Dynamics of a thirty-one DOF train model

Suppose a thirty-one DOF train travels at a constant speed V on a straight track, the
dynamic equations of the model can be derived as follows:

(1) Dynamics of the car body:

m.y, = FsyC (A1)
m, Zc = Fszc (AZ)
chéc = Msxc (A3)
Icyéc = I\/lsyc (A4)
|Czl/70 = Mszc (A5)

where the suspension forces and moments are

l:syc = 2Ksy ytl + 2Csy ytl + 2Ksy ytZ + 2Csy ytz - 4Ksy yc

. - (A6)
- 4Csy Yo — 4Ksy hS ¢c - 4Csy hS ¢c
Fszc = 2Ksz Ztl + 2Csz Z'tl + 2Ksz Zt2 + 2Csz ztz - 4Ksz Zc - 4Csz Z‘c (A7)
Mg, = 2Ksyhs (ytl + yt2) + 2Csyhs (ytl + Ytz) + szszz (¢tl + ¢t2)
+ 2b22Csz (¢tl + ¢t2) - 4Kszb22¢c - 4cszb§¢c - 4Ksyh32¢c (A8)
—4C hZg, —4hs (K, Y, +C,Y,)
M syc 2Ksz I—2 (_Ztl + th) + 2Csz Lz (_Ztl + 2t2)
(A9)

—(4K_ L2 +4K_h2)6, — (4C_ L2 +4C_h2)0,

Mszc = 2KsyL2(yt1 - ytz) + 2CsyL2(ytl - ytz)
+ 2stb22 (W +w0)+ 2Csxbz2 W +¥,) (A10)
- 4L§ (Ksyl//c + Csyl/)c) - 4b22 (stl//c + Csxl/}c)

(2) Dynamics of the bogies: (i=1 and 2 for the front and rear bogies, respectively. And
i=1 when j=1 or 2; i=2 when j=3 or 4)



t =t szt
Itx¢ti - Msxt
Ityeti = Msyt
Itzl//ti = Mszt

where the suspension forces and moments are

Fyi = 2K, (Y +Y1,0) +2C, (¥, + Y1) — (4K, + 2K )y,
—(4C,, +2C,,) ¥, — 4K ¢, —4C_ h 4,
+2(Ky, Y, +Cy,¥.) +2hs (K 4, +Cy,d,)
+2(-D™ L (Kyw, +Cyy,)

Fszt =-2 Ksz Z; — 2Csz Z.ti -4K pz Z; — 4C pz Z'ti +2 Ksz Z + ZCSZ Z.c

+2K (2, +2;,,)+2C (2, + 2;,,)

+(-1)'2L,K 6, +(-1)'2L,C. 6,

A
My = 2K,07 (¢ +6,.0) + 2C,b7 (4 +6,..)
+2K o he (Y +Y5,0) +2C b (Y + Y 44)
= 2b7 (K¢ +Couhi) — 407 (K .8 +C .64
—4h (K s +C o) —4hy (K v, +C V)

+2b22(Ksz¢c +Csz¢c)
Msyti :_4hT2(pr9ti +Cpxe.ti)_ll'l-i(szeti +széti)
+2L1(_szzj _szzj + szzj+l +szzj+1)

M sati 2b22 (stWc + Cstc) - (4prLi + 4prb12 + 2stb22)l//ti
- (4pr L:Iz. + 4Cp><bl2 + 2Csxb22)l/./ti + 2prL1(yj - yj+1)

+ 2prL1(Yj - Yj+l) + 2Kp><b12 (VIJ + ‘//j+1) + 2Cpxbl2 (l//j + lr/)j+1)

(Al1)
(A12)

(A13)

(Al4)

(A15)

(A16)

(Al17)

(A18)

(A19)

(A20)

(3) Dynamics of the wheel-sets: (j = 1-4 for the four wheel-sets from front to rear

respectively, and i=1 when j=1or 2; i=2 when j=3 or 4)



m,V; =F,; +Fg; + Ny + Ng,; + F (A21)

Lyj Ryj Lyj Ryj SYi

mW =F +FR2,+N +NR2,+F -W (A22)

Lzj Lzj szj

wa¢j = Iwy _l//j + (RRyj Fsz RZJ Ry])+ (RLyJ Lij — Rsz FLyj)

