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Abstract

Using the linear creep model, this paper derives the governing differential equations of motion for a truck
moving on tangent tracks. The truck is modeled by a 10 degree-of-freedom (DOF) system which considers
the lateral displacement, vertical displacement, roll angle and yaw angle of each wheelset and the lateral
displacement and yaw angle of the truck frame. It is shown that the critical hunting speeds evaluated using
the 10-DOF system differ significantly from those calculated using a system with six-DOF. The influences
on the critical hunting speeds of certain physical parameters not considered in the six-DOF system are
evaluated for wheels of different conicities. 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.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

High-speed railway (HSR) vehicles are assuming an ever-increasing importance in today’s
transportation infrastructures. With the advent of high-speed passenger trains in Japan, Europe
and America, the problem of achieving a high-speed operation without hunting instability has
become a matter of pressing concern for vehicle designers around the world.

The hunting phenomenon often occurs when railway vehicles are run at high speeds, and
represents a coupled oscillation of the wheelset in its lateral displacement and yaw angle. Many
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Nomenclature Fryi linear creep force of front and rear

wheelset (i=1, 2, respectively) in long-

a half of track gauge itudinal direction of right wheel

b, half of the primary yaw spring arm and Fgryi  mear creep force of front and rear
the primary yaw damping arm wheelset (i=1, 2, respectively) in lateral

b, half of the primary vertical spring Qirection of right wheel
arm and the primary vertical damping Fr.;  linear creep force of front and rear
arm wheelset (i=1, 2, respectively) in ver-

by half of the secondary longitudinal tical direction of right wheel
spring arm Fy, suspension force of front and rear

bs half of the secondary longitudinal W.heel.set (i=1, 2, respectively) in lateral
damping arm dlrectlop .

C,.  yaw damping of the primary suspension Fy,  suspension force of truck frame in

C,, lateral damping of the primary suspen- lateral direction
sion F,; suspension force of front and rear

Cp- vertical damping of the primary suspen- wheelset (i=1, 2, respectively) in ver-
sion tical direction

Cix yaw damping of the secondary suspen- Fy; flange contact force
sion hy wheel flange height

Cyy lateral damping of the secondary sus- hr vertical distance from the wheelset
pension center of gravity to the secondary

D, time response of front wheelset in the suspension
vertical direction 1. yaw moment of inertia of the truck

fu lateral creep force coefficient I, roll moment of inertia of the wheelset

iz lateral/spin creep force coefficient I, spin moment of inertia of the wheelset

fo spin creep force coefficient I,. yaw moment of inertia of the wheelset

f33 longitudinal creep force coefficient K, latergl ra}il Stiffpess .

Fry linear creep force of front and rear K, longltu@nal stiffness of the primary
wheelset (i=1, 2, respectively) as given suspension .
directly by Kalker’s linear theory in K, lz}teral stiffness of the primary suspen-
longitudinal direction of left and right sion
wheel (j=L, R, respectively) K, vertical stiffness of the primary suspen-

Fi linear creep force of front and rear sion
wheelset (i=1, 2, respectively) as given K, longitudinal stiffness of the secondary
directly by Kalker’s linear theory in suspensiop
lateral direction of left and right wheel Ky latergl stiffness of the secondary sus-
(j=L, R, respectively) pension ‘ ‘

F;,; linear creep force of front and rear L, half of the primary lateral spring arm
wheelset (i— 1, 2, respectively) in long-  L>  half of the primary lateral damping arm
itudinal direction of left wheel my bogie frame mass

Fpyi linear creep force of front and rear m, Wheelset mass
wheelset (i=1, 2, respectively) in lateral M;‘Zl. linear creep moment of front and rear
direction of left wheel wheelset (i=1, 2, respectively) as given

F;.; linear creep force of front and rear directly by Kalker’s linear theory in

wheelset (i=1, 2, respectively) in ver-
tical direction of left wheel

vertical direction of left and right wheel
(=L, R, respectively)
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M;,; linear creep moment of front and rear R;,; y component of position vector on left
wheelset (i=1, 2, respectively) in long- wheel of front and rear wheelset
itudinal direction on left wheel (i=1, 2, respectively)

M;.; linear creep moment of front and rear Rr.;  xcomponent of position vector on right
wheelset (i=1, 2, respectively) in ver- wheel of front and rear wheelset
tical direction on left wheel (i=1, 2, respectively)

