1yywj . (37)

+2C,y,+ (= 1Y '2L,, Gy ihy—2C .t F

wy creep

I w.;uj: 2Lbi7y Kirwm - 2Lbzpy Kixz/}UJj + 2Lb?>y 017"(%_ 2Lbi7y Clxw.wj+ Mcreep (38)

wy
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Table 3.2 Design parameters of 6 DOF model

Index Terms Symbol Unit
Weight of the Bogi
Bogie eight of the F)gle g :
Moment of Inertia(Yaw) 1, kg-m
Weight of the Wheel-set M, k
Wheel-set CleT 07 TE TAeeTSe - g 5
Moment of Inertia(Yaw) 1, kg-m
Longitudinal Stiffness K, N/m
Primary Lateral Stiffness K, N/m
Suspension | Longitudinal Damping G, Ns/m
Lateral Damping a, Ns/m
Longitudinal Stiffness K, N/m
Secondary | ateral Stiffness K, N/m
Suspension | Longitudinal Damping G, Ns/m
Lateral Damping G, Ns/m
Half of between 2" suspension center
LCSy m
(front)
Dimension | Half of between 1% spring(side) - m
Half of between 1% spring(front) by m
Wheel radius T m
Wheel conicity
Half of the track gauge a m
Axle load w N
Lateral creep force coefficient fi N
Creepage | Lateral/spin creep force coefficient f1o Nm?
Spin creep force coefficient foo N
Longitudinal creep force coefficient fa3 N
Vertical Track Stiffness K, N/m
Lateral Track Stiffness K, N/m
Contact : :
Vertical Track Damper G, Ns/m
Lateral Track Damper Gy, Ns/m

T oaed 14 AFE AEAY AN o]
G 1€ 6 i wHl AT FAETh AAe A% pRuEs
Fo@ AAAACIRE, 6 A% 2L H4se] 14 A% BIL £
Atk 14 AFE mDe 1o A4, 2709 oA, 4719 &Fe) A Wele 2
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14 Ao LB A4 1%, fA 2%} £5 AR o] FolAn 4
(B9~@149 2 6 AHE Ld AR A8 A 5o o4
waes Ay mdes 27w M, 0% Jepglen o

td

A1 1A dRAE, 2& 22 @7bgAE dEdn, = XUE
(longitudinal) S, y+ Y& (atera)S WERAT 7 ®5of] digh Ad2
Table 3.3° A& 3sFAt}.
- Al &5

- 4K-2yyc + 2[(2yyb1 + 2Kv2yyb2 —4 Céyy‘c +2 C;yy;)l +2 C;yyl'ﬂ (39)
chwc (— 4Lfsyl( —4Lfszf( 0, +2LCS$KyyM+2L;yK by — 2LCSIKyyb2 (3.10)

+212 K, i+ (= AL Gy, —AL2, Gy Y+ 2L,, Coyyt2L2, Gyt

csy csy csy

2Lcsz0yyb2+ 2Lc2syc wa
- tx}e] 542 (Front bogie : i=1, Rear Bogie : i=2)

]l[bybz: 2[(2yyc (_ 1 )Z+ 12Lcsx yﬂ‘}c - (2[(2y + 4K )ybz + 2Kv1yyw (2i—1) + 2](1yyw (24) 311)
+ 2Cwéyyc ( 1)Z+ 12Lcsz Q/J a (20 + 40 )ybz+ Qnyw (20— 1)+ 2CY1yyw (24)

bab=2L2 Ky, — (L2 K, +4Lb§,y1( +AL) K, (3.12)
+2pra:Kyyw (2i—1) +21, bpy 1/} (2i—1) 2przKyyw (24) +2Lb§)y ](L’cww(%)

+2r? Couth— (2L 0 +4L2 G, +4L; . G 1y)¢,n

csy csy

+2prm nyw (2i—1) +2 bpy 1xd}w(2i 1) 2prz0yyw (24) +2Lb§)y C ww(Zi)
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- a5 weWAEAG=], 2 4 Wil j=3, 4 & o i=2)
Y, = 2Ky, +(=1)"'2L

