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Abstract. Conventionally a railway vehicle has stable motion in low speeds, when it reaches to
high speeds stability changes to unstable form. The main purpose of this article is to show the
authors' view of analytical investigation of bifurcation, nonlinear lateral stability and hunting
behavior of rail vehicles in a tangent track. The paper includes nonlinear primary yaw dampers,
and flange contact and also bogie existence. This study contains Bogoliubov method for the
analysis. Linear and nonlinear critical speeds are obtained, and changing parameters' effect in
differing the speeds with altered lateral stiffness in primary suspension system has been studied.
General works about hunting phenomenon show that nonlinear critical speed is less than linear
one.
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1. Introduction

A limiting factor in high speed rail vehicles is the dynamic phenomenon called “hunting”,
which initially becomes apparent as a lightly damped lateral/yaw response of the vehicle. Above
a certain forward speed, called the “critical speed”, hunting appears as an undamped motion of the
wheelset constrained by the wheel flange and the rail. The wheelset hunting can cause truck (bogie)
hunting and eventually lead to body or primary hunting. Primary hunting can cause large lateral
forces at the rail that can lead to derailment. Two hunting categories are introduced, primary which
appears in low speeds and can be controlled by sufficient dampers, secondary hunting which is
seen in high speeds and is a self-excited happening and cannot be disappeared or run away
from [1].

Secondary hunting can be omitted by designing the vehicle to have critical speed in higher
speeds at which the vehicle is working around. Primary hunting can cause large lateral forces at
the rail that can lead to derailment. When the vehicle speed increases beyond a certain limit, the
steady motion loses its stability and hunting starts. Further, the system phase diagram bursts out
from the fixed point when the vehicle speed is above the critical speed, closely resembling the
Hopf bifurcation phenomenon.Dynamic stability for a multiple degree of freedom railway vehicle
without containing flange contact was studied by Yang-Tsai Fan and Wen-Fang Wu [2].
Differences between considering some DOFs in the system for hunting stability were verified [3].
Changing some parameters which led to different forms of hopf bifurcations was done by O.
Polach [4]. Due to its importance to the operation of rail vehicles, hunting has been studied for
several decades [5]. The early works generally used linear models that gave a limited view of the
problem. Subsequent studies by Law and Brand [6], Abel and Cooperrider [7] Hedrick and Arslan
[8], extended the linear model to magnify the effects of nonlinearities in the system. Analysis of
nonlinear systems needs bifurcation study and its influences.

Bifurcation is a dynamical behavior of nonlinear systems when the system parameters change.
Hopf bifurcation is a kind of bifurcation in which the stability of limit cycle changes. Huilgol [9]
first investigated the Hopf bifurcation in a wheelset, taking into account the nonlinear contact
force between the wheel and rail. Subsequently, a group of scientists led by True [10, 11] further
studied the bifurcation in two rail truck models introduced by Cooperrider [12]. They considered
nonlinearities due to the creep-creep force relationship and the effect of the nonlinear contact

© VIRBROENGINEERING. ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635, KAUNAS, LITHUANIA 1 95



31. PARAMETERS’ CHANGING INFLUENCE WITH DIFFERENT LATERAL STIFFNESSES ON NONLINEAR ANALYSIS OF HUNTING BEHAVIOR OF A BOGIE.
REZA SERAJIAN

geometry between realistic wheel and rail profiles. They found that subcritical Hopf bifurcation is
common in rail vehicles [13, 14].Yang and Ahmadian [15] studied the influence of yaw damping
nonlinearities on Hopf bifurcation in a flangeless wheelset. Their investigation showed that
hunting amplitude increases rapidly when forward speed is beyond the linear critical speed. This
indicates that the wheel lateral displacement exceeds the gauge clearance (the clearance between
the wheel flange and railhead) and flanging occurs. Flanging is referred to as the contact between
wheel flange and railhead. Eliminating the flange dynamics from the model can introduce gross
errors.Yang and Ahmadian also studied Hopf bifurcation and hunting behavior in a single rail
wheelset with flange contact [16]

We will add a bogie to wheeset for studying the effect of bogie presence in hunting behavior
of single wheelset, and check all the parameters’ influence on critical speeds (linear and nonlinear
critical speeds).The lateral movement which adds one DOF to wheelset that has two DOF makes
our system a three degree of freedom system. In this paper it is assumed that creep forces remain
small and do not grow to complicated form, but suspension's forces become nonlinear and flange
contact occurs in some cases. The actual damping force is of the primary yaw damper is known
as a polynomial. The effects of different parameters on linear and nonlinear critical speeds are
examined.