Mp,; linear creep moment of front and rear Rgy;  y component of position vector on right
wheelset (i=1, 2, respectively) in long- wheel of front and rear wheelset
itudinal direction on right wheel (i=1, 2, respectively)

Mp.; linear creep moment of front and rear t time
wheelset (i=1, 2, respectively) in ver- V forward speed of truck
tical direction on right wheel Ve critical hunting speed

M,,; suspension moment of front and rear w axle load
wheelset (i=1, 2, respectively) in long- X longitudinal coordinate
itudinal direction y lateral coordinate

M, suspension moment of front and rear Vi lateral displacement of front and rear
wheelset (i=1, 2, respectively) in ver- wheelset (i=1, 2, respectively)
tical direction Yy lateral displacement of truck

M., suspension moment of truck frame in z vertical coordinate
vertical direction z; vertical displacement of front and rear

N normal force of wheelset at the equili- wheelset (i=1, 2, respectively)
brium state Ar lateral displacement of the contact

Ni,;  normal force on left wheel of front and points from their equilibrium position
rear wheelset (i=1, 2, respectively) in of left wheel
lateral direction Ar lateral displacement of the contact

N;.;  normal force on left wheel of front and points from their equilibrium position
rear wheelset (i=1, 2, respectively) in of right wheel
vertical direction 0 flange clearance between the wheel and

NRy; normal force on right wheel of front the rail
and rear wheelset (i=1, 2, respectively) or contact angle of left wheel
in lateral direction Or contact angle of right wheel

NRg=i normal force on right wheel of front A wheel conicity
and rear wheelset (i=1, 2, respectively) o; roll angle of front and rear wheelset,
in vertical direction respectively (i=1, 2, respectively)

ry left wheel rolling radius /g yaw angle of front and rear wheelset,

rr right wheel rolling radius respectively (i=1, 2, respectively)

o nominal wheelset rolling radius Y, yaw angle of truck

R;,; x component of position vector on left
wheel of front and rear wheelset
(i=1, 2, respectively)

883

investigations concerning the hunting stability of trucks running on tangent tracks are to be found
in the published literature [1-14]. An early survey on this subject was presented by Law and
Cooperrider [2]. Early investigations into the hunting stability of a truck generally modeled the
truck system by a four or six degrees-of-freedom (DOF) system. Studies considering a four
degrees-of-freedom (DOF) system, i.e. one which considers the lateral displacement and yaw
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angle of each wheelset, include those by Wickens [3,4], Whitman [5], Whitman and Molyneux [6],
and Dukkipati et al. [7]. Meanwhile, the hunting stability of a truck modeled by a six-DOF
system, i.e. a system considering the lateral displacement and yaw angle of the two wheelsets and
of the truck frame, has been investigated by Horak and Wormley [8], N6 and Hedrick [9],
Piotrowski [10], Haque and Lieh [11], Narayana et al. [12], Dukkipati et al. [13], and Mehdi and
Shaopu [14].

The relationship between the damping and the critical hunting speed of a truck has been
studied by Wickens [3]. Wickens [4] also illustrated the boundaries of the hunting stability as
functions of the suspension stiffness for trucks with linkage steered wheelsets. Deliberately
neglecting the mass of the truck frame, various researchers have investigated the influences of
wheelset bending and wheelset shear stiffness on the critical hunting speed of a truck, includ-
ing Whitman [5], Whitman and Molyneux [6], Piotrowski [10], Dukkipati et al. [7,13], and
Narayana et al. [12]. Horak and Wormley [8] studied the influence of wheel conicity on the
critical hunting speed of a rail passenger truck running on irregularly aligned rails. N6 and
Hedrick [9] illustrated the influences on the critical hunting speed of a railway vehicle of the
lateral and longitudinal stiffness of the primary suspension and of the longitudinal damping
of the secondary suspension. Utilizing the Bogoliubov averaging method and the perturbation
method, Mehdi and Shaopu [14] investigated the influences of suspension parameters on the
critical hunting speed of a truck for the case of nonlinear damping forces. Finally, Haque and
Lieh [11] employed the Floquet theory to examine the parametric hunting stabilities of a
passenger truck and a freight truck running on tangent tracks for harmonic variations in the
wheel conicity.

