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Abstract

Based on the heuristic nonlinear creep model, the nonlinear coupled differential equations of the motion for the truck
modeled by a eight-degrees of freedom system moving on curved tracks, considering the lateral displacement and the
yaw angle of the each wheelset and the lateral displacement, the vertical displacement, the roll angle and the yaw angle
of the truck frame, are derived. The accuracy of the present analysis is verified by comparing the limiting case and the
current numerical results with the findings available in published literature. The influences of the vertical and the
roll motions of frames on the critical hunting speed of trucks are studied and evaluated via the linear and the nonlinear
creep models. It is shown that the critical hunting speeds evaluated using the eight-degrees of freedom system differ
significantly from those calculated using a system with six-degrees of freedom. In addition, the influences of the physical
parameters, including those missing in the six-degrees of freedom system, on the critical hunting speed of trucks are
also examined.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

In the 20th Century, the high-speed railway (HSR) has become to be one of the important transit systems.
Particularly with the advent of the high-speed passenger trains, the problem of achieving high-speed operation
without the hunting instability has always been of interest to vehicle designers.

The studies on the dynamic stability of a truck can be found in a number of literatures [1-16]. Recently,
many researchers focused their studies on the hunting stability and dynamic analysis of trucks running on
curved tracks [6-16]. In the early investigations on the hunting stability of a truck, the truck system was
usually modeled by a four-degrees of freedom (4dof) or six-degrees of freedom (6dof) system. The hunting
stability of a truck modeled by a 4dof system, considering the lateral displacement and the yaw angle of each
wheelset, was studied by Scheffel et al. [6]. The hunting stability of a truck modeled by a 6dof system,
considering the lateral displacement and the yaw angle of the each wheelset and the truck frame, was
investigated by Wickens [7,8], Bell and Horak [9], Suda [10], Suda et al. [11], Fujioka et al. [12], Narayana et al.
[13], Dukkipati et al. [14,15], and Lee and Cheng [16].
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Jyi

Nomenclature

a half of the track gauge

b half of the primary yaw spring arm and
the primary yaw damping arm

b half of the primary vertical spring arm
and the primary vertical damping arm

b, half of the secondary longitudinal spring
arm

b3 half of the secondary longitudinal damp-
ing arm

Cpx yaw damping of the primary suspension

Cpy lateral damping of the primary suspen-
sion

Cp. vertical damping of the secondary sus-
pension

Cix yaw damping of the secondary suspen-
sion

Cy,y lateral damping of the secondary suspen-
sion

S lateral creep force coefficient

S lateral/spin creep force coefficient

I spin creep force coefficient

f33 longitudinal creep force coefficient

Fyi lateral gravitational stiffness of the front
wheelset and the rear wheelset, respec-
tively, i=1,2

Fiyi lincar creep force of front and rear
wheelset (i = 1,2, respectively) in long-
itudinal direction of left and right wheel
(j = L, R, respectively)

Fjyi linear creep force of front and rear
wheelset (i = 1,2, respectively) in lateral
direction of left and right wheel
(j = L, R, respectively)

Fl nonlinear creep force of front and rear
wheelset (i = 1,2, respectively) in long-
itudinal direction of left and right wheel
(j = L, R, respectively)

F]’fy,- nonlinear creep force of front and rear
wheelset (i = 1,2, respectively) in lateral
direction of left and right wheel
(j = L, R, respectively)

Fr linear creep force of front and rear
wheelset (i = 1,2, respectively) as given
directly by Kalker’s linear theory in
longitudinal direction of left and right
wheel (j = L, R, respectively)

F? lincar creep force of front and rear

wheelset (i = 1,2, respectively) as given

wy

M;.;

M’

Jzi

%
Jzi

directly by Kalker’s linear theory in
lateral direction of left and right wheel
(j = L, R, respectively)

suspension force of front and rear wheel-
set (i = 1,2, respectively) in lateral direc-
tion

suspension force of truck frame in lateral
direction

suspension force of truck frame in
vertical direction

flange contact force

vertical distance from the wheelset center
of the gravity to the secondary suspen-
sion

roll moment of inertia of the truck frame
yaw moment of the inertia of the truck
frame

roll moment of the inertia of the wheelset
spin moment of the inertia of the wheel-
set

yaw moment of the inertia of the wheel-
set

lateral rail stiffness

longitudinal stiffness of the primary
suspension

lateral stiffness of the primary suspension
vertical stiffness of the secondary suspen-
sion

