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Abstract This paper presents the bifurcation behav-
iors of a modified railway wheelset model to explore
its instability mechanisms of hunting motion. Equiv-
alent conicity data measured from China high-speed
railway vehicle are used to modify the wheelset model.
Firstly, the relationships between longitudinal stiffness,
lateral stiffness, equivalent conicity and critical speed
are taken into account by calculating the real parts of
the eigenvalues of the Jacobian matrix and Hurwitz
criterion for the corresponding linear model. Secondly,
measured equivalent conicity data are fitted by a nonlin-
ear function of the lateral displacement rather than are
considered as a constant as usual. Nonlinear wheel-
rail force function is used to describe the wheel-rail
contact force. Based on these modifications, a mod-
ified railway wheelset model with nonlinear equiva-
lent conicity and wheel-rail force is set up, and then,
some instability mechanisms of China high-speed train
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vehicle are investigated based on Hopf bifurcation, fold
(limit point) bifurcation of cycles, cusp bifurcation of
cycles, Neimark—Sacker bifurcation of cycles and 1:1
resonance. In particular, fold bifurcation of cycles can
produce a vast effect on the hunting motion of the mod-
ified wheelset model. One of the main reasons leading
to hunting motion is due to the fold bifurcation struc-
ture of cycles, in which stable limit cycles and unstable
limit cycles may coincide, and multiple nested limit
cycles appear on a side of fold bifurcation curve of
cycles. Unstable hunting motion mainly depends on
the coexistence of equilibria and limit cycles and their
positions; if the most outward limit cycle is stable, then
the motion of high-speed vehicle should be safe in a
reasonable range. Otherwise, if the initial values are
chosen near the most outward unstable limit cycle or
the system is perturbed by noises, the high-speed vehi-
cle will take place unstable hunting motion and even
lead to serious train derailment events. Therefore, in
order to control hunting motions, it may be the easiest
way in theory to guarantee the coexistence of the inner
stable equilibrium and the most outward stable limit
cycle in a wheelset system.

Keywords Hunting motion - Wheelset - Hopf

bifurcation - Fold bifurcation of cycles - Cusp
bifurcation of cycles
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1 Introduction

Hunting motion is a kind of self-excited vibration of
wheelset, bogie or carbody, and it is a dynamic combi-
nation of lateral movement and yaw rotation [1,2]. The
occurrence of hunting motion often depends on multi-
ple factors such as speed, stiffness and damping of the
spring, wheel tread slope, creepage and other param-
eters [2-6]. Among them, the critical speed is defined
by a critical point, where the real parts of a pair of
eigenvalues of ordinary differential equations (ODEs)
are zero; meanwhile, the real parts of the other eigen-
values are negative. In other words, this critical thresh-
old of hunting motion is defined by Hopf bifurcation
of nonlinear ODEs [1,7]. Above those thresholds, the
motion can increase the load of vehicle components,
damage tracks and wheels and potentially cause derail-
ment [8,9]. Analyzing the bifurcations about hunting
motion of a modified railway wheelset system based
on varying lateral parameters helps ones to understand
the complex dynamical behaviors of wheelset when it
is in the process of high-speed running.

Over the past decades, some numerical simulation
software, such as SIMPACK, has been applied to calcu-
late critical speed, vibration frequency, amplitude and
stable/unstable limit cycles of a bogie frame under dif-
ferent conditions [10]. The equivalent relation between
limit cycles and safety limits is mainly discussed by
numerical simulations in [11].

Bogoliubov averaging method is used to deal with
the hunting oscillatory problem [12,13]. Ahmadian et
al. studies Hopf bifurcations and concludes that the crit-
ical hunting speed from the nonlinear analysis is less
than the linear critical speed [12]. The nonlinearities
in the primary suspension and flange contact may con-
tribute significantly to the hunting behaviors. In [13],
Hopf bifurcation is studied in a bogie model, in which
nonlinear yaw damper and lateral wheel/rail contact
are considered. Their research shows that yaw stiff-
ness has a major effect on hunting velocity, and more
gauge clearance and increasing the rail lateral stiffness
can reduce the hunting amplitude. In addition, averag-
ing method is used to obtain the amplitude of the limit
cycle.

Stability analyses of nonconservative mechanical
systems are developed in engineering [14,15]. The
center manifold theorem and the normal form theory
are the bases of analyzing stability and bifurcation of
high-dimensional discrete and continuous-time nonlin-
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ear systems [16, 17]. The Hopf bifurcations of a semi-
carbody and a bogie system are discussed in [18]. The
supercritical and subcritical Hopf bifurcations are dis-
tinguished by the first Lyapunov coefficient Re(c1(0)),
and numerical shooting method is used to verify their
theoretical results. A lateral direction model of a rail-
way wheelset with two degrees of freedom is taken into
account in [19]. Therein, the center manifold theory is
used to simplify the dimensionality of the system, and
the normal form theory is used to derive a symbolic
expression of a parameter, which can also be used to
determine the Hopf bifurcation type. Their results show
that the lateral linear stiffness has two effects on the
critical speed and the nonlinear stability against distur-
bance. In [20], a two-parameter bifurcation analysis of
limit cycles of a simplified railway wheelset model is
investigated. Some complex instability mechanisms of
wheelset are explored like the supercritical and subcrit-
ical Hopf bifurcation, general Hopf bifurcation, period-
doubling bifurcation and Neimark—Sacker bifurcation
of cycles.

For the conical tread, the wheelset tread can be
regarded as a cone before contacting the two sides of
rail. Thus, the tread slope is usually considered a con-
stant. But for the worn profile tread or the wheel-rail
contact point out of the straight line section of the tread,
the equivalent conicity of the wheelset, i.e., the slope
of the taper tread, is no longer a constant. It is cor-
related with the lateral displacement of the wheelset.
In view of these points, one of the main contributions
of this paper is to fit a nonlinear function to describe
the equivalent conicity varying with lateral displace-
ment based on the real data from China high-speed train
vehicle. Therefore, some new more complex instability
mechanisms of wheelset system can be revealed com-
pared with the system with a constant equivalent conic-
ity of wheelset. The wheel-rail contact force is another
important effect related to lateral displacement between
flange and track. There exists a gap between them. The
wheel-rail contact force states that the rail will push
against the wheel by the rail lateral stiffness if the flange
contacts a side of track because of lateral displacement.