An important aspect of the hunting analysis for HSR vehicle systems is the consideration of the
vertical and roll motions of the wheelsets. However, a review of the existing literature reveals that
previous studies into the hunting stability of a truck moving on tangent tracks have never adopted
the 10-DOF systems required to take these two parameters into consideration. Moreover, even
though the equations of motion for a 10-DOF system were established by Dukkipati and Garg [1],
the flange contact forces were still not considered. Additionally, the creep and suspension forces in
the vertical direction and the creep and suspension moments in the longitudinal direction of the
two wheelsets were also neglected.

This paper adopts Kalker’s linear theory to derive the governing differential equations
of motion for a truck modeled by a 10-DOF system moving on tangent tracks. To verify
the accuracy of the present analysis, the limiting case and the numerical results are compared with
the findings available in published literature. In order to ensure that the wheels do not lose
contact with the rails, the maximum vertical displacements of the wheels are restricted to be less
than the height of the wheel flange. Using the Runge—Kutta fourth-order method, the
time responses of the lateral displacement and the yaw angle of the front wheelset are calculated
to illustrate the dynamic behavior of the system when the truck speed is less than, equal to,
and greater than the critical hunting speed. The Lyapunov indirect method is utilized to
evaluate and compare the influences of several physical parameters on the critical hunting
speeds for the six-DOF and 10-DOF systems. Finally, the influences on the critical hunting
speeds of the primary suspension vertical stiffness and vertical damping physical
parameters, which are not considered in the six-DOF system, are investigated for different wheel
conicities.



S.-Y. Lee, Y.-C. Cheng | Journal of Sound and Vibration 282 (2005) 881-898 885

2. Differential equations of motion

Figs. 1 and 2 illustrate the truck system considered in the present study. The governing
differential equations of motion for the lateral displacement, y,, and the yaw angle, v, of the truck
frame are given by

mtj}t = Fsyta (1)

Itz';bt = MSZI’ (2)

where the physical quantities Fj,, I,-, Mj.,, and m, are defined in the nomenclature. It is noted that

in Egs. (1) and (2), the dots indicate differentiation with respect to the time variable ¢.
Adopting the notations used by Dukkipati and Garg [1], the governing differential equations of

motion for the lateral displacement, y;, the vertical displacement, z,, the roll angle, ¢;, and the yaw
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Fig. 1. Two-axle truck model.
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Fig. 2. Free-body diagram of a single wheelset.

angle, y,, of the wheelsets are given by

mwj}[ = FLyi + FRyi + NLyi + NRyi + Fsyi - F[i) (3)

mwéi = Fin + FRzi + NRzi + Nin + Fszi - W: (4)

wx¢ - Iwy l// + (RRylFRZl - RRziFRyi) + RLyiFin - RinFLyi)

+ (RLyiN Lzi + RRyilN pzi) — (RpziN ryi + Rp-iN 1)

+ M i + Mgy + My, (5)
Iwzlpi = wy d) + (RR‘CIFR}Z - RRylFRw) + (RL‘CIFL}I RLyiFin)
+ (RinN Ryi + RixiNpyi) + Mpzi + Mp-j + Mg, (6)

It is noted that in these equations (and throughout the remainder of the paper), the subscripts i=1
and 2 denote the front and the rear wheelset, respectively. In Egs. (5) and (6), V indicates the
forward speed of the truck. Meanwhile, the physical parameters Fyy;, Fr i, Fr-iy Fryi» Fryi» Freis
Fayl: Fazz: Fll’ waa Iwya Iwz> Mina Min» Mina MRZia Msxia Mszia m, NLyl'a NLZis NRyl'a NRZia o, Rina
Ryyi, Rizis Rryis Rpyi» and Rg.;, are all defined in the nomenclature. In Eq. (3), F; indicates the
flange contact force.