a) b)
Fig. 1. Bogie and wheelsets configuration

2. Equation of motion and force modeling

A wheelset with lateral and yaw movement and a bogie with only lateral movement are
considered, and the flange contact is presented. The wheel profile is conical with conicity A.
Wheelset lateral differential equation of motion is [17]:

f11 f12

Mg+ [(1+r02)y V1/)]+—1/)+WA2y +y — Fr. (1)

Forces in equations are known as:
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Fy = —2K,y — 2C,y. @

The flange contact force, Fr, is modeled as a nonlinear spring with deadband equal to the
flange clearance. It is mathematically described as:

K.(y—46), y>§4,
Fr =10, —-6< y<é, 3
K.(y+6), y<-6,

where K, and § are rail lateral stiffness and flange clearance. Flange clearance represents
deadband between wheel flange and railhead (shown in Figure 3). It says that when the lateral
displacement of the wheelset is more than §, rail plays the role of a spring that pushes the wheel
against its movement to the rail by the force which is defined by equation (3).

A
v

Fig. 2. Wheel flange/rail clearance and flange contact force

Yaw differential equation of motion for single wheelset is described as:

" Va 2df334 2 A 2d? .
I R P e A
To d Ty V d 74 (4)
2 .
+%lp e MSZ - Zdel
where:
M, = —2Ky,b*p — 2bCy3p, 3)
indicating lateral suspension force and yaw moment. F; is defined by:
o [CVa + GV + GV +CaVig, V>0, ;
OV - GVE = CVg = GV, V<O ©

Vy = by is relative velocity of the longitudinal yaw damper.

For bogie, because only lateral motion is presented, the equation added to system with this
form:

mpZ + 2K, (z —y) + 2C,(Z—y) = 0. 7
3. Analytical solution

If we take the equations of motion to state space, then the state vector would be:
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1

X = =

NN S

This shows the lateral and yaw motions of wheelset and also the lateral motion of the bogie.
Writing equations (1, 4, and 7) in matrix form, we have:

X=AWX+F(X), XE€ER". 3

We divided the system into linear and nonlinear parts. F (X) shows the nonlinear terms and the
elements of the matrix A(V) are described as:

[ 0 0 0 0
A1 Zf“ ( )] 2f11 2f12 2K, ZCy]
— (2K ) P =2 ~11 1z [ A—
( v+ Wa d) m,  m, [C + 1+ d m,, m,V m,, m,,

0 0 0 1 0 0

2df331 1 [ Vi 2f12( rnl)] 1 1 2
_ 233t |- = 27— —2f. —2K,b? __[ 2 Z(az

ol Tty 1+ . [aw,a - 2f;, wb?] . 267Gy + 3 (dfas + f22) 0 0

0 0 0 0 0 1
2%, 2 0 0 % 2%
mg mp mg mg

V is the control parameter in this study. V. is the speed in which the hunting motion initiates in
linear analysis (when the eigenvalues become positive). By using Taylor series around V we will have:

V=V:+epu,

1_ 1 _ 1 1
V_VC+SH_VC<1+5£>'
Ve
1 1 1 g2 eu\3
1L [1__#+(_ﬂ> - () +]
Ve l1+eq- Vc Ve \V¢ Ve
c

AW) = Ag(Ve) — epA (Vo) + (ew)2A4,(Ve) F -

)

In these equations, u denotes difference between the bogie's forward speed and V
(perturbation of the speed) and ¢ is a small factor. After mixing equations (8) and (9) then:

X =Ao(V)X + eFy(X; u,€); X € RS, (10)
where:
(X)
Fl(X;/l,S) <
0
2f11 rold . 2f11
_m_w(l-"T)(_Z"'_C"' e +T+ Ml
0
2f12 ToA M Ep” _ Toy ALY .
Fl(X; M, 8) = (wa (1 + )( VC + Vg + ) Ia)xrod)y
2 2 _ ¢ 2bF,
+ (—E(dzfss + f22) (_V%z +%+ ))1/’ _Twz
0
0
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By using Bogoliubov method, the answers are approximated by:

[}’Etg] a, B1
y(t a, B2
‘zgg = 2a(t) Zi cos(go(t)) — ‘?lsin(q)(t)) ;o =wt+0, (11)
Z(t)] s Bs
L(t) Lag b’aJ

where 0 is determined by initial condition, @; are real parts and [5; are imaginary parts of
eigenvectors for Ay(V,) which has the purely imaginary eigenvalues +iw (w is fundamental
natural frequency for linearized system). a(t) , ¢ (t) are obtained by first-order approximation [18]:

da

i eA(a), d—lp = w + B, (a), (12)

dt

where A, (a) and B, (a) are symbolically calculated by:

2w 2

1 )
Ai(a) = %j Z f2i(p2ic05¢ + q5;sinp)de,
®n (13)
1 .
Bi(a) = %J Zfzi(QZiCOS(P — P2iSing)do,
0 i=1

p; are real parts and g; are imaginary parts of A7 (V) eigenvectors corresponding to +iw. When
A, (a) = 0, the steady solution is gained and in this situation, the stationary limit cycle’s amplitude

can be got. Of course the nontrivial solution for this part is acceptable. For examining the stability

aAléa) < 0 — Stable Solution, % > 0 - Unstable Solution.

of the limit cycle we have:
Table 1. Parameter values
Parameters Values
Mass of the wheelset m,, = 264.448 kg

Roll moment of inertia

Ly = 625.7 kg m?

Spin moment of inertia

I,y = 133.92 kg m?

Wheel radius 5 =0.533 m
Half of the track gauge d=0.71755m
Wheel conicity A =0.05rad
Axle load W, = 1.8x10* N
Half of the yaw suspension arm b=1m

Lateral stiffness

K, = 8.67<10* N/m

Lateral damping

C, = 2.1x10* N/m

Yaw spring stiffness

K, = 8.67<10° N/m

Lateral creep force coefficient

f11 = 1.5913x10° N

Spin creep force coefficient

fyp = 2000 Nm’?

Lateral spin creep force coefficient

fi = 1.2x10° Nm

Longitudinal creep force coefficient

fiz = 1.9135x107 N

Stiffness of flange contact force

K, = 1.617x107 N/m

Gauge clearance

6 =0.923 cm

Damping coefficients for primary yaw | C; = 1.923x10%, C, = 5.14x10°,
damper C; =-3.1127x10%, C, = 5.14x10°
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Fig. 3. Difference between hopf bifurcation diagrams for wheelset and bogie with wheelset

Figure (3) shows the bifurcation diagram for two systems. 1 — Wheelset. 2 — Bogie and
wheelsets. The critical speeds in wheelset system are 155 km/h for linear speed and 144 km/h for
nonlinear one, but for the second system which contains bogie's lateral movement the speeds are
lower. It represents for suggesting limit speeds for bogie, just analyzing wheelset is not safe. For
bogie the saddle-node bifurcation starts at 140 km/h and the Hopf bifurcation point is at 151 km/h.
The speed between these two speeds is a risky one because according to system parameters and
conditions the motion can be stable or unstable. Before 140 km/h for all excitations of system the
long time answer would be stationary without oscillation so hunting will not occur in this range.
After linear critical speed the motion suddenly changes its character and reaches to a highly
amplitude oscillation and derailment happens. The safest speed for not seeing any hunting is below
140 km/h.

4. Parametric study

A parametric study for determining primary lateral stiffness and changing every other
parameter is done in this paper.

4.1. Wheelset mass

260 T T .
""" Linear model, Ky=43350

===Linear model, Ky=86700

M0 ——Linear model, Ky=130000
- Nonlinear model, Ky=43350
200 L Nonlinear model, Ky=86700

— Nonlinear model, Ky=130000

200
= 180
X
5160

140

120

30 1 1 1 1 1 1 1 1 1
800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
mw(kg)

Fig. 4. Effect of different wheelset mass with different lateral stiffness on critical speeds
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By increasing lateral stiffness in primary suspension system, both linear and nonlinear critical
speeds increase. In this case if we use higher mass for wheelset, both speeds will have sensible
decrease. This leads to worse hunting behavior.

4.2. Wheelset

200
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= 160
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140
130
120
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Fig. 5. Effect of different wheel radius with different lateral stiffness on critical speeds
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Increasing in wheels radius causes better results for hunting, but of course we cannot have a
very big wheel. It is limited by the UIC standard. This shows that after using a system, we need
to cut the wheel off because of irregularities on its surface, and we must be careful that decreasing
the radius by cutting off takes the critical speeds to lower ones.