In particular, the novelty of this paper is to present
the instability mechanisms of this modified system with
a nonlinear equivalent conicity function, that is, the
stable equilibrium loses its stability via a Hopf bifur-
cation. And then, Hopf bifurcation curve is divided
into a supercritical branch and a subcritical branch by
a generalized Hopf bifurcation point, and the stable
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Fig. 1 Sketch map of wheelset and part of parameters revised based on [22]

and the unstable limit cycles appear, respectively. The
detailed fold bifurcation of cycles and cusp bifurcation
of cycles, Neimark—Sacker bifurcation of cycles and
1:1 resonance points are detected by numerical simu-
lation on a two-parameter plane, respectively. These
results show that the instability mechanism of China
high-speed train vehicle is mainly due to the interac-
tion among multiple interwinded stable limit cycles and
unstable limit cycles. In order to control the hunting
motion, the easiest way in theory is to guarantee the
coexistence of stable equilibrium and stable limit cycle
in a wheelset system. The numerical simulations in this
paper are mainly carried out by the software package
MATCONT [20,21].

The layout of this paper is as follows: In Sect. 2,
the effects of lateral stiffness, longitudinal stiffness and
equivalent conicity on critical speed are discussed in
linear wheelset model. In Sect. 3, firstly, the nonlin-
ear equivalent conicity function associated with lateral
displacement is introduced. Secondly, on the parame-
ter plane of longitudinal stiffness and speed, the crit-
ical instability mechanism is discussed by using the
supercritical (subcritical) Hopf bifurcation, limit point
bifurcation of cycles and cusp bifurcation of cycles.
Thirdly, lateral stiffness is taken into account, and the
related Neimark—Sacker bifurcation of cycles and 1:1
resonance points are detected by numerical simulation.
And finally, Sect. 4 concludes this paper.

2 The stability of the linear wheelset model

Figure 1a, b shows the top view of the wheelset, the
springs and the steel rails. The origin O is located at
the geometrical center of the wheelset. The coordinate
x denotes the direction along the train running. The
direction of right movement of the wheelset is defined
as the positive direction of the y-axis. The z-axis that
is not drawn is perpendicular to the horizontal plane of
the track.

2.1 Linear wheelset model

By Newton’s the second law in translational motion
and rotation direction, respectively, the model can be
expressed as the following form [23]:

2 2
md_yz_ﬂd_y_Kx(l_o_ >y

dr2 v dr I

—Kyy+2/cy;p, (1
d>y _ 2dike dy 2dokih 2

G = - =g - Mk Kidy,

where the variable y is the lateral displacement and
is the yaw angle. The physical significance and values
of the parameters are listed in Table 1. All the values of
parameters are positive. The longitudinal (lateral) stiff-
ness K (Ky) includes the longitudinal (lateral) stiff-
ness of primary springs and the nodal point longitudinal
(lateral) stiffness of axle box rotary arm. Linear Carter
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theory is used to calculate the creep coefficient in order
to eliminate its nonlinear effect. The vertical springs
in this system are in a compression state because the
weights of the car body and the bogie are on them.
Equation (1) can be written in a matrix form:

My + Cy + Ky =0, 2)

2d§xx ) d
v

Il
(K (=) + K, =2, S0,
2dpkcy A de12 1//

Let x; = y, X2 = ¥, x3 = ¥, x4 = , then Eq. (1)
becomes

where

=

I
N
o 3
~ O
SN———

@

Il
-
) :lg

(e

X1 = x2,
xé:‘%(l—?—l)xl—%m
—%xz + %)@, (3)
X3 = X4,
Xy =— Zd;)rxgxxl . K",d‘z)g _ 2dlgv,<x .
where x; = y is the lateral displacement of the

wheelset, xo = y is the velocity of lateral motion, x; is
the acceleration of lateral motion, x3 = ¥ is the yaw
angle of wheelset, x4 = V is the angular velocity of
yaw motion, and x4 is the angular acceleration. In this
paper, we use V (km/h) to show the speed in figures.

The Jacobian matrix of Eq. (3) at the unique equi-
librium origin O is given by

0O 1 0 O
dry dyp dyz O
Jo 000 1| “4)
dyr 0 dyz das
where
K, (1 K 2 2
dai :_7)6(%_ l) _J’dzzz—ﬂ,dn— “
da . 2docin Kedi  2dgiy
41 = I M= ;rdaa = Ty

and d21 s dzz, d41 s d43, d44 < 0, d23 > 0. The eigenval-
ues of Eq. (4) w; satisfy:
1 — (dop + daa) i} — (doy + duz — drpdaa) i}
+ (d21dag + doodaz) i + dordys — dpzdsy = 0,
i=12734. &)

Then, the stability of the wheelset system can be
described by the following description [16,17]:
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For a linear wheelset system X = F(X),X € R%,if
the characteristic polynomial has two pairs of complex
roots (12 = o1 £iwy, n3,4 = a2 iwp,and g < az,
wi #0,0;,w; €R (I =1,2),

Case 1: If ay, an < 0, then the system is exponen-
tially stable;

Case 2: If o1 < 0 and ap = 0, then the system is at
a critical condition between stability and instability;

Case 3: If ap > 0, then the system is strictly unsta-
ble.

Remark 1 A linear system is stable only when all the
real parts of eigenvalues are negative. The imaginary
parts of eigenvalues show the rates of rotation. If the
wheelset system is nonlinear, then Case 2 is a neces-
sary condition of Hopf bifurcation. Hopf bifurcation
and other codimension-one/two bifurcations show the
critical instability mechanisms of hunting motion form
the point of mathematical model.