longitudinal stiffness of the secondary
suspension

lateral stiffness of the secondary suspen-
sion

half of the primary lateral spring arm
half of the primary lateral damping arm
car body mass

bogie frame mass

wheelset mass

yaw gravitational stiffness of the front
wheelset and the rear wheelset, respec-
tively, i=1,2

linear creep moment of front and rear
wheelset (i = 1, 2, respectively) in vertical
direction on left and right wheel
(j = L, R, respectively)

nonlinear creep moment of front and
rear wheelset (i = 1,2, respectively) in
vertical direction of left and right wheel
(j = L, R, respectively)

linear creep moment of front and rear
wheelset (i = 1,2, respectively) as given
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directly by Kalker’s linear theory in ¢ time
vertical direction of left and right wheel V forward speed of the truck
(j = L, R, respectively) Ve critical speed
M. suspension moment of front and rear W axle load
wheelset (i = 1,2, respectively) in vertical x longitudinal coordinate
direction y lateral coordinate
M,  suspension moment of truck frame in y; lateral displacement of front and rear
longitudinal direction wheelset (i = 1, 2, respectively)
M., suspension moment of truck frame in y, lateral displacement of the truck
vertical direction z vertical coordinate
N normal force of the wheelset at the z vertical displacement of the truck frame
equilibrium state o saturation constant of nonlinear creep
Ny normal force on left wheel of front and force model of the front wheelset and the
rear wheelset (i = 1,2, respectively) in rear wheelset, respectively, i = 1,2
lateral direction b nonlinearity of nonlinear creep force
Npi normal force on right wheel of front and model of the front wheelset and the rear
rear wheelset (i = 1,2, respectively) in wheelset, respectively, i = 1,2
lateral direction Bji nonlinearity of nonlinear creep force
rr left wheel rolling radius model of the left wheel and the right
IR right wheel rolling radius wheel of the front wheelset and the rear
ro nominal wheelset rolling radius wheelset, respectively, i=1,2, and j=
R radius of the curved track L,R
Rry;  x component of position vector on left ¢ flange clearance between the wheel and the
wheel of front and rear wheelset (i = 1,2, rail
respectively) oL contact angle of the left wheel
Ry, y component of position vector on left Jr contact angle of the right wheel
wheel of front and rear wheelset (i = 1,2, 1 wheel conicity
respectively) e superelevation angle of curved tracks
Rgryi  x component of position vector on right ¢, roll angle of the truck frame
wheel of front and rear wheelset (i = 1,2, ; yaw angle of front and rear wheelset,
respectively) respectively (i = 1,2, respectively)
Rgry,i  y component of position vector on right 1, yaw angle of the truck frame
wheel of front and rear wheelset (i = 1,2,
respectively)

Based on the linear creep model without considering the creep moments between wheels and rails, the curving
performance of the unsymmetric truck was presented by Wickens [7,8]. The dynamic stability of a truck with
variable yaw constraint suspension was studied by Scheffel et al. [6]. It is shown that the variable yaw constrain
suspension system can increase the steady-state curving performance. In order to improve the dynamic stability of
vehicles, a forced steering bogie was used. The dynamic stability of a forced steering truck without considering
spin creepages was investigated by Bell and Horak [9]. Suda [10] and Fujioka et al. [12] examined the dynamic
stability of unconventional trucks, including the linkage or the unsymmetric suspensions.

It is well known that the new HSR systems are connected with nonlinear physical parameters. However, the
nonlinear analysis on the dynamic stability of the truck system is insufficient. Based on the nonlinear creep
model, the steady-state curving performance of a non-linkage truck and a linkage truck was compared by
Suda et al. [11]. Utilizing the heuristic nonlinear creep model, Narayana et al. [13] and Dukkipati et al. [14,15]
illustrated the steady-state curving behavior of a conventional truck and an unconventional truck. The
comparative study on the steady-state curving performance and the dynamic stability of some unconventional
trucks designs was investigated. Recently, Lee and Cheng [16] investigated the influence of the suspension
parameters on the critical hunting speed of a truck considering the nonlinear creep moments.
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An important aspect for the hunting stability analysis of HSR vehicle systems is the consideration of the
vertical and the roll motions of frames of the trucks. However, a review of the existing literature reveals that
previous studies into the hunting stability of a truck moving on curved tracks have never adopted the 8dof
systems required to take these two parameters into consideration. Moreover, even though the equations of the
motion of a 6dof system can be found in the book given by Dukkipati and Garg [17], the equations of motion
of a truck frame considering the vertical displacement and the roll angle were not derived. Additionally, the
suspension forces in the vertical direction and the suspension moments in the longitudinal direction of the
truck were also neglected.