. bmevlyZ'bbi - 2[(11/;'-/wj (313)
+2 qyybi_l— (1" 12prm qy%i_ 2 qyywj+ F,

reep

., 1/}1“]_: 2LIZ);/ Kvlmwbi - 2Lb2py I(I.’I,‘wu;j + 2Lb2pg/ Qmwbi_ 2[’1)?),7/ Cylarwwj_’_ jl{(:reep (314)

wy

Table 3.3 Design parameters of 14 DOF model

Index Terms Symbol Unit
Weight of the Car body M, kg
Car body - 3
Moment of Inertia(Yaw) I, kg-m
) Weight of the Bogie M, kg
Bogie - 2
Moment of Inertia(Yaw) 1, kg-m
Weight of the Wheel-set M, kg
Wheel-set ) 2
Moment of Inertia(Yaw) 1, kg-m
Longitudinal Stiffness K, N/m
Primary Lateral Stiffness kK, N/m
Suspension Longitudinal Damping a, Ns/m
Lateral Damping a, Ns/m
Longitudinal Stiffness K, N/m
Lateral Stiffness [Qy N/m
Secondary Vertical Stiffness K, N/m
Suspension Longitudinal Damping G, Ns/m
Lateral Damping Ogy Ns/m
Vertical Damping [o% Ns/m
Half of between 2™ suspension center (front) L{;sy m
] ] Half of between 1% spring(side) me m
Dimension o -
Half of between 1= spring(front) pry m
Wheel radius 7o m
Wheel conicity A
Half of the track gauge a m
Axle load w N
Creepage Lateral creep force coefficient fu N
Lateral/spin creep force coefficient fio Nm?
Spin creep force coefficient foo N
Longitudinal creep force coefficient fs N
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A F9eH o7 284 (autonomous system)ZA 9] F-o] Fr7] A ¥
A Bt AlS FAIEHH 9o Zhxle] glo] e wA" F /\E}'. A&
ool AEe A¥e A$ wik(divergence)ol <3 F3 'z ol ALy HIA
gol A gul Alo] Z(limit cycle)d < Hroll §lth oo B AfFoAx= A&

/Y HEL Kalker?] A&o]23 Vermeulen? 3%4], Polach ¥} Strip
Hell o)gt mAoh A& vy FAHES B3 A (stability) s1A1S S}
]

. /&
4 ol 2RI AL o b S 4 }% o@g;a
.?_

sttt e HEAT S5 A ZWNk ofyet dUPER AAIRS
Hslel weA = AA

shATh 37FA AAW
HEMU # & AAWS0]

o,
>
o

ALl B A 598 A9 e HAoHg. AFo
o} dds =871 Fig. 419 22 J% 50| o449

&4 Ads él 4.1z ;gsvmq %c;z}ako] e
A
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1 Ly

Fig. 4.1 Klingel movement

2T (4.1)

v
f=, (4.2)

42 43 AFAA
49 A A AN Foled Asgel dAnE 4 o
et AEAD
sxwe) ganA A e 2AS WA
Kalkere] 48 2% o|&£& 4439 £, 7 Mcreep% 5w Fiw
A By Mo, e FASE B39 B0 Fa%w0] o)t

Mr +Clw)z + K(v)x =0 (4.3)
A (43014 274 SEAAL 14 dUE e udelel 48 Ae] 14
A5 AtstH A, EHAS HA #HETE o+ A A7 A dE A9

z=y (4.4)
y=AW)y (45)
if >0 unstable (4.6)
if N<0 stable (4.7)
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Fig. 4.3 Lateral displacement
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Fig. 4.5 Lateral displacement of Vermeulen's creep curve
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Fig. 4.6 Lateral displacement of Polach’s creep curve
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Fig. 4.7 Lateral displacement of Strip creep curve
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Fig. 4.8 Yaw displacement of Vermeulen's creep curve
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- - R 1 R R 1] - S-S R 1Y N 1 R R S 2= s 4 o & s T =
£ il 2 i B -