2.2 Critical speeds calculated by linear wheelset
model

The critical speed of train operation is defined by the
boundary point between the positive and the negative
real parts of eigenvalues of linear ordinary differential
equation. Figure 2a, b shows critical speed curves under
seven stiffness conditions. The red curves in Fig. 2a, b
are the same. For Fig. 2a, we fix Ky, = 8.96 MN/m
and make K, = 2.96, 4.96, 6.96, 8.96 MN/m to judge
the effect of longitudinal stiffness on the critical speed.
For Fig. 2b, we fix K, = 8.96 MN/m and make
K, = 2.96,8.96,14.96,20.96 MN/m to judge the
effect of lateral stiffness on the critical speed. For each
curve in Fig. 2a, b, the equilibria on the curve corre-
spond to closed curves, on which xi, xp, x3 and x4
oscillate at a constant amplitude and frequency. Take
(Kx, Ky, L) = (8.96, 8.96, 0.1271) (a point on the red
curve in Fig. 2a) as an example, the phase diagrams in
x1 —x2 and x| — x3 are in Fig. 3al, a2. The phase dia-
gram in x3 — x4 has the same closed curve as in x| —x3.
The waveforms are shown in Fig. 3c1—c4 when the ini-
tial point is chosen as xo = (0.01, 0.05, 0.007, 0.5),
and the eigenvalues corresponding to the critical point
Vo = 536.634923 km/h (the green * in Fig. 2a) are as
follows:
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Table 1 Values of the parameters in this paper

Parameter Comment Value
m Mass of wheelset 1869kg
1 Yaw moment of wheelset 910 kg m?
w Axle load of a wheel 70kN
v(V) Train speed —m/s (km/h)
Ky Longitudinal creep coefficient 7.99 x 109N
Ky Lateral creep coefficient 7.99 x 10N
K, Longitudinal stiffness — MN/m
K, Lateral stiffness - MN/m
K. Vertical stiffness of spring 1197kN/m
ly Natural length of the spring 0.225m
I Length of the spring in equilibrium state I =1y — KE
do Half of track gauge 0.7465m
di Half of spring spacing (lateral) I'm
ro Centered wheel rolling radius 0.43m
AC) Equivalent conicity -
Fr(-) Wheel-rail contact force -
o Nonlinear parameter of wheel-rail —1.6 x 10" N/m?
an Nonlinear parameter of wheel-rail 1.6 x 101 N/m?>
n34 = o2 £ iwy in Fig. 2c, d when the param-
w1 (Vo) —61.5026 eter V varies near the critical points, A = 0.1271
wr (Vo) —61.5026 and the stiffness parameters are the same as those
(Vo) = w(Vo) | = 0 in Fig. 2a, b. Once Re(uzs) = O, the critical
wa(Vo) 0 speeds are obtained, accordingly: Vy = 536.634923
90 8747 (red), 476.872437 (blue),428.155705 (magenta) and
—90.8747 384.701298 km/h (green) in Fig. 2c; Vo = 554.296633
+1i 207127 |- (6) (dark blue), 536.634923 (red), 565.303816 (cyan) and
397127 635.487135 km/h (purple) in Fig. 2d, respectively.

The real parts of the third and the fourth eigenval-
ues increase to 0. The equilibria corresponding to the
parameters below a curve are stable, and it implies
that the wheelset can be stabilized to the origin in
a limited time if an initial lateral or yaw displace-
ment/angle, speed and acceleration are given in a rea-
sonable range. Stable equilibria are shown in Fig. 3b1-
b4 when V_ = 520 km/h (the blue * in Fig. 2a). And
for Fig. 3d1-d4 when V, = 550 km/h (the red * in
Fig. 2a), the equilibria of the upper curve are unstable.
In the above three cases, the vibration frequencies of
wheelset are all about 14 Hz.

There are two pairs of eigenvalues (12 = a1 £
iwy, p3a = a2 £ivm (01 < a2, wj # 0) in
this wheelset system. We show evolving eigenvalues

Figure 2a, b also implies that: (1) For each curve at
its condition, the critical speed decreases with a ratio
inversely proportional to the equivalent conicity. (2)
Under the same equivalent conicity, the critical speed
increases evenly with the increase in longitudinal stiff-
ness at a fixed lateral stiffness as in Fig. 2a. (3) If the
longitudinal stiffness is fixed as shown in Fig. 2b, the
critical speed increases with the increase in the lateral
stiffness for A > 0.17. When A < 0.17, four curves
intersect as the following laws: (D Among the four
curves, the curve with the minimum critical speed (i.e.,
the curve on the bottom of the four curves) is cyan, red
and blue curves, respectively, as the equivalent conicity
increases. It shows that the larger the equivalent conic-
ity, the smaller the critical speed and the smaller the
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Fig. 2 The A — V parameter planes when we fix a Ky, =
8.96 MN/m, and K, = 2.96,4.96, 6.96, 8.96 MN/m; and b
Ky = 8.96 MN/m, K, = 2.96,8.96, 14.96, 20.96 MN/m,
respectively. ¢, d show evolving eigenvalues (34 = o2 £ iwn

lateral stiffness required for instability. ) Taking the
dark blue curve (K, = 2.96 MN/m) as a reference,
the intersection points of the dark blue one and the red
(Ky = 8.96 MN/m), the cyan (K, = 14.96 MN/m),
the purple (K, = 20.96 MN/m) ones turn left sequen-
tially. It demonstrates that the minimum lateral stiffness
K, = 2.96 MN/m will gradually turn from the worst
to the best stiffness condition as the equivalent conicity
decreases. In other words, the wheelsets have the low-
est critical speed when A > 0.16, and the wheelsets
have the highest critical speed when A < 0.08.
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when the parameter V varies near the critical points, A = 0.1271
and the stiffness parameters are the same as those in a, b (the other
pair of eigenvalues that have smaller real parts are not shown in
this paper). (Color figure online)

Proposition At the critical curves, the relationship
between A and other parameters is:

3= (ror? K2k, 1§v = 2r0 12 K 2k ol ?
+ rol2K§d§KX/<yllzv2 + 2r012KxKyd§/<XKyloll v2
— 2r012Kx Kydglcxlcyllzv2 + ro[ngdngKyl]zvz
—2r0[K3d5d12KxKylollmv2
—I—2r01degdlzl(xl(yllzmv2
- 2roleKydgdlz/cxlcyl%n1v2 + 4}’01degl€§l<}2,l()ll

—4rol Kydyiiilt + 4rol K odgdiw )i
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Vo = 536.634923 km/h; b1-b4 show the stable equilibrium
when K, = 8.96 MN/m, K, = 8.96 MN/m, V_ = 520 km/h;
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cl-c4 Waveforms corresponding to al, a2, d1-d4 describe
the unstable equilibrium when K, = 8.96 MN/m, K, =
8.96 MN/m, V4 = 550 km/h. (Color figure online)
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+ 4rOIKydgKfK§llz + rOdegdexKyllzmzvz
+4r0KngKnylollm — 4r0KXd8K3Ky112m
+4r0degd12K3K§lfm