In this paper, one assumes that the wheels of the truck will not lose contact with the rail. This paper adopts
the heuristic nonlinear creep model to derive the governing differential equations of motion for a truck
modeled by a 8dof system moving on curved tracks. To verify the accuracy of the present analysis, the limiting
case is examined. The numerical result is compared with the finding available in existing literature. The
Lyapunov indirect method is utilized to evaluate and compare the influences of several physical parameters on
the critical hunting speeds for the 6dof and 8dof systems. Finally, the influences of the physical parameters,
including those missing in the 6dof system, on the critical hunting speed are also examined.

2. Differential equations of motion

Figs. 1 and 2 illustrate the truck system considered in the present study. The governing equations of motion
for the lateral displacement y,, the vertical displacement z,, the roll angle ¢, and the yaw angle i, of the truck
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Fig. 1. Two-axle truck model.
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Ay

Fig. 2. The free body diagram of a single wheelset.

frame are given by

. me (V?
mtyt = Fsyt + (mt + 76) (g_R - ¢se> g, (1)
. me (V2
mz; = Fszt + (ml‘ +7) g_R (:bse + 1 g, (2)
Itx(.i)[ = Msxts (3)
I, = M, )

where V' is the speed of motion, R is the radius of curved tracks and ¢, is the superelevation angle of curved
tracks. The physical quantities Fy, Fy-y, L1x, 11z, M o1, M iz, and m, are defined in the nomenclature. It is noted
that in Eqgs. (1)—(4), the dots indicate differentiation with respect to the time variable ¢.

Adopting the notations used by Dukkipati and Garg [17], when the inertia forces and the heuristic nonlinear
creep forces and moments are considered, the governing coupled differential equations of motion for the
lateral displacement y; and the yaw angle ;, of the wheelsets are coupled differential equations

.2 . , :
mw( i ? + g¢se> FLy,(y,,y,, lﬁ,, lp ) + FR},()/[,J/[, lﬁ,', lﬁ,) - ng + Fsyi - Ftia (5)

Iwzl.//i = wy (15 + [RRX!F’}?yl(yi’yiv vis 1/./;') = RpyiF (Vi Vi Vi l]/i)]

+ [RinFLy[()}i’ yi: l//ia lpl) - RLyiF’Zx[(yi: yi» lpi’ lrbl)]

= M+ M0 3 i) + M0 D2 i i) + M, (6)
where the subscript i, i = 1,2, in the physical quantities in this paper represent the corresponding physical
quantities of the front and the rear wheelset, respectively. ¢; is the roll angle of the wheelset and ¢; = (4/a)y;.

/ is the conicity angle and a is the half of track gauge. FRU(yl,y,,lpl,w) FR}l(yl,y,,lpl,lp) Fi uyn i)

and F7 (v, y,,lp,,xp) are the x and the y components of the creep forces of the right wheel and the left
wheel, respectively, M'_(y;, y,,npl,ap) and M7 _(y;, y,,np,,lp) are the creep moments in the z direction with
respect to the right wheel and the left wheel, respectively. The other physical parameters, such as,
Fyi, Fopiy Friy Ly, 1oy M giy Mgy, my, o, Rpxi, Riyi, Rrei and Rgy; are all defined in the nomenclature.

A heuristic nonlinear creep model, which combines the Kalker’s linear creep theory with a creep force
saturation representation, is used in the analysis. The nonlinear creep forces and the nonlinear creep moments
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are given as [2]

]u(ypyza lpp lpl) = GCl'l;vjxh
_}/l(yl’yl’ "pl’lrb) = Fyl’
/710}17.)/1’ lpplp ) =0 M]419

(7a)
(7b)

(7o)

where the subscript j, j = L, R, in the physical quantities in this paper represent the corresponding physical
quantities of the right wheel and the left wheel, respectively. Fjy;, F;,; and M.; are the linear creep forces and

the linear creep moments and are given as

_ 33 a rp ;
Fr.= % |4 1+R o alpl-

Al V\_F

WO’, VW;+VL¢,)+%‘//,|:<WI—§) __(SL:|,

ro
Fryi= —& ‘//i[V< +§_};_g> _‘“'ﬁi]
- vwend) L2 | (- 5) - Lo,

7o
FR‘CI_ fiV}|:V<1_%_r_R>+ W1:|

+f—Il/1 Vi = Vi + VR(ﬁ,-) +f—11/2 "z [(‘/’z - %) +% 5R] ’