If the roll and yaw angles of each wheelset are assumed to be small, the various linear creep

forces and linear creep moments with respect to the left wheel and the right wheel are given by

FLxl - qulp FLyl’ (7b)
FL”' - FZyl(éL + ¢i)a (70)

Min = Mzzi(éL + (Z)i)'wbia (7d)
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M= M;_, (7e)
Fra = Fioy — Fi i (8a)
FR)” - FRxllp + FRyl’ (gb)
Frei= _FZyi(éR — 9y, (8c)
M i = =M% (0r = PV, (8d)
Mp.j = My, (8¢)
where the creep forces, F7; and F7;, and the creep moment, M7, (j = R, L), are calculated from
Kalker’s linear theory, i.e.
. /33
Fj,=—-== el I ¢
Lxi % V ro l//I ’ (9‘1)
S Jol, ¥V
Fr, = — Y ——9 9b
Lyl V[yl+rLd) lp] V ,‘pl V(] L]> ( )
4
My =204 by v =2 - Lo, 09
o 33 FR )
Fra=—71V1 o ay;|, (9d)
. _ Jur, y Jol, ¥V
Fryi= % [yi + rRO; lei] % 'z Py OR|» (%)
V
Mi =200+ ru = Vi =L i = on). oD

From the static force equilibrium in the vertical direction, the normal forces of the left and right
wheel in the vertical direction, N7.; and Ng.; are given by

Np:i= Npi =31W. (10)

Meanwhile, the normal forces of the left and right wheel in the lateral direction, N;,,; and Ng.;, are
obtained from:

Npyi= — Npzitan(or + ¢;)
— WL+ ¢, (1D
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and

Npgyi = Ng-itan(og + ¢;)
~ AW (Or — ¢)). (12)

Assuming that the displacements of the contact points from their equilibrium positions, 4; and
Ag, are small, then the position vectors of these points are

Rpyi = ay;, (13a)
Rpyi = —a+rro;, (13b)
Rp-i = —ap; —rg, (13c)

Rpxi = —ay;, (13d)
Rpyi=a+rpd,, (13e)
Rp:i=ap;—rr. (13f)

Egs. (10)«(13) enable the summation moments in the longitudinal direction, i.e. Rgy,;Ng-;+
R;yiNi-; and —Rg.;Ng,—R;-iN1,;» and in the vertical direction, i.e. Rz ;Ngyi+ RN, to be
obtained.

From Fig. 1, it can be shown that the suspension forces of the wheelsets in the lateral direction,
F,;, the suspension moments of the wheelsets in the vertical direction, M,.;, the suspension forces
of the truck frame, Fj,,, and the suspension moments of the truck frame, M., are given by

Fyy = _2pryi — (—1)i2prLll//[ + 2pry, — 2prj/l- — (—l)iQprLzl/./t + 2pr)'/,, (14a)
My = 2K, b1, — 2K bty 4 2C bty — 2C,0 b, (14b)
Fy = 21<pyyl =+ 2prj}1 + 2pry2 + 2prJ>2 + (_4pr - 2Ksy)yt + (_4pr - 2CS}’).).}[: (14¢)

M, = (—4K,, L} — 4K b} — 2K D),
+(—4Cpy L3 — 4Cpbi — 2Cob3)Y,
4+ 2K, L1y; + 2C, Loy, + 2K by + 2C b,
— 2K, L1yy — 2Cpy Loy + 2K b1ty + 2C,u b1 (14d)

Other than Egs. (7¢), (7d), (8c) and (8d), the physical quantities given by Eqs. (7)—(14) are given
by, or easily reduced from, the expressions established previously by Dukkipati and Garg [1], who
neglected the vertical stiffness and vertical damping of the primary suspension in their system. F; _;
and Fp.; in Egs. (7¢) and (8c), respectively, are the creep forces of the left and right wheels in the
vertical direction, respectively. Meanwhile, M, .; and Mg,; in Egs. (7d) and (8d), respectively, are
the creep moments of the left and right wheels in the longitudinal direction, respectively.

From Fig. 1, the suspension forces in the vertical direction, Fj.,, and the suspension moments in
the longitudinal direction, M,,;, acting on the wheelsets are induced from the vertical stiffness and
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vertical damping of the primary suspension, and can be expressed as
Fy; = 2Kp"zl 2széi: (15a)

and
Msxi = _2KsyhTyz - 2CsyhTJ>z - 2b%sz¢i - 2b%cpz(bis (15b)

respectively. The flange contact force, Fy;, is given by Mehdi and Shaopu [14]) as

K (y; = 9), Yi>9,
Fi=40, —0<y,; <0, (16)
_Kr(y,' + 5), yi< - 5:
where 0 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:

0 =0p =4, %(VL—VR):;LJ/I', %(VL-FVR):F'(). (17)