A23
+ (RRyJ Rzi — RZ] RyJ ) + (RLyj Lzj — Rsz N Lyj) ( )
+ ML)(J + MRXJ + Msxj
.. V.
Iwz‘//j = _Iwy _¢j + (Rij FRyj Ryj Rxl ) + (RL>q Lyj — RLyj Fij) (A24)
+ (RRXj Ryj LX] Lyj)+ M Lzj + M Rzj + M

in which the suspension forces and moments are

l:syj = _2pryj - (_l)J 2pr Ll':”ti + 2pryti
—2C,y; - (-1’2C o LW +2C ¥y (A25)
+ 2pr¢tihT + 2pr¢’(ihT

Fo=-2K,z,-2C 2, +2K ,z,+2C 2,

- : (A26)

+ (_l) : 2 Ll(szeti + szeti)
M sxj = _2szb12¢j - 2szb12¢.5j + 2szb12¢ti + 2szblz¢.ti (A27)
M, = 2K blw, —2K by, +2C by, —2C bl (A28)

The rail interactions, which include the creep forces, creep moments, and normal
forces, can be expressed as in the following:

(4) Creep forces on the left wheel:

Fij = FL*xj - F:yjl//j (A29)
Fi = Fogws + Ry (A30)
Fo= FL*yj (o, + ¢J) (A31)
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(5) Creep forces on the right wheel:

Fij = Fij - FRyj'// i

F

R —

Fij v+t FRyj

*

Fsz = _FRyj (Y% _¢j)
(6) Creep moments on the left wheel:

M L = M zzj (5L + ¢j )!//J

*

M M

Lzj = Lzj

(7) Creep moments on the right wheel:

M R — -M ;zj (5R _¢j )l//J

*

Rzj

M M

Rzj =

In equations (A29)-(A38), according to

Foir Py MU, Fay Fry and Mg, are defined as:

Vv

Lzj — V

* f r
Foo=—-2 v( —ﬂ}aw}
i V{ r, J

. f.or. ; )
M _i[yj +rLj¢j _Vl//j:l_%[l//j __5Li|

fir. - .
Fy :_#[yi 154, _VWJ']_£|:W] __5L}

Kaller

theory

(A32)

(A33)

(A34)

(A35)

(A36)

(A37)

(A38)

[8l,

(A39)

(A40)

(A41)

(A42)



*

fr. : 1. Vv
Fayi =—ﬁ[yj + I d; —ij]—ﬁ{!//,- +r—5R} (A43)

V 0
< for. ; f,l . V
Msz :VLZ[Yj"‘er@ _VWj]_%[l//j+r_5L:| (A44)
0
(8) The normal forces between the wheel-sets and the rail:
1
N, =Ng; = EW (A45)
1
Ny, ==Ny, an(5, +4;) = _EW (6. +¢;) (A46)
1
Ngy = Ng, tan(d; —¢;) = EW (5 —¢;) (A47)

In addition, the position vectors of the contact point between wheels and the rail can be
expressed as follows:

Reg = ay; (A48)
Rey = —a+ I, (A49)
Rey = —2¢; — Iy (A50)

Ry =—ay; (A51)

RLyj =a+ rLJ.¢J. (A52)

R, =ag -1, (A53)

where o, o5, r; and ry, can be derived by the following geometric relations:
1 3 1 B
O =0 =4, E(r”_er)_ Y, E(rLJ.+er)_r0 (A54)

Substituting equations (A25)—(A54) into equations (A21)—(A24), the dynamic of the
wheel-sets can be obtained as follows:



N 2f. . 2r. f. . 2f. .
m,Y; :_Tllyj _W¢j_ il ¢j+2f11‘//j_TlZWj+Fsyj (A55)
. 2f 1% . 2f 2r, f
szj:— \1/1 yj i Vlly¢' ll¢¢
(A56)
2f, . 2f,4?
Py +—E—+F,
V 17 ] ro ]
2
2, ar}L 2f r? 2f,,A°
—( 110 )¢ J{an(r +al)+ }/xj (A57)
V I
1.V 2fr 2f.ai
(2wl 21 7 M
( "RV v Vit My
1|V
| __2af33/1y +2f12 gt (et 2f12r0)¢

rh v

2
+(=2f, +aiW)y; —(Zan“+%)y)j +M

(A58)

The dynamic model of the thirty-one DOF full-train model can be derived by equations
(A1)—(A5), (A11)-(A15) and (A55)—(A58).