Fra= 12 ,[V(l—;—jj) +a¢,]
g, - V¢,+rR¢)—@K¢I-—K) +K5R},
R ro

f f22

Mp.; = V(V V¢,+VR¢)——{<1.#Z-—%)+£5R}

The saturation constant o; is [2]

i I S S T <
‘Bi ﬁl 3ﬁl+27 ﬁl:| forﬁl\3’
o = 1
— for §;=3,
7 b
where
_ Prit B
ﬂi - 2
and
( /w) +( ]yl)

ji = uN ’

(8a)

(8b)

(8¢)

(9a)

(9b)

(%)

(10)

(11)

(12)
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where F7 . and F7% . are the linear creep forces given by the Kalker’s linear theory [17]

Jxi i
Flg= —f—ff [V(l +%—%> —al'ﬁ,}, (13a)

Fiy= =100, 4 — vy -2 (w,—K——VOaL) (13b)

Fra= —f%f [V(l —;—iﬁ) +mj/i]’ (14a)

F}yiz f“(y,+ R¢1 Vl// fl2 (lﬁ,—K‘I‘K(SR) (14b)

The linear lateral gravitational stiffness, Fy;, and the yaw gravitational stiffness, M, are given as [17].

ng = — NRi Sin(éR - (]51) + NLi Sil’l(5L + (:bt)

V2 1
~o|my, ¢se + W 5(5R - 5L) - ¢1’ (15)
and
Mgi = RinNLi Sin((SL + ¢l) - RinNRi Sin(éR - d)l)
V2 1
~ al//i |:mw () (rbse + W:| [ (513 + 5L)] ’ (16)
R 2
respectively.

From Fig. 1, the suspension forces of the wheelsets in the lateral direction, Fj,;, the suspension moments
of the wheelsets in the vertical direction, My.;, and the suspension forces of the truck frame in the lateral
direction, Fj,,, the suspension moments of the truck frame in the vertical direction, M., are

Fyi= = 2K,y — (_l)iZprLllpr + 2Ky, — 2Cpp; — (_l)ichyLZl.pt +2Cpp,
+2Cpy b,z + 2K b 7 (17)
M = 2K, b, — 2K b + 2C b, — 2C,pibiil, (18)

Fsyt = 2pry1 + 2pryl + Zpryz + 2pr.]>2 + (_4pr - 2Ksy)yt + (_4pr - 2Csy))>r
—4Cyp,hr — 4K, 0, (19)

My = (4K LT — 4K b} — 2K bW, + (—4Cpy L3 — 4Cpibi — 2C b3,
+ 2K, L1y, +2Cpy Loy + 2K by 4 2C, b,
— 2K,y L1y, — 2CpyLojy + 2K by + 2C b1, (20)
It should be mentioned that the physical quantities indicated as Eqs. (7)—(20), except Egs. (17) and (19), are
established previously by Dukkipati and Garg [17] and Lee and Cheng [16], who neglected the vertical stiffness
and the vertical damping of the primary suspension in their system. From Fig. 1, the suspension forces of the
truck frame in the vertical direction, F.;, and the suspension moments of the truck frame in the longitudinal

direction, M ,,, acting on the truck frame, induced from the vertical stiffness and the vertical damping of the
secondary suspension, and can be expressed as

Fy = _4Cp:Z.t - 4szzt (21)
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and
Msxt = - 4szq.51b% - 4sz¢tb% + Zpr[—Zy, + (yl +y2) - 2¢1h7"]h7"
+2Cp[=20, + (G + 7)) = 27l (22)
respectively. The flange contact force, Fy;, is given by Mehdi and Shaopu [4] as
Kr(yi - 5)a J/,'>5,
F,=¢0, —0<y; <9, (23)
—K.(y;+9), yi<-—29,
where ¢ is the flange clearance between the wheel and the rail.