Substituting the equations given above into Egs. (3)~(6) and neglecting the high-order terms yields the
following differential equations:

. 2 2r
oy = =05 o - 22w -2V (18)
my%; = —iV”M)y, 2’;/” 2f12¢ Ui — Zf”r"qs ¢; +2f12/12+Fm, (19)

v Vi
R 2f12a/1>l'#

. 2 /’{2 2 i
Ly = (f;—i 22 W> Vi — Hulrotal),

[2f11(V0 +al)+ ff;“ ]%+ (

ro Vv V
2 L 2f 2] -
+ Q22 1+ AWy — [ / “Ifr‘” ¥ ;r‘)} b+ My (20)
. 2al 2
Iwzlpi = f33 yl f12 + ( 2f12 + aj‘ W)lp

ro V

Egs. (1)-(2) and (18)+21) form the 10 governing differential equations of motion for the system.
When the vertical displacement and the roll angle of the wheelset are neglected and ¢; = 1y,/a,
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Eqgs. (18)~(21) can be reduced to

o 2 L 2rfy (A,
mn’yi:_%yi'i_zfllwi_%l/]i_ W yi— V“ )it Fyi— Fu, (22)
] 2aif o1
Ly = — 7o 33)’1’ + Vlz)’i‘" (=212 + @i W)Y;
283 2 n) ; Ly V | 2rof | (4
- T2) 4 |- “)di+ Mg 2
(272 + 22 )hr [Tl e 202 (54 23)

Egs. (1) and (2) and (22) and (23) are the governing differential equations of the motion of a truck
modeled by a six-DOF system. It is noted that these equations are identical to those given previously
by Mehdi and Shaopu [14].

3. Stability analysis

This paper utilizes the Lyapunov indirect method [15] to study the influence of the physical
parameters on the critical hunting speed of a truck. The equations of motion of this autonomous
system, i.e. Egs. (1) and (2) and (18)—(21), can be re-expressed as a system of first-order differential
equations, i.e.

x(1) = f[x(9)], (24)

where x(¢) is a 20 x 1 vector of state variables.
For any given velocity V, a determinant matrix A is defined as

A= [Gf(x)] ’ (25)

ox

where X, is the equilibrium point and satisfies f[xo] = 0.

This dynamic system will be unstable if any one of the eigenvalues of matrix A has a positive
real part. The lowest velocity for which the eigenvalues of the associated determinant matrix A has
a non-positive real part corresponds to the critical hunting speed.

4. Numerical results

To verify the reliability of the current numerical analysis, the critical hunting speed of a
truck modeled by a six-DOF system moving on a tangent track is compared with that
calculated by Mehdi and Shaopu [14]. The critical hunting speed obtained in the present
analysis is found to be 118 km/h, which corresponds exactly to the value determined by Mehdi
and Shaopu [14].

Using the system data parameters listed in Appendix A [16,17], the influences of these physical
parameters on the critical hunting speed are investigated for a freight truck. The maximum critical
hunting speed of this truck system is found to be 410 km/h.
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Fig. 3. Time response of front wheelset in vertical cirection at: (a) V=390 km/h, (b) '=410km/h, and (c) V=500 km/h.

Fig. 3 presents the time-varying displacement response of the right-front wheelset in the vertical
direction, i.e. Dy (Dy1=2z1 +a;), as calculated using the Runge—Kutta fourth-order method. The
results indicate that the maximum vertical displacement of the wheel is less than 2 mm, which is
significantly less than the height of the wheel flange (30 mm). Since the structure of the truck is
symmetric with respect to the x- and y,-coordinates, it can be concluded that the wheels will not
lose contact with the rails.

Figs. 4 and 5 illustrate the lateral displacement and yaw angle, respectively, of the front
wheelset for truck speeds of less than, equal to, and greater than the critical hunting speed. The
results indicate that when the truck speed is less than the critical hunting speed, the truck system is
stable and the dynamic responses of the front wheel set are asymptotically stable. Furthermore,
when the truck moves at the critical hunting speed, i.e. ¥=410km/h, the truck system is in a
critical stable state and the dynamic responses of the front wheelset oscillate regularly. However,
when the truck speed exceeds the critical hunting speed, the truck system becomes unstable and
the dynamic responses of the front wheelset oscillate irregularly.