(a) 300 km/h (b) 400 km/h (c) 500 km/h
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Fig. 4.14 Lateral displacement
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Table 5.1 Critical speeds with the 1st suspension design parameter

change
(units : km/h)
-20 % -10 % 0 10 % 20 %
" 4472 441 437 436 434
Cly 438 438 437 438 438
K, 370 403 437 474 512
[Qy 387 411 437 464 490

520

—— Cix
5001 &— Cly
—&— Kix

K1y

480 -

460 -

e

critical speed (km/h)

4201 1
400} 1

380+ g

¢

360 | 0 I | | | I

-20 -15 -10 -5 0 5 10 15 20
Change rate (%)

Fig. 5.1 Critical speed by 1st suspension design parameter change

Table 5.2 Critical speed by 2nd suspension design parameter change
(units : km/h)

-20 % -10 % 0 10 % 20 %
G, 400 420 437 452 463
C’Qy 457 446 437 430 425
K, 439 439 437 436 436
ny 439 439 437 436 436
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critical speed (km/h)

Change rate (%)

Fig. 5.2 Critical speed by 1st suspension design parameter change

U BEHY w54 Ay AVMEAEA A HJAT. 2y AA At
2 o v AP AR 5ol vk whEbA 23}
n#ste] F5AS A skith. Fig. 5.3~4+= 4

2} & ¥ (lateral damper)¢t &9 ¥ (yaw damper)®] 59 7H39 &
ettt Z+2+S #A A ¥ (piecewire linear)® 7FA A 2 (5.1)~(5.2)7F ® ).
HEMU-29] do|HE 1dste] #5445 4t 23t= Fig. 55~7< e
ultt Fig. 55% Vermeulen, Fig. 5.6 Strip, Fig. 5.7& Polach =2 % 2]
= ZzF Abgete] Y AVPEA7E ae® Al wlugh ol Hnk

=

o 42 Avgrel WS AL oA WL oFAT Fe HEolA
S ooRgh Aol WATIL, SEA FAARE QR WEEAAE RS
g 5 vk

(41667v— 18750 v < —0.04

nd longitudinal damping for ce 15 10417.5v (51 )
41667v+ 18750 v > 0.04

40000 —3000 v < —0.5

Fénd lateral damping for ce = {10000@ (52)
40000 +3000 v > 0.5
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(a) Carbody (b) Bogie (c) Wheelset

Fig. 5.6 Lateral displacement with Strip
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Fig. 5.7 Lateral displacement with Polach
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Fig. 5.8~99]14 Vermeulen H|A¥ Zg]Zo|2S Al&3le] Za:A] HZE0]
M\_ OTQ]' H/\\_ oTe ] 0} 1‘4— Flg 5.8~ 9§ H]ﬂ%}?}% 73]*?‘, é}l,:_ﬂ.
S7tetHA EWA] HFo=m Qd WLV o ol AAA xXTFE B T A
t} T3k Fig. 510~12¢ SR THE 1/40914 1/200.2 WHAAIZ] H Z#XA
HE5L adste 29 AHXolth F9X HE5S nHehA] 2% W @
THi7F 174091 A2k 1/2091 74 5ol A 2ok gk gyl Aol EE& Fls)
Fdom FAA HEFS st S W 174090 AFET 1/2090 A FolA o
1

e Sxd Y AEeAe] 2 VEde FAsdr)
FWA HEFS L3 ook 294 ¥ B5E vussls o, deAw
o BEAHL FA Aol7h Wikt A4S & F vk whebd A4 B
o] TEAS A HalAE EUA HEHS wEA ag ook g
Table 5.3 Parameters
0.43 m
A 1/40
S 1.435 m
o 9.1 mm
Table 5.4 Frequency of Y motion for 2 DOF
(units : Hz)
300 km/h 400 km/h 500 km/h
lingel 3.78 5.05 6.31
w/
3.81 5.17 6.64
Flange contact
W/0
3.81 5.17 6.64
Flange contact
ToS 0.43*1.435
L,=2 =2 =22
AT o T T 9% (1/40) "
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Table 5.5 Frequency of Y motion for 6 DOF with 1/40 conicity