For simplicity, it is assumed that the constraint function is linear for a conical wheel on a knife-edged rail.
Hence, the following assumptions regarding the wheel and rail geometry can be employed:

dp=0r=7 3(rL—rr)=2y, 3(rL+rr)=r. (24)

After substituting the equations given above into Egs. (5)—(6) and neglecting the high-order terms, one
obtains the following coupled linear differential equations:

. och 20ch & A
myy; = et Vit 2alflllpz 12 lljz (mw— ¢se + W) ( )
2}’0fxlf N, m,V? 2ocif
— Tll (a)yi + R + R 12 _ m\vg¢se + Fsyi — Fy, (25)

2a0uf 334 201y

. V?
Iwzlpi = ro Vi + % yz |:_2aif12 + a (mw ? (nbse + W>] lpi

2auif 33 20 )\ - LV 2roof 1p] (4.
(2 )

20 ) .
+ Wl(a2f33 +f2)+ Mg, (26)

where o; = ai(y;, V;, wi,l/)i). As a result, Egs. (1)-(4) and (25)-(26) form the eight governing differential
equations of motion of the system. When o; = 1, ¢, = 0, R is set to be infinite, and the vertical displacement
and the roll angle of the truck are neglected, the nonlinear differential equations can be reduced to the
governing differential equations of the motion of wheelsets moving on tangent tracks, based on the linear
creep model,

. 2f 2f A 2rof AW
myy; = _Ayt_‘_zf]llpl =L lpl_W;yl_ V“ 5 Yi
—F;— ZKPyyi — (=1 Zprthp, + ZKP},y,
- 2prj’i - (—1)’2prL21k, + ZcpyJ"n (27)
" 2af 134 2f
Iw:lpi: _Tnyi %yl—}_(_zfu_‘_a;“W)lpi
2a2f3; 20\ LV 2rf | (4
_ SR 23 YR el A e S IR 28
(T [ e e

and the differential equation of the motion of the truck moving on tangent tracks in lateral direction is
simplified as

mlj}z = 2pry1 + 2pr)./l + 2pry2 + Zcpyyz + (_4pr - 2Ksy)yt + (_4pr - 2Csy)yt~ (29)

Eqgs. (29), (4), (27) and (28), are the governing differential equations of the motion of a truck modeled by a
6dof system. These equations are identical to those given by Mehdi and Shaopu [4].
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3. Stability analysis

In this paper, the Lyapunov indirect method [18] is used to study the influence of the physical parameters on
the critical hunting speed of trucks. The equations of motion of the autonomous system, Egs. (1)—(4) and
(25)—(26), can be re-expressed as a system of first-order differential equations

x(0) = f[x(@)], (30)

where x(7) is a 16 x 1 vector of state variables.
For any given velocity V', one defines a determinant matrix A

A [af(x)] ’ G31)
ox x=x0

where xo = [X10, X20, X30,...,X160] is the equilibrium point and satisfies f[xg] = 0. The dynamic system will
be unstable if any one of the eigenvalues of matrix A has positive real part. The lowest velocity for which the
eigenvalues of associated determinant matrix A has non-positive real part is the critical hunting speed.

4. Numerical results

To illustrate the reliability of the numerical analysis, one compares the critical hunting speed of the reduced
6dof truck moving on a straight track, with that studied by Mehdi and Shaopu [4]. The critical speed obtained
in the present analysis is 118 km/h. This result is the same as that obtained by Mehdi and Shaopu [4].

When the vertical and the roll motions of frames are also considered in the truck of 6dof system, the number
of dof of the dynamic system turns to be eight. The vertical stiffness and the vertical damping of the primary
suspension are the physical parameters not considered in the 6dof system. A review of the available literature
reveals that the influences of these two physical parameters on the critical hunting speeds of the truck moving
on curved tracks have not been investigated before.

In the following, one uses the data of the system parameters listed in appendix [19,20], except the specified
ones, to study the influences of physical parameters on the critical hunting speed of a freight truck.

Fig. 3 shows the influences of the longitudinal stiffness of the primary suspension K, on the critical hunting
speeds of the 6dof and the 8dof truck systems evaluated via the linear and the nonlinear creep models,

600 — . 800 4 ~ T~~~ 6 DOF, Linear
_____ 6 DOF, Llnez?r 6 DOF, Nonlinear
| 6 DOF, Nonlinear - —A- - 8 DOF, Cpz = 500 N-s/m, Linear
- -A- - 8§ DOF, Ky, = 1.2x10° N/m, Linear - —#&— 8 DOF, Cpz = 500 N-s/m, Nonlinear
500 -{ ~ —#&— 8 DOF, K, = 1.2x10° N/m, Nonlinear
600 —
g =
£ 400 1 E _
& 5
> ] >
400 —
300 —
200 T T L T T T T T 200
10 100
() K, (10° N/m) (b) K, (10> N/m)