+ 4r0Kydg/c;/cyllzm> / (412d01<xl<)3,112v2

+ 81d8K3K)2,l%mU2 + 4d3/<$/cyl%m2v2> . (7)

Proof Letag = 1, a1 = —(dy + das), ay = —(d21 +
dyz — dxdas), a3 = dyidas + drdas, as = drdys —
dy3day in Eq. (5). Then,

Ay = a1y = —(dx + daa),

3 Bifurcation mechanism based on nonlinear
equivalent conicity and wheel-rail contact force

3.1 Measured equivalent conicity function and
nonlinear wheelset model

In general, the equivalent conicity is regarded as a con-
stant. In reality, the parameter of equivalent conicity
A is related to the lateral displacement y of wheelset,
which is a state variable in differential equations. We

Ay = 9190 _ —(dx + dag) 1
az az dr1dag + dondyz —(da1 + daz — daodas)
= dy1d + dazdas — diydas — drody,,
ay ap 0 —(doo + dag) 1 0
A3 =| a3 ap ar | = |dyidas + drpdsz —(do1 + daz — drpdss) —(d + dag)
GO0 ay a3 0 dridsaz — dozdsr  dridas + dydas
= d221 drdss — dz]dzzzdi‘ — 2dr1dydszdas — d21d22d4%4 - d§2d43d44 - d222d43df4
+ dp3dard3, + d22d4%3d44 + 2dy3da1doadas + dozdardsy, ®)
al ao 00
A4 _ asz ajz ay Qo
0 a4 a3 a
00 0 ag
—(do + dus) 1 0
| do1dag + doodaz —(da1 +daz — doodas)  —(doo + dag) 1
N 0 dordsz —dozdsr daidaa + drodaz —(doy + daz — drodaa)
0 0 do1dsz — dpzdy

= (do1da3 — da3da1) Az = asAs.

According to Hurwitz criterion, due to A} > 0, Ay >
0,aq4 > 0, Ay = a4z, if Az > 0, then Re(u;) <
0 (@G =1,2,3,4), the system is asymptotically stable.
The mathematical expression formula of critical curves
Eq. (7) can be calculated by Az = 0. O

The red curve in Fig. 2a, b is

choose the equivalent conicity data measured from the
high-speed train C R H380 on Beijing—Shanghai rail-
way after 100,900 km’ wearing. The software package
Curve Fitting Tool (cftool) in MATLAB is used to fit
the function relation between the equivalent conicity
and the lateral displacement. We obtain that

13923463053770920541266236145664v + 3320207897823869867491786743980490752

Av) =

1285167037943443173173456808181760v2

€))

under its parameter conditions. Other critical curves
can be obtained similarly by substituting parameters
into Eq. (7).
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A= 2o(y)
= 0.7099 exp [—((y — 0.009884)/0.001472)*]
+0.6979 exp [—((y + 0.009873)/0.001444)?]
+2.319 x 10M exp [—((y + 18.3)/3.095)%].

(10)
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Fig. 4 Raw data, Gaussian 1 T T
fitting curve Eq. (10) and its : :
simplification form Eq. (11)
about the equivalent
conicity A and the lateral
displacement y. (Color
figure online)

Equivalent conicity A

“““““““““““““““

Avs.y
[ ko(y) for Eq.(10)
— My) for Eq.(11)

0
-0.01 -0.008 -0.006

Then, its simplification form is as follows:

y —0.01)2

0.01\2
0.7 exp [— (ﬁ) } 4+0.1358. (11)

The raw data and the fitting curve are shown in
Fig. 4. The reason for selecting exponential function
to fit the data is based on the following facts: (1)
The function Eq. (10) fits very well with the origi-
nal data: The sum of squares due to error is SSE =
0.02767, coefficient of determination is R-square =
0.9948, adjusted R-square = 0.9945, and root mean
squared error is RMSE = 0.01572; (2) the trend of
function is consistent with the data. There is no oppo-
site fluctuation in y € [—0.010, 0.010] m; (3) polyno-
mial function and sine function can fit it a little better
(because the SSE and RMSE will be smaller, and the
R-square and adjusted R-square will be closer to (1)).
A(y) fitted by polynomial function or sine function can
obtain the same bifurcations and parameter planes as
those obtained by exponential function fitting. Variable
step size method in MATCONT can reduce the con-
cern about discrete method. But the polynomial and
sine functions make the structure of ODE unsuitable to
make numerical calculation, which will be terminated
since the step size is too small whatever the discrete
methods and maximum step sizes are chosen; (4) it
is reasonable to consider the variation regularity clos-
ing to the origin and to neglect the equivalent conicity
for |y| > 0.010 m. In order to obtain accurate radius of
limit cycles, we directly substitute Eq. (11) into Eq. (13)
rather than truncate the higher-order term of the Tay-
lor’s expanded formula of Eq. (11); (5) furthermore, the
constant term of A(y) can be considered as a value of A

-0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01

Lateral displacement y/(m)

in model (3). Equations (10) and (11) are close to each
other. They cause the same bifurcation phenomena in
the present wheelset model by our test.

The wheel-rail contact force is considered as a sim-
plified piecewise linear function, as the black dashed
lines in Fig. 5, the rail will push against the wheel if
|y] > 0.008 m while no affect between them if |y| <
0.008 m [12,24-26]. Itis usually expressed by a nonlin-
ear wheel-rail force function as Fr(y) = o y3 + o2 y5
[18,27] for the sake of smoothing, so that the wheel—-
rail contact force is described by a nonlinear function
as the red curve shown in Fig. 5.

Therefore, the wheelset model with nonlinear equiv-
alent conicity and wheel-rail contact force can be
described by a nonlinear ordinary differential equations
as follows:

2
md—yz—ﬁd—y—Kx(f—?—oy

dr? v dr
—Kyy 42k, — Fr(y), (12)
2y 23k dy 2dokeA(y) 2
G =—=—3 — 5 vy — Kudiy.

Similarly to the linear equation, let x; = y, xo = y,
x3 = V¥, x4 = Y, then

Xp = x2,
o — _ Ko (o _ _K
Xy =— (11 1)x1 X1

2Ky 2Ky Fr(xp
TRt s T T (13)
X3 = x4,

_ 2o o Kad} o 2dgi
Tro 1 T Tv

x'4 = X4.