(units : Hz)
300 km/h 400 km/h 500 km/h
ingel 3.78 5.05 6.31
w/
3.22 3.51 3.41
Flange contact
W/0
3.22 3.41 3.32
Flange contact
TS 0.43%*1.435
L =2 =2 =22
T ooxn T T 2%(1/40) "

Table 5.6 Frequency of Y motion for 6 DOF with 1/20 conicity

(units : Hz)
300 km/h 400 km/h 500 km/h
Klingel 5.34 7.12 8.90
w/
4.49 5.47 6.25
Flange contact
W/0O
3.41 3.22 3.12
Flange contact
oS 0.43%1.435
L,=2 —_— =2 —F—F———— = 15.6
TV N T MY 2x (1/20) >hm

oy k]

z quﬂ.'m -

(a) 300 km/h

ey k]
& 5 B

Ll

z :J:xﬁﬂ -

(b) 400 km/h

Fig. 5.8 Lateral displacement without flange contact by Vermeulen
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Fig. 5.9 Lateral displacement with flange contact by Vermeulen
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Fig. 5.10 Phase diagram of Vermeulen's creep curve without flange
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Fig. 5.12 Frequency analysis
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(a) Carbody

(b) Bogie (c) Wheelset

Fig. 5.21 Lateral displacement with Vermeulen
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1

& ol gakglr.
Table 1.1 Specifications of running vehicle
Index Terms Units Input
Longitudinal N/m 450,000
I S/P Sﬁ;ftfenrzsls

Stiffness N/m 200,000
g LO%%E%?” N/ 120,000
Stiffness N/m 120,000
¥ S/p Dam%?%%l%?giient Ns/m 10,000
Damping coefficient Ns/m 1,000
angitudinal . Ns/m 70,000

o g/p Damp1r£it::;fﬁc1ent
Damping coefficient Ns/m 40,000

(a) Carbody

(b) Bogie

Fig. 1.1 ADAMS/Rail model

Table 1.2 Property of running tack

Index Curved Radius (m)
Straight track 0
5,000
Curved track 6,000
7,000
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Fig. 3.3 Lateral vibration depending on the
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(a) Change of curvature (b) Change of cant

Fig. 3.25 Derailment analysis using 27 DOF model without flange contact
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Fig. 3.26 Derailment analysis using 27 DOF model with flange contact
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carb ody

(a) with unbalance car (b) without unbalance car
Fig. A3 Analytical model

B. Numerical Analysis

B-1 Kalker’s creep curve

B-1-1 2 DOF

x10°
4 T

3

2

Displacement (m)
Displacement (m)
o

4

i L L i i | i " | L i i | | " | | L
0 10 20 30 40 50 60 70 80 920 100 0 10 20 30 40 50 60 70 80 90 100
Time (s) Time (s)

(a) Lateral displacement at 300 km/h (b) Lateral displacement at 310 km/h
Fig. B-1.1 Dynamic characteristic analysis in KTX II
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(b) Lateral displacement at 350 km/h

Fig. B-1.2 Dynamic characteristic analysis in HEMU-1
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(a) Lateral displacement at 460 km/h
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(b) Lateral displacement at 470 km/h

Fig. B-1.3 Dynamic characteristic analysis in HEMU-2

B-1-2 6 DOF
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(b) Lateral displacement at 160 km/h

Fig. B-1.4 Dynamic characteristic analysis in KTX II
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(a) Lateral displacement at 150 km/h (b) Lateral displacement at 200 km/h
Fig. B-1.5 Dynamic characteristic analysis in HEMU-1
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(a) Lateral displacement at 420 km/h (b) Lateral displacement at 430 km/h
Fig. B-1.6 Dynamic characteristic analysis in HEMU-2
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(a) Lateral displacement at 160 km/h (b) Lateral displacement at 170 km/h
Fig. B-1.7 Dynamic characteristic analysis in KTX II
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Displacement (m)
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Time (s) Time (s)