Fig. 3. The influence of the longitudinal stiffness of the primary suspension K, on the critical speeds of a truck evaluated via the various
degrees of freedom with the linear and the nonlinear creep models when (a) C),. = 1.44 x 10* Ns/m, and (b) K. = 2.0 x 10° N/m.
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respectively. It is observed that for both 6dof and 8dof systems, the critical hunting speeds evaluated by the
linear creep model are always higher than those evaluated by the nonlinear creep model. Meanwhile, in both
linear and nonlinear analysis, the critical hunting speeds evaluated by the 8dof system always exceed those
evaluated by the 6dof system. It can also be found that the critical hunting speeds and the difference between
the two sets of critical hunting speeds will increase first then decrease as K),, increases.

In Fig. 4, the influences of the longitudinal damping of the secondary suspension, Cj,, on the critical
hunting speeds are shown. It is observed that the critical hunting speeds rise monotonically as Cj, increases. In
both linear and nonlinear analysis, the critical hunting speeds evaluated by the 8dof system always exceed
those evaluated by the 6dof system. Based on the system data given in Fig. 4b, it is observed that for both 6dof
and 8dof systems, the critical hunting speeds evaluated by the linear creep model are always higher than those

1000 —-—-——— 6 DOF, Linear 800 — s
6 DOF, Nonlinear 1 7" 6 DOF, Lmed,I
1 A 5 . — 6 DOF, Nonlinear
8 DOF, sz =1.2x10° N/m, Linear 700 4 - -A-- 8$DOF, sz= 500 N-s/m, Linear
800 | —#&— 8 DOF, K, = 1.2x10° N/m, Nonlinear 1 —#&— 8 DOF, C,, = 500 N-s/m, Nonlinear
i 600 —
g 1 2
& 5 400 —
> 400 — > 00 i
7 300 —
200 — 7
200 —
O T T T T T 11T I T T T T 1T 1177 I 1 100 T T T TTT I T T T T TTT I T 1
1 10 1 10
(a) Cyy (10* N-s/m) (b) C,y (10* N-s/m)
Fig. 4. The influence of the longitudinal damping of the secondary suspension Cy, on the critical speeds of a truck evaluated via the
various degrees of freedom with the linear and the nonlinear creep models when (a) C,. = 1.44 x 10* N's/m, and (b) K,. = 2.0 x 10° N/m.
600 — 700 — .
————— 6 DOF, Linear ——-—--- 6 DOF, Linear
6 DOF, Nonlinear | — 6 DOF, Nonlinear
1 - -4A-- 8DOF, K, = 1.2x10° N/m, Linear - ~A- - 8DOF, Cy, = 500 N-s/m, Linear
—&— 8 DOF, C,, = 500 N-s/m, Nonlinear
—&— 8 DOF, K, = 1.2x10° N/m, Nonlinear 600 — P
500 — s
- - K \x\
% g / \
=2 T < 500 — / -
5 5 ’
> > <.
400 — e A T~
400 —
300 IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII 300 IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII
0.01 0.1 1 10 0.01 0.1 1 10
(@ K, (10> N/m) (b) K, (10° N/m)

Fig. 5. The influence of the lateral stiffness of the primary suspension K, on the critical speeds of a truck evaluated via the various degrees
of freedom with the linear and the nonlinear creep models when (a) C,. = 1.44 x 10*N's/m, and (b) K,. = 2.0 x 10° N/m.
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480 — 600 —
Nonlinear creep model . Nf)nlinear creep model
4 — - — Linear creep model — - — Linear creep model
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Fig. 6. The influence of (a) the vertical stiffness K. and (b) the vertical damping C,. of the primary suspension on the critical speed
evaluated via the linear and the nonlinear creep models.

evaluated by the nonlinear creep model. However, based on the system data given in Fig. 4a, it is observed that
when Cj, is greater than 8 x 10* N's/m, the critical hunting speeds of an 8dof system evaluated by the linear
creep model are lower than those evaluated by the nonlinear creep model.