The stability and the bifurcations of the trivial equilib-
rium O of this system are discussed in the following.

3.2 Bifurcation of the cycles about the longitudinal
stiffness K, and the speed V
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Fig. 5 Wheel-rail contact 1.5 %1
force. (Color figure online)

Wheel-rail contact force F.I./(N)

_____ piecewice linear function

nonlinear function[14,23]

580

570 -
Unstable Equilibria O

560

550  Hopf Bifurcation Curve

Speed V/(km/h)

540 + Limit Point of Cycles

530 Stable Equilibria O

520

9 9:2 9‘.4 916 9:8 1‘0 16.2 16.4 16.6
Longitudinal stiffness KX/(MN/m)

Fig. 6 Hopf bifurcation curve and limit point bifurcation of
cycles about the longitudinal stiffness K, and the speed V when
Ky =10.96 MN/m. (Color figure online)

The longitudinal stiffness K, and the operating
speed V are considered as two parameters, in order
to explore their effects on the stability of train oper-
ation. In Fig. 6, Hopf bifurcation, limit point bifurca-
tion of cycles and cusp bifurcation of cycles happen
when K, = 10.96 MN/m in the region (K, V) =
[9.0, 10.7] x [520, 580].

3.2.1 The supercritical/subcritical Hopf bifurcation

The blue curve in Fig. 6 is a Hopf bifurcation curve, on
which the point GH: (K, V)=(10.413634, 566.5220)
implies a generalized Hopf bifurcation point. The sub-
critical and supercritical Hopf bifurcation curves are,
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respectively, on the left and the right sides of the point
GH, and the second Lyapunov coefficient of GH is
I = —37.5146. Below the subcritical Hopf bifurca-
tion curve H ~, the equilibria are stable and surrounded
by unstable limit cycles, and unstable equilibria appear
up to the curve H~. Below the supercritical Hopf
bifurcation curve HY, the equilibria are also stable.
Unstable equilibria appear up to the supercritical Hopf
bifurcation curve H™' and surrounded by stable limit
cycles. The red curve shows the fold/limit point bifur-
cation of cycles, on which a cusp bifurcation point of
cycles CPC: (K, V) = (9.416860, 532.4951) exists
as a boundary of limit point bifurcation of cycles with
normal form coefficient ¢(0) = 854.4763. Subcritical
Hopf bifurcation curve H ™~ and the upper half of limit
point bifurcation curve of cycles intersect at point P;.
Then, we divide the values of K, into four parts by
point CPC, P; and GH.

3.2.2 Fold/limit point bifurcation structure of cycles

Limit pointbifurcation of cycles for K, = 10.96 MN/m
is shown in Fig. 7a—d, which explain the bifurcation dia-
gram in Fig. 6 by four specific bifurcation structures.
We fix Ky = 9.1, 9.7, 9.9, 10.413634 (GH)MN/m,
respectively. The z-axis represents the speed range near
the bifurcation curves, and abscissa x| and ordinate x;
are used to display the limit cycles on the 2D subspace.
The blue closed curves denote stable limit cycles, and
the magenta and the pink curves indicate unstable limit
cycles. The equilibria below the point H are stable, and
the upper equilibria are unstable.
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Fig.7 Limit point bifurcation of cycles when Ky = 10.96 MN/m, K, =9.1,9.7,9.9, 10.413634 (GH)MN/m, respectively. The blue
curves denote stable limit cycles, and the magenta and the pink curves indicate unstable limit cycles. (Color figure online)

Figure 7a is a bifurcation diagram for K,
9.1 MN/m that on the left of point CPC. Speed V is
considered as a single parameter, and Hopf bifurca-
tion happens at point H: V = 527.4349 km/h with
the first Lyapunov coefficient [y = 7.4072. Stable
equilibria are bounded by unstable limit cycles when
V < 527.4349 km/h. If the initial point is inside the
unstable limit cycle, the wheelset is balanced to the ori-
gin in finite time. The radius of limit cycle decreases

with the increasing speed. Once the speed exceeds point
H, no initial point can make the wheelset stable.

For Fig. 7b, supercritical Hopf bifurcation point H:
V = 544.3795 km/h has the first Lyapunov coefficient
[1 = 3.8482 when K, = 9.7 MN/m. Besides unstable
limit cycles appearing at V < 544.3795 km/h, two
limit point bifurcations of cycles are detected at LPCj:
V = 542.4787 km/h with the normal form coefficient
c(0) = —5.7258,and LPC,: V = 543.2090 km/h with
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the normal form coefficient c¢(0) = 49.7624. These
results illustrate that a stable limit cycle and an unstable
limit cycle coincide at a critical state. In other words,
an unstable limit cycle, a stable limit cycle and another
unstable limit cycle are outside the stable equilibrium
one by one when the speed is fixed between LPC; and
LPC,.

Different initial values near each equilibrium/limit
cycle are given, and the waveform diagrams are drawn
in Fig. 8 accordingly. When K, = 9.7 MN/m, K, =
10.96 MN/m and V = 522.5 km/h, and the initial
variables are taken as x; = 0.001 m, x, = 0.001 m/s:

(1) For x3 = 0.001 rad, x4 = 0.01 s~! which is near
the origin O, it takes about 70 s to stop the hunting
vibration. This is much longer than that used to
stabilize the linear system.

(2) The initial point with x3 = 0.003 rad, x4 =
0.06 s~ ! is close to the small unstable limit cycle.
In this situation, the lateral displacement and the
yaw angle increase gradually to a stable limit cycle
after more than 30s’ staying on the unstable limit
cycle.

(3) In Fig. 8c, the wheelset converges to a hunting
vibration at a fixed displacement/angle when x3 =
0.006 rad, x4 = 0.06 s~ ! This stable limit cycle is
the one in Fig. 7b.

(4) And for the unstable limit cycle in the outermost,
the initial values x3 = 0.007 rad, x4 = 0.07 s71
tend to the unstable limit cycle firstly, but expand
outward rapidly to another bigger cycle, which may
be produced by a bifurcation that is not within a
reasonable parameter range.