(a) Lateral displacement at 420 km/h (b) Lateral displacement at 430 km/h
Fig. B-1.8 Dynamic characteristic analysis in HEMU-1
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C. Specifications of High Speed Train

Table C-1 Specification of KTX II

Index Terms Symbol | Unit Value
Weight of the Car-body g 53319.2
Moment of Inertia(Roll) Ly kg-m? 58660
Car-body P
Moment of Inertia(Pitch) 1, kg-m? 1160450
Moment of Inertia(Yaw) I, kg-m® | 1143300
Weight of the bogie M, kg 2447.9
Bogie Moment of Inertia(Roll) L, kg-m? 1309
Moment of Inertia(Pitch) 1, kg-m? 2128
Moment of Inertia(Yaw) 1, kg-m? 3227
Weight of the Wheel-set M, kg 2184
Wheel-set Moment of Inertia(Roll) 1, kg-m? 1285.5
Moment of Inertia(Yaw) - kg-m? 120
Logitudinal Stiffness K, N/m 40379300
Primary Lateral Stiffness K, N/m | 8020300
Suspension Logitudinal Damping G, Ns/m 0
Lateral Damping 4, Ns/m 0
Logitudinal Stiffness K, N/m 151600
Secondary Lateral Stiffness K, N/m 151600
Suspension Logitudinal Damping Gy, Ns/m 0
Lateral Damping G, Ns/m 92700
Half of between 2nd suspension center L. m 1.125
(front) Y
Half of between %sigeiuspenswn center L., m 6.9
Dimension Half of between 1st spring(side) Ly, m 0.7175
Half of between 1st spring(front) L;,p;,; m 1.05
Half of wheel-set distance L, m 0.75
Wheel radius 0 m 0.46
Wheel conicity A . 1/40
Half of the track gauge a m 0.75
Axle load w N
Creepage Lateral creep force coefficient fu N/m 2.212*10°
Lateral/spin creep force coefficient fio N/m 3120
Spin creep force coefficient fao N/m 16
Longitudinal creep force coefficient fa3 N/m | 2.563*10°
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Table C-2 Specification of HEMU-1

Index Terms Symbol | Unit Value
Weight of the Car-body g 36100
Moment of Inertia(Roll) Lo kg-m? 50000
Car-body P
Moment of Inertia(Pitch) 1, kg-m? | 1390000
Moment of Inertia(Yaw) I, kg-m? | 1385000
Weight of the bogie M, kg 3600
Bogic Moment of Inertia(Roll) L, kg-m? 2000
Moment of Inertia(Pitch) 1, kg-m? 1200
Moment of Inertia(Yaw) 1, kg-m? 3000
Weight of the Wheel-set M, kg 1650
Wheel-set Moment of Inertia(Pitch) L, k‘g-m2 1050
Moment of Inertia(Yaw) 1, kg-m? 120
Logitudinal Stiffness K, N/m 176400
Primary Lateral Stiffness K, N/m 176400
Suspension Logitudinal Damping G, Ns/m 16000
Lateral Damping 4, Ns/m 5000
Logitudinal Stiffness K, N/m 1000
Secondary Lateral Stiffness K, N/m 1000
Suspension Logitudinal Damping Gy, Ns/m | 2500000
Lateral Damping G, Ns/m 10000
Half of between 2nd suspension center L. m 1.125
(front) Y
Half of between 2qd suspension center L., m 85
(side)
Dimension Half of between 1st spring(side) L, m 1.3
Half of between 1'st spring(front) Ly, m 1.025
Half of wheel-set distance L, m 0.75
Wheel radius N m 0.43
Wheel conicity A . 1/40
Half of the track gauge a m 0.75
Axle load |14 N 124587
Creepage Lateral creep force coefficient fu N/m 2.212%10°
Lateral/spin creep force coefficient fio N/m 3120
Spin creep force coefficient fao N/m 16
Longitudinal creep force coefficient fa3 N/m | 2.563%10°
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Table C-3 Specification of HEMU-2