Figs. 6-9 compare the influences of various physical parameters on the critical hunting speeds
for the six-DOF and 10-DOF systems. Fig. 6 reveals that the critical hunting speed initially
increases to a maximum value as the longitudinal stiffness of the primary suspension, K,,, is
increased, and then decreases as K, is further increased. It is observed that the critical hunting
speeds evaluated by the six-DOF system always exceed those evaluated by the 10-DOF system.
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Fig. 4. Time response of lateral displacement of front wheelset at: (a) V'=390km/h, (b) V=410km/h, and (c)
V=500 km/h.

For low values of K,,,, the difference between the two sets of critical hunting speeds is small. The
results also indicate that the maximum critical hunting speed occurs at approximately the same
value of K, regardless of the modeling system employed.

Fig. 7 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. In the case of
the 10-DOF system, the critical hunting speed is seen to be highly dependent on the lateral
stiffness of the primary suspension when K, is small. It is observed that the critical hunting speeds
evaluated by the six-DOF system are always higher than those evaluated by the 10-DOF system.
Moreover, the value of K,,, which yields the maximum critical hunting speed is clearly higher in
the case of the six-DOF system than in the 10-DOF system.

Fig. 8 illustrates the influence of the longitudinal damping of the secondary suspension, C;,, on
the critical hunting speeds for the six-DOF and 10-DOF systems. It is observed that when Cj, is
small, the critical hunting speeds evaluated from the six-DOF system exceed those of the 10-DOF
system. However, this relationship is inverted when Cj, is large.

Fig. 9 demonstrates that the lateral damping of the secondary suspension, Ci,, has only
marginal influence on the critical hunting speeds when the six-DOF system is applied. However, in
the case of the 10-DOF system, the critical hunting speed clearly increases as Cj, is increased.
Furthermore, it is noted that the critical hunting speeds evaluated using the six-DOF system
always exceed those evaluated by the 10-DOF system.



S.-Y. Lee, Y.-C. Cheng | Journal of Sound and Vibration 282 (2005) 881-898 893

1.2 4 —
0.8 —| 7
i 2 |
g > g
m% 0 — g 0 —
=5 -0.4 - = N
4 -2 —
-0.8 — i
1.2 , ; , ; , ; , . -4 T T T T T T T ]
0 40 80 120 160 0 40 80 120 160
(€Y t(9) (b) t(9)
4 J—
2 —

W, (10° rad)
o
|

-4 . . . . . . . .
0 40 80 120 160
(© t(9)

Fig. 5. Time response of yaw of angle of front wheelset at: (a) V'=390km/h, (b) V'=410km/h, and (c) V=500 km/h.
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Fig. 6. Influence of longitudinal stiffness of primary suspension K, on critical hunting speed of a truck evaluated via

the six-DOF and 10-DOF systems (2=0.05, K,,=3.9x10°N/m, K,.=4.32x10°N/m, C,.=3x 10*Ns/m,
Cyn =9 x 10*N's/m, C,,=1.8 x 10’ N's/m).
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Fig. 7. Influence of lateral stiffness of primary suspension K,,, on cirtical hunting speed of a truck evaluated via the six-
DOF and 10-DOF systems (4=0.05, K,,=9 x 10°N/m, K,.=4.32 x 10°N/m, C,.=3 x 10*Ns/m, C;, =9 x 10* N's/m,
C,,= 1.8 x 10°Ns/m).
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Fig. 8. Influence of longitudinal damping of secondary suspension Cj, on critical hunting speed of a truck evaluated via
the six-DOF and 10-DOF systems (1=0.05, K,,=9x10°N/m, K,,=3.9x10°N/m, K,.=4.32x 10°Ns/m,
C,.=3x 10*Ns/m, C,,=1.8 x 10’ N's/m).
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Fig. 9. Influence of lateral damping of secondary suspension Cj,, on critical hunting speed of a truck evaluated via the
six-DOF and 10-DOF systems (2=0.05, K,.=9 x 10°N/m, K,,=3.9 x 10°N/m, K,.=4.32x 10°Ns/m, C,.=3x

10*N's/m, Cy,=9 x 10* N s/m).
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Fig. 10. Influence of vertical stiffness of primary suspension K,,. on critical hunting speeds evaluated for various wheel

conicities (K, =9 x 10°N/m, K,,=3.9 x 10°N/m, C,.=3 x 10*Ns/m, C,,=9 x 10*N's/m, C,,= 1.8 x 10’ N's/m).