Figure 7c¢ for K, = 9.9 MN/m has a higher
critical speed at Hopf bifurcation point H: V =
550.3513 km/h with the first Lyapunov coefficient
Iy = 2.7316; one limit point bifurcation of cycles is
below to the point H: LPCy: V = 549.3634 km/h with
normal form coefficient ¢(0) = —4.4459, and the other
isup to H: LPCy: V = 551.1587 km/h, normal form
coefficient c¢(0) = 7.8777. Comparing with Fig. 7b, c
has a new range V € [550.3513, 551.1587) between
H and LPC;, where there is a stable limit cycle and an
unstable limit cycle outside the unstable equilibrium.

When K, > 10.413634 MN/m (GH), the curve
LPC; coincides with the supercritical Hopf bifurcation
curve HT. The supercritical Hopf bifurcation and the
limit point bifurcation of cycles are shown in Fig. 7d if
we fix K, = 10.413634 MN/m. The Hopf bifurcation
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point appears at H: V = 566.5219 km/h with the first
Lyapunov coefficient /; = 8.8580 x 10~ which can be
regarded as zero. At parameter V = 566.5219 km/h,
the normal form coefficient ¢(0) = —3.4385 x 10~4
of LPC; is also almost zero. Therefore, a stable and
an unstable limit cycles are outside the unstable equi-
librium for 566.5219 km/h < V < 573.0105 km/h.
LPC; has the normal form coefficient c(0) = 154.9663
which is not closed to zero.

From the actual train operation point of view, stable
equilibria are the most desirable, such that the train can
still gradually tend to the direction parallel to the tracks
once the track irregularities occur in the neighborhood
of the equilibria. However, for the differential equa-
tions with nonlinear factors, there is usually an unsta-
ble limit cycle outside the stable equilibrium. It implies
that a larger external disturbance will make the train run
beyond the unstable limit cycle and even derail. Never-
theless, if there is another stable limit cycle outside the
unstable one, then the former can restrict the region of
hunting motion, such as the cases between LPC; and
LPC; in Fig. 7b, or the cases between LPC; and H in
Fig. 7c. It will greatly increase the safety of train opera-
tion. Conversely, even if a stable limit cycle arises from
the supercritical Hopf bifurcation, the unstable equi-
librium is still not desirable; otherwise, the train will
always be in a state of hunting and cannot proceed par-
alleling along the tracks. Consequently, the existence
of both a stable equilibrium and a stable limit cycle
is the most desirable critical condition to restrict the
region of hunting motion that beyond the limits of safe
operation. The corresponding instability region is the
triangle inside the points P;, CPC and GH in Fig. 6,
i.e., a longitudinal stiffness between CPC and GH.

In addition, the boundary between stable equilibria
and unstable equilibria in Fig. 6 is almost a straight
line and two branches of limit point bifurcation curve
of cycles are near the Hopf bifurcation curve. They
imply that the effect of longitudinal stiffness on critical
is essentially linear in both linear and nonlinear sys-
tem. Only when the longitudinal stiffness K is greater
than 9.4 MN/m (CPC), the bifurcation of cycles will
occur. Otherwise, it will go through the critical speed
and directly destabilize.
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Fig. 8 Waveforms for
different initial values in

Fig. 6b. Fix
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3.3 Stability determined by Lyapunov exponents

In order to calculate the stability of systems and to
describe the rates that every variables tend to be con-
vergent or divergent, we calculate Lyapunov exponents
in several cases. Lyapunov numbers measure the aver-
age per step rates of separation from the current orbit
along each orthogonal direction. A Lyapunov expo-
nent is the natural logarithm of a Lyapunov number.
Thus, stable equilibria have negative Lyapunov expo-
nents; the Lyapunov exponents of asymptotically peri-

odic orbits are zero; unstable equilibria for linear sys-
tem and chaotic orbits for nonlinear system have pos-
itive Lyapunov exponents [28]. In this section, Euler
method with implicit midpoint scheme is used to dis-
crete systems Egs. (3) and (13), since it is a symmetric
method and basically makes the discrete system main-
tain the same structure with the original system [29].
Figure 9a shows a Lyapunov exponent diagram
for linear reduced system Eq. (3). The red and the
blue curves (the upper) are almost overlapped, and
the orange and the purple curves (the lower) are also
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Fig. 9 Lyapunov exponents correspond to linear wheelset sys-
tem in a and nonlinear wheelset system in b; ¢ different A(y)
determined by parameter a; d Lyapunov exponents about param-

overlapped. This phenomenon indicates that the stabi-
lized/destabilized rates of lateral displacement y and
lateral speed y are the same. The same phenomenon
also happens in yaw angle 1 and yaw angular veloc-
ity 4. It may imply that the characteristic roots of the
Jacobian matrix of the system Eq. (3) are two pairs of
complex numbers. When the running speed is fixed at
V = 400 km/h, linear system Eq. (3) becomes unstable
at about A = 0.22 with positive Lyapunov exponents.
Figure 9b takes the same parameter values as Fig. 7b.
The maximum Lyapunov exponents are all almost zero
when V € [540, 545]. The system is absolutely unsta-
ble when V € [545, 600]. From the orange and the
purple curves, they show that the convergence rates
of xj and x, are fluctuant. Symmetry phenomenon is
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eter a corresponding to nonlinear wheelset system. All the three
initial points are (xp, x2, x3, x4) = (1.0, 0.1, 0.1, 0.1), which is
not near the origin O. (Color figure online)

caused by two pairs of conjugate complex eigenvalues
of Jacobian matrix.

To analyze Eq. (11), we introduce a parameter a such
that

y—0.01>2

A(y,a) =0.7exp §— <
a

—0.01\°
+0.7exp —(y—) +0.1358
a

(14)

for the convenience of understanding the effect of func-
tion A(y, a) on the system (13). For example, Fig. 9¢c
shows the blue curve for a = 0.00145 and the red curve
fora = 0.004. If a is taken from a € [0.00145, 0.004],
then function curves of A(y, a) are taken in the yel-
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Fig. 10 a Hopf bifurcation curve and limit point bifurcation
curve of cycles about the lateral stiffness K and the speed V
when K, = 10.0 MN/m; b—f bifurcation structures for K, =
9.0,9.914016(GH), 11.2, 11.8, 13.5 MN/m, respectively. The
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blue curves denote stable equilibria and limit cycles, the red
dashed line denotes unstable equilibria, and the magenta and the
pink curves indicate unstable limit cycles. (Color figure online)
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Table 2 Bifurcation values corresponding to Fig. 10b—f