Index Terms Symbol | Unit Value
Weight of the Car-body g 36100
Moment of Inertia(Roll) I, kg-m? 50000
Car-body P
Moment of Inertia(Pitch) 1, kg-m? | 1390000
Moment of Inertia(Yaw) I, kg-m? | 1385000
Weight of the bogie M, kg 3600
Bogic Moment of Inertia(Roll) L, kg-m? 2000
Moment of Inertia(Pitch) 1, kg-m? 1200
Moment of Inertia(Yaw) 1, kg-m? 3000
Weight of the Wheel-set M, kg 1650
Wheel-set Moment of Inertia(Pitch) L, k‘g-m2 1050
Moment of Inertia(Yaw) 1, kg-m? 120
Logitudinal Stiffness K, N/m 750000
Primary Lateral Stiffness K, N/m 250000
Suspension Logitudinal Damping G, Ns/m 16000
Lateral Damping 4, Ns/m 5000
Logitudinal Stiffness K, N/m 100000
Secondary Lateral Stiffness K, N/m 100000
Suspension Logitudinal Damping G, Ns/m 166000
Lateral Damping G, Ns/m 10000
Half of between 2nd suspension center L. m 1.125
(front) Y
Half of between 2qd suspension center L., m 85
(side)
Dimension Half of between Ist spring(side) Ly, m 1.3
Half of between 1'st spring(front) Ly, m 1.025
Half of wheel-set distance L, m 0.75
Wheel radius N m 0.43
Wheel conicity A . 1/40
Half of the track gauge a m 0.75
Axle load |14 N 124587
Creepage Lateral creep force coefficient fu N/m 2.212%10°
Lateral/spin creep force coefficient fio N/m 3120
Spin creep force coefficient fao N/m 16
Longitudinal creep force coefficient fa3 N/m | 2.563%10°
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D. Creep Curves by Wheel/Rail Contact Analysis
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Fig. D-1.1 Contact pressure
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Fig. D-1.2 Longitudinal creep curve (left 5 mm)
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Index Terms Symbol Unit Value
Weight of the Car-body g 36100
Moment of Inertia(Roll) L, k;g.mz 50000
Car-body
Moment of Inertia(Pitch) [Cy kg.mQ 1390000
Moment of Inertia(Yaw) I, k;g.mQ 1385000
Weight of the bogie M kg 3600
_ Moment of Inertia(Roll) 1, kg.mQ 2000
Bosie Moment of Inertia(Pitch) ]ty kg~m2 1200
Moment of Inertia(Yaw) ]t > kg.mQ 3000
Weight of the Wheel-set M, kg 1650
Wheel-set Moment of Inertia(Pitch) Ib:z k;g.m2 1050
Moment of Inertia(Yaw) ]wz k;g.m2 120
Logitudinal Stiffness K, N/m 750000
Primary Lateral Stiffness K, N/m 250000
Suspension Logitudinal Damping qT Ns / m 16000
Lateral Damping Cig/ Ns / m 5000
Secondary Logitudinal Stiffness [(21 N/ m 100000
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Lateral Stiffness y N m 100000
Suspension Logitudinal Damping Céx Ns / m 166000
Lateral Damping Cwa Ns / m 10000
Half of between(?rr(l)(rilt)suspensmn center Lcsy m 1.125
Half of between (Zs?ge)suspensmn center Lcs;c m 35
Dimension Half of between 1st spring(side) pry m 13
Half of between 1'st spring(front) me. m 1.025
Half of wheel-set distance L,w m 0.75
Wheel radius To m 0.43
Wheel conicity A . 1/40
Half of the track gauge a m 0.75
Axle load W N 124587
Creepage Lateral creep force coefficient fll N/m 2.212*10°
Lateral/spin creep force coefficient f12 N/ m 3120
Spin creep force coefficient f22 N/ m 16
Longitudinal creep force coefficient f33 N/ m 2.563*10°
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Fig. G-1 Lateral vibration depending on the curvature with 14 DOF Strip model considering flange contact
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