Fig. 5 reveals that the influence on the critical hunting speeds of the lateral stiffness of the primary
suspension, K,,, depends upon the particular modeling system considered. It shows that the critical speeds
increase first then decrease as K, increases. In most of the cases, the critical hunting speeds evaluated by the
linear creep model are higher than those evaluated by the nonlinear creep model. For the two creep models,
the critical hunting speeds evaluated via the 6dof system are higher than those evaluated via the 8dof system
when K, is small. However, this relationship is inverted as K, is further large.

In Fig. 6, the influence of the vertical stiffness, K., and the vertical damping, C,., of the primary suspension
on the critical hunting speeds evaluated by the linear and the nonlinear creep models are illustrated. It is
observed that the critical hunting speed decreases as K. and C,. increase for these two models. Meanwhile, it
can be found that the critical hunting speed evaluated via the linear creep model is higher than those evaluated
via the nonlinear creep model. Moreover, when K. and C,. approaches infinity, the critical hunting speeds
will converge to the fixed values evaluated via the 6dof system. When K. and C,. are small, the difference
between the critical hunting speeds evaluated via the 6dof and the 8dof systems are large. This can also be
clearly found and validated in Figs. 3-5.

5. Conclusion

In this paper, based on the heuristic nonlinear creep model, the coupled nonlinear governing differential
equations of motion of an 8dof truck system moving on curved tracks, are derived in completeness. In the
limiting study, the reduced governing differential equations of motion of a truck are shown to be consistent
with those in the existing literature. It is found that in most of cases, the critical hunting speeds evaluated via
the 8dof system moving on curved tracks are higher than those evaluated via the 6dof system. The critical
hunting speeds evaluated via the linear creep model are greater than that evaluated via the nonlinear creep
model. The influences of the physical parameters, the vertical stiffness and the vertical damping of the primary
suspension, not considered in the 6dof system on the critical hunting speeds are investigated. According to the
influence of K. and C,. on the critical hunting speeds, it can be seen that the 8dof system can be reduced to
the 6dof system as the rigidity of the primary suspension in the vertical direction increases.
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Appendix. Data of the system parameters [18,19]

Parameters Value

Wheelset mass (kg) m, = 1117.9
Bogie frame mass (kg) m; = 350.26
Roll moment of the inertia of the wheelset (kg m?) I, = 608.1

Spin moment of the inertia of the wheelset (kg m?) I, =172

Yaw moment of the inertia of the wheelset (kg m?) I,; = 608.1

Roll moment of the inertia of the bogie frame (kgm?) I, =35

Yaw moment of the inertia of the bogie frame (kg m?) I, =105.2
Wheel radius (m) ro = 0.43

Half of the track gauge (m) a=0.7175
Wheel conicity A=0.05

Half of the primary longitudinal spring arm (m) by =1.0

Half of the primary longitudinal damping arm (m) by =1.0

Half of the primary vertical spring arm (m) by =1.0

Half of the primary vertical damping arm (m) by =1.0

Half of the secondary longitudinal spring arm (m) b, =1.18

Half of the secondary longitudinal damping arm (m) by=14

Half of the primary lateral spring arm (m) Ly =128

Half of the primary lateral damping arm (m) Ly=1.5
Vertical distance from the wheelset center of the gravity to the secondary suspension (m) /iy = 0.47
Longitudinal stiffness of the primary suspension (N/m) Ky =9 x 10°
Lateral stiffness of the primary suspension (N/m) K, =24 x 10°
Vertical stiffness of the primary suspension (N/m) K,. =24 x 10°
Vertical damping of the primary suspension (Ns/m) Cp. = 1.44 x 10*
Longitudinal stiffness of the secondary suspension (IN/m) K, =45x 10°
Lateral stiffness of the secondary suspension (IN/m) K,y =4.5x 103
Longitudinal damping of the secondary suspension (N s/m) C, =6 x 10*
Lateral damping of the secondary suspension (N s/m) Cy = 1.8 x 103
Lateral rail stiffness (N/m) K, =1.617 x 10’
Flange clearance (m) 0 = 0.00923
Lateral creep force coefficient (IN) 11 =2212x 100
Lateral/spin creep force coefficient (N m?) S =3120

Spin creep force coefficient (IN) fn =16
Longitudinal creep force coefficient (N) 33 =2.563 x 10°
Radius of curved tracks (m) R = 6250
Superelevation angle of curved track (rad) ¢ = 0.0873
Axle load (N) W = 5.6 x 10*
Coefficient of the friction nw=0.2

Normal force of the wheelset at the equilibrium state (N)

N=Ww)2
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