4.3. Half of the gauge track
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Fig. 6. Influence of changing half of the gauge track with different lateral stiffness on hunting behavior

Using a wheelset with longer axle or a wider track leads to lower linear critical speeds which
is not good for hunting design. On the other hand nonlinear critical speeds get higher which is
good in hunting. Evantually because first we meet nonlinear speed and then linear one,and the
nonlinear one grows and also the range between linear and nonlinear speeds becomes smaller
(range of having hunting motion gets smaller), this change is suitable for hunting behavior.
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4.4. Equivalent conicity
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Fig. 7. Equivalent conicity changing with different lateral stiffness vs. critical speeds
4.5. Axle load

Higher equivalent conicity causes lower critical speeds (near and nonlinear). This is not
acceptable in hunting. Although increasing too much for conicity will not be effective, we have to
choose a suitable wheel profile that has low equivalent conicity.
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Fig. 8. Axle load effects with different lateral springs on hunting speeds

As shown in this figure changing W, does not have effective influence on critical speeds. The
most important reason for this happening is differential equation of motion. In equations (1, 4) the
coefficient for W, is very small, and by increasing W, in very high amount, the changes in hunting
speeds would be seen.

4.6. Primary lateral damping

Nonlinear critical speed is first seen and then linear critical speed. Unpredictable linear hunting
speed changing will not make serious problem in suggesting good primary lateral damping.
Nonlinear hunting speed changing shows that high C,, brings about low velocities for hunting that
leads to bad hunting treatment. In low C,, we see no changing in critical speeds.
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Fig. 9. Different primary lateral damping and stiffness vs. critical speeds
4.7. Yaw spring stiffness of primary suspension
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Fig. 10. Yaw and different lateral stiffness vs. hunting speeds

As it is clear in this figure both speeds grow while high yaw stiffness presents. In equation of
motions for wheelset yaw and lateral movements are coupled. For all the figures we see that high
K, is equal to higher critical speeds, so higher K,; would be like higher K. By this better hunting
behavior is seen.

4.8. Half of the primary yaw spring arm

Absolute increasing in linear critical speeds is seen by having growth in half of the primary
yaw spring arm, but first growing and after d = 1 m decreasing smoothly for nonlinear critical
speed is presented. Best point for hunting is d = 1 m because the most nonlinear hunting speed is

there and also the shortest range between linear and nonlinear critical speeds exists.
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Fig. 11. Half of the primary yaw spring arm with different lateral stiffness vs. critical speeds

4.9. Rail stiffness
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Fig. 12. Rail stiffness with different K, vs. hunting speeds

Changing rail stiffness causes no effect on hunting speeds. The only effect it may cause is on
lateral forces while flange contact occures that lead to derailment.

4.10. Flange clearance
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Fig. 13. Flange clearance and different K,, vs. critical speeds
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Bigger flange clearance makes no change for linear critical speeds, but nonlinear ones become
less. Increasing the clearance causes two problems, first is having low nonlinear hunting speed
and second one is letting the flange have more inertia while compacting the rail that is very
dangerous for derailment.

4.11. Bogie mass

240 T -
----- Linear model, Ky=43350

===Linear model, Ky=36700
= Linear model, Ky=130000
""""" Nonlinear model, Ky=43350
----- Nonlinear model, Ky=386700
— Nonlinear model, Ky=130000

220

200

V(Kmvh)

120 =

1 1.5 2 2.5 3 3.5 4 4.5 5
mB{kg) *

Fig. 14. Bogie mass with different pramary lateral stiffness vs. hunting speeds

No serious changing for bogie mass between 15000 kg and 45000 kg is presented. A small
increasing in both hunting speeds is seen which is good for hunting behavior.

5. Conclusions

Linear and nonlinear hunting speeds were investigated, and the influence of changing
parameters in differing the speeds with various lateral stiffnesses in primary suspension system
has been studied. The results of the study show that the system with bogie and wheelset has less
critical speeds than wheelset system alone. It shows that for obtaining critical speeds studying
complete system in more accurate and safe. The wider the track according to standard the better
the hunting behavior. Conicity is another parameter which affects highly in hunting speeds and
high conicity causes low critical speeds. Axle load and rail stiffness do not have influence in
hunting speeds. Changing in flange clearance does not alter the linear speeds but makes the
nonlinear ones less which is a disadvantage for hunting behavior.
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Nomenclature
y axle lateral displacement
z bogie lateral displacement
Y axle yaw displacement
A wheelset conicity
é flange clearance
b half of the primary yaw spring arm
Cy lateral damping of primary suspension
K, lateral rail stiffness
K, lateral stiffness of primary suspension
Ky yaw spring stiffness of primary suspension
Cy,Cy,C3,Cy damping coefficients for primary yaw dampers
d half of the track gauge
fi1 lateral creep force coefficient
fo2 spin creep force coefficient
fi2 lateral spin creep force coefficient
fa3 longitudinal creep force coefficient
Loy roll moment of inertia of wheelset
Ly spin moment of inertia of wheelset
my, wheelset mass
7o wheel radius
v forward speed
w, axle load
0 phase shift
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