It is noted that the vertical stiffness and the vertical damping of the primary suspension are not
considered in either the six-DOF system or the 10-DOF system. A review of the available
literature reveals that the influences of these two physical parameters on the critical hunting
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Fig. 11. Influence of vertical damping of primary suspension C,. on critical hunting speeds evaluated for various wheel
conicities (K, =9 x 10°N/m, K,,=3.9 x 10°N/m, K,.=4.32 x 10°N/m, C,,=9 x 10*N's/m, C,,= 1.8 x 10> N's/m).

speeds of the system have not been considered by previous researchers. Accordingly, Fig. 10
illustrates the influence of the vertical stiffness of the primary suspension, K,,., on the critical
hunting speeds of the truck for wheel conicities of 0.05 (new wheel tread) and 0.2 (old or worn
wheel tread). The results indicate that for a truck with a new wheel tread, the critical hunting
speed initially decreases as K, is increased, and then increases slightly as K, is further increased.
Meanwhile, for the case of a worn wheel tread, the value of K,,. is seen to have only marginal
influence on the critical hunting speed.

Fig. 11 shows the influence of the vertical damping of the primary suspension, C,., on the
critical hunting speeds for wheel conicities of 0.05 and 0.2. The results demonstrate that in both
cases, the critical hunting speed increases as the vertical damping of the primary suspension is
increased.

The results of Figs. 10 and 11 reveal that the critical hunting speed of the truck decreases when
the railway vehicle has been in service for an extended period of time.

5. Conclusions

This paper has employed a 10-DOF system to derive the linear governing differential equations
of motion for a truck moving on tangent tracks. It has been shown that in most cases the critical
hunting speeds evaluated by the six-DOF system are higher than those evaluated from the
10-DOF system. Furthermore, the results have shown that the critical hunting speed for a truck
with new wheel treads is greater than that of a truck with old or worn wheel treads. The influences
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of the vertical stiffness and vertical damping of the primary suspension, which are not considered

in the six-DOF system, on the critical hunting speeds have also been investigated.
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Appendix A. Data of the system parameters [16,17]

Parameters Value

Wheelset mass m,,=1117.9kg
Bogie frame mass m,=350.26kg
Roll moment of the inertia of the wheelset I,x=608.1kgm?
Spin moment of the inertia of the wheelset I,,,=72kg m’

Yaw moment of the inertia of the wheelset
Yaw moment of the inertia of the bogie frame
Wheel radius

Half of the track gauge

Wheel conicity

Half of the primary longitudinal spring arm
Half of the primary longitudinal damping arm
Half of the primary vertical spring arm

Half of the primary vertical damping arm
Half of the secondary longitudinal spring arm

Half of the secondary longitudinal damping arm

Half of the primary lateral spring arm
Half of the primary lateral damping arm

Vertical distance from the wheelset center of the gravity to the

secondary suspension

Longitudinal stiffness of the primary suspension

Lateral stiffness of the primary suspension
Vertical stiffness of the primary suspension
Vertical damping of the primary suspension

Longitudinal stiffness of the secondary suspension

Lateral stiffness of the secondary suspension

Longitudinal damping of the primary suspension

Lateral damping of the primary suspension
Lateral rail stiffness
Flange clearance

I,-=608.1 kg m?
I,.=1052kgm?

ro=0.43m
a=0.7175m
2=0.05

b] =1.0m
b] =1.0m
b] =1.0m
bl =1.0m
by=1.18m
b3: 1.4m
Li=128m
L2: 1.5m
hr=0.47m

K,,=9x 10°N/m
K,,=3.9x 10°N/m
K,.=4.32 x 10°’N/m
C,.=3x 10*Ns/m
K, =4.5x%x10°N/m
Ky, =4.5x 10°N/m
Cyv =9 x 10*Ns/m
C,,=1.8 x 10°Ns/m
K,=1.617 x 10’ N/m
5=0.00923m
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Wheel flange height hy=30mm
Lateral creep force coefficient f11=2.212x 10°N
Lateral/spin creep force coefficient fi2=3120N'm?
Spin creep force coefficient f»=16N
Longitudinal creep force coefficient f353=2.563 x 10°N
Axle load W=5.6x10"N
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