Figure K, \% I LPC;(V) LPCy(V) c1(0) c2(0)
Figure 10b 9.0 553.2797 —2.2083 - - - -
Figure 10c 9.9 552.7460 —1.0502 x 10~° 552.7460 559.2026 —3.6418 x 1074 150.5615
Figure 10d 11.2 553.7325 2.6422 552.7679 554.6111 —4.4283 80.3677
Figure 10e 11.8 554.8357 3.7225 552.7894 553.4321 —5.9972 47.7399
Figure 10f 13.5 560.0346 6.3702 - - - -
(@) 1 (b)
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Fig. 11 a Hopf bifurcation curve and limit point bifurcation curve of cycles about the longitudinal stiffness K and the lateral stiffness
K. Fix V = 500 km/h. b The limit point bifurcation surface of cycles. (Color figure online)

low region. The maximum Lyapunov exponents shown
in Fig. 9d are almost zero. It demonstrably indicates
that the system almost converges to limit cycles when
V = 543 km/h if a initial point far away from ori-
gin is chosen. The initial points in Fig. 9a, ¢, d are all
(x1,x2,x3,x4) = (1.0,0.1,0.1,0.1), which are not
very close to the origin O, so that the Lyapunov expo-
nents can describe the global stability of the system.
We discuss the effect of parameter a by computing the
maximum Lyapunov exponents rather than the critical
speed of system, because different parameters a cannot
change critical speed at equilibrium O, and the maxi-
mum Lyapunov exponents give the average orbit states
in phase space.
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3.4 Similar bifurcations about the lateral stiffness K,
and the speed V

In this section, a two-parameter bifurcation plane about
lateral stiffness and speed is shown in Fig. 10a when
K, = 10 MN/m. The blue and the red curves repre-
sent Hopf bifurcation curve and fold bifurcation curve
of cycles, respectively. The general Hopf bifurcation
point GH: (K, V) = (9.914016, 552.7460) with [, =
—43.4422 has the minimum critical speed on the Hopf
bifurcation curve. A value of K, on the left side of
point GH and one on the right side can cause the same
critical speed.

Taking the point GH as a dividing point, the super-
critical Hopf bifurcations happen on the left of point
GH and the subcritical Hopf bifurcations happen on
the right side. The coordinate of cusp bifurcation point
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Fig. 12 Bifurcation structures of cycles for V = 500 km/h, a K, = 8.555 MN/m, b K, = 8.553385 (CPC)MN/m, respectively. The

maximum step size is 1.0 (color figure online)
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Fig. 13 Bifurcation structures of cycles for V. = 500 km/h,
Ky = 8.555 MN/m, the maximum step size is 1.0 correspond-
ing to Fig. 12a. Views from different angles are shown in this

of cycles is CPC: (Ky, V) = (12.499200, 552.8033)
and c(0) = 987.2905. The bifurcation structures cor-
responding to different K, are shown in Fig. 10b—f,
and their bifurcation values are listed in Table 2. /1,
¢1(0) and ¢(0) denote the first Lyapunov coefficient
of Hopf bifurcation point, normal form coefficients of

(b)
0.2+
0.154

0.1

figure: a limit cycles in variable space (x1, x2, x3); b limit cycles
in variable space (x1, x2, x4). (Color figure online)

LPC; and LPC,, respectively. The normal form coef-
ficient less than O indicates that the cycle representing
fold bifurcation is the minimum value of a paraboloid
going upward. Conversely, a positive normal form coef-
ficient indicates that fold bifurcation cycle is the max-
imum value of a paraboloid going downward. If the
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Fig. 14 Bifurcation structures of cycles for V. = 500 km/h,
K, = 8.553385 (CPC)MN/m, the maximum step size is 1.0 cor-
responding to Fig. 12b. Views from different angles are shown
in this figure: a—f limit cycles in variable space (x1, x2, x3); g—p

curve LPC coincides with the point GH, the normal
form coefficient is equal to 0.
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limit cycles in variable space (xj, x2, x4). The red and the green
rings express the limit point bifurcation of cycles and the NS
bifurcation of cycles, respectively. (Color figure online)

3.5 Bifurcations of cycles about the longitudinal and
the lateral stiffness

If the longitudinal and the lateral stiffness are con-
sidered as parameters, while speed is fixed at V =
500 km/h, and Hopf bifurcation curve and limit point
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Fig. 15 a The NS bifurcation curve of cycles is almost
coincident with the limit point bifurcation curve of cycles.
There are some 1:1 resonance points on the NS bifur-
cation curve. b The orbits when the initial point is
(x1,x2,x3,x4) = (—0.005,0.05,0.01,0.2) and parameters

bifurcation of cycles are shown in Fig. 11a. The right
upper part of the blue Hopf bifurcation curve in Fig.
11a corresponds to stable equilibria.

3.5.1 Cusp bifurcation of cycles

The information of generalized Hopf bifurcation and
cusp bifurcation is as follows: GH: (K,, K,) =
(8.555763,5.875175) with [ = —81.59077, CPC:
(Kx, Ky) = (8.553385,8.475153) with ¢(0) =
660.4899. Figure 11b shows the cusp bifurcation of
cycles on a three-dimension space (K, Ky, x1). The
magenta and the blue lines denote the diameters of
cycles. They are the boundaries where the stable and
the unstable limit cycles encounter. In other words, they
are the projections of curve LPC on one-dimensional
phase space xj. Starting from point GH, their radius
gradually increases.

A phenomenon related to numerical simulation is
observed: When numerical calculation is used to show
the bifurcation of cycles, the limit cycles will be drawn
repeatedly between two Hopf bifurcation points. For
example, when the longitudinal stiffness is fixed at
K, = 8.555 MN/m which is between points CPC

(b) o002
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—-0.005
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K, =8.555762MN/m, K, = 5.915434 MN/m (the blue curve)
and K, = 8.551702 MN/m, K, = 8.298495 MN/m (the red
curve), respectively. The maximum step size is 1.0. (Color figure
online)

and GH, two Hopf bifurcation points in Fig. 12a are
as follows: (D Hy: Ky = 5.648453 MN/m, the first
Lyapunov coefficient Iy = —0.7389; @ H>: K, =
6.099804 MN/m, the first Lyapunov coefficient /; =
0.7163. Unstable equilibria (the red dashed line) exist
between the two Hopf bifurcation points. Two limit
point bifurcation points of cycles are found through
the forward/backward numerical calculation starting
from any Hopf bifurcation point as an initial point.
LPC;: K, = 7.109678 MN/m, normal form coeffi-
cient ¢(0) = —3.6837, LPC;: K, = 6.099806 MN/m,
normal form coefficient ¢(0) = 1.0825. Both the for-
ward and the backward numerical calculations can

cause a loop between two Hopf bifurcation points:

i UEE ppe SLE g, SLC e ULE UL
SLC

LPC — H,... (Here, ULC denotes magenta unstable
limitcycles, and SLC denotes green stable limit cycles).
It is caused by the overlap of the inferior branch of
curve LPC and the Hopf bifurcation curve. The green
stable limit cycles are the largest range of stable hunt-
ing motion. The bifurcation structures are drawn in the
three-dimensional phase space in Fig. 13. The limit
cycles are all in a plane.
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3.5.2 NS (Neimark—Sacker) bifurcation of cycles and
1:1 resonance

Figure 12b shows the bifurcation structure of cycles
when parameters are fixed at V = 500 km/h, K, =
8.553385 MN/m (CPC), and the maximum step size is
1.0.

The structures of limit point bifurcation of cycles
and NS bifurcation of cycles are drawn in the three-
dimensional phase space in Fig. 14. Trajectories of
limit cycles from different angles are shown in Fig.
14a—p. The red and the green rings express the limit
point bifurcation and the NS bifurcation of cycles,
respectively. The cycles inside the green cycle NS
(Ky = 8.372094 MN/m) are all on a plane. But the
cycles outside NS warp in 3 D-space. The warped limit
cycles demonstrate that there exist complex spatial
relations between the lateral and the yaw movements
during one period of hunting motion. NS bifurcation
of cycles only appears when the maximum step size
h>0.99. Therefore, NS bifurcation of cycles may be
not the nature behavior of the system itself, but some
complex dynamic behavior may appear when the con-
tinuous system is inappropriately discretized.

In addition, the NS bifurcation curve and some 1:1
resonance points are drawn in Fig. 15a if the maximum
step size is 1.0. The phase diagrams of 1:1 resonance
points are shown in Fig. 15b.

4 Conclusions

In this paper, firstly, the effects of longitudinal stiffness,
the lateral stiffness and the equivalent conicity on the
critical speed are discussed by calculating the real parts
of the eigenvalues of the Jacobian matrix and Hurwitz
criterion of a linear wheelset model.

Secondly, our research shows that the critical speed
decreases with a ratio inversely proportional to the
equivalent conicity. Furthermore, for the same equiv-
alent conicity, the critical speed increases with the
increase in longitudinal stiffness at a fixed lateral stiff-
ness. In addition, if the longitudinal stiffness is fixed,
then the critical speed increases with the increase in
lateral stiffness when A > 0.17. When A < 0.17, the
smaller the equivalent conicity is, the lesser the lateral
stiffness Ky = 2.96 MN/m will gradually change from
the worst condition into the best condition compared
with the other lateral stiffness.

@ Springer

Thirdly, nonlinear equivalent conicity related to the
lateral displacement has been introduced into the sys-
tem according to actual test data measured from the
high-speed train C R H380 on Beijing—Shanghai rail-
way after 100,900 km’ wearing. Nonlinear wheel-rail
force function is used to describe the wheel-rail contact
force. On the parameter plane of longitudinal/lateral
stiffness and velocity, the Hopf bifurcation curve is the
boundary between the stable and the unstable equi-
libria. The supercritical/subcritical Hopf bifurcation
implies the existence of stable/unstable limit cycles.
On the basis of generalized Hopf bifurcation, the fold
bifurcation of cycles indicates the existence of multiple
limit cycles. Thus, disturbances will make the move-
ment of trains to converge or diverge at different limit
cycles. Neimark—Sacker bifurcations of cycles and 1:1
resonances are detected by numerical simulation when
the maximum step size & > 0.99.

Fourthly, fold bifurcation of cycles is an important
bifurcation, which can explain the complex behaviors
in the hunting motion of the wheelset model with non-
linear equivalent conicity and wheel-rail contact force.
Our research demonstrates that one of the main reasons
leading to hunting motion is the fold (limit point) bifur-
cation structure of cycles, and this is because there may
exist multiple limit cycles on a side of fold bifurcation
curve of cycles, at which stable limit cycles and unsta-
ble limit cycles may coincide. If the most outward limit
cycle is stable, then the motion of high-speed vehicle
should be safe in a reasonable range. Otherwise, if the
initial values are chosen near the most outward unsta-
ble limit cycle or the system is perturbed by stronger
noises, the high-speed vehicle will take place unstable
hunting motion and even lead to serious train derail-
ment events. Therefore, in order to control a hunting
motion, it may be the easiest way in theory to guar-
antee the coexistence of stable equilibrium and stable
limit cycle in a wheelset system.

Fifthly, the corresponding parameter value at LPC
can beregarded as a critical threshold concerning on the
existence and disappearance of limit cycles as shown
in Figs. 7 and 11. The cusp bifurcation point as shown
in Fig. 11b s also a critical value at which the LPC will
appear or disappear.

Sixthly, the computation of Lyapunov exponents
shows that the variation of steepness of equivalent
conicity function may produce little effect on the bifur-
cation type of the wheelset model with nonlinear equiv-
alent conicity and wheel-rail contact force.
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Finally, it is noted that much attention should be
paid on the step size in discretizing a continuous-time
ordinary differential equation. This is because if a rela-
tively small step size is used to discretize a continuous-
time system, the numerical results as shown in Fig. 13
demonstrate that all limit cycles appear on the same
plane, which is a kind of hunting motion coupled by
evenly lateral and yaw movement in two directions,
while if the step size is relatively larger, then the cor-
responding numerical simulations as shown in Fig.
14 present another feature, in which the interwinded
limit cycles show that this is a kind of more complex
unevenly hunting motion than the regular vibration in
two directions, and at the same time, there will appear
numerous 1:1 resonance points. In addition, it is still
a tough task to investigate the instability mechanisms
of this modified system using the approximate analyti-
cal method, especially for more bifurcations of nested
limit cycles. It will be our future research direction to
give a complete picture of rich dynamic behavior using
some approximate analytical method that stays behind
the hunting motion rather than only using numerical
simulations.
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