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ABSTRACT

The main intention of this research work is to study the derailment response of high speed railway vehicle (HSRV)
cruising on a curved track. In previous research work, lower degree of freedom (DOF) has been considered for the
derailment analysis which may not give more accurate results. Hence, a 31 DOF bondgraph model of HSRV has been
developed which consist of carbody, two truck frames and two selfsame wheelsets for each truck frame. Vertical,
lateral, roll, yaw and pitch motion are considered for carbody and bogie and except pitch motion all the other motion
are considered for wheelsets. Non-linearities in terms of heuristic nonlinear creep model and flange contact has been
employed to simulate the derailment response at high speed. The effect of vehicle speed running on a curved track
was investigated for derailment quotient. The main aim of present research work to evaluate derailment quotient at
the speed range of 150 kmph to 600 kmph for hard and soft suspension parameter. Derailment quotient has been
calculated for both linear and nonlinear creep models and it is seen that DQ for linear model has a lower value compare
to non linear creep. The major advantages of the proposed model are that, the presented model can actively predict the
derailment of a railway vehicle, and also precisely determine the nonlinear critical hunting speeds.

Keywords: Heuristics non linear creep model; Suspension element; Derailment; Flange contact.

INTRODUCTION

With the advent in speed, the safety of a high-speed railway vehicle, particularly its derailment behaviour, is a very
important issue. Vehicle designers have always been interested in the issue of high speed with no derailment. In the
past few years, a number of researches have been administered to resolve this issue. During a derailment, the wheel
drifts away from the rail and is unable to continue rolling. To analyze this effect, Nadal proposed a derailment ratio,
which solely depends on lateral and vertical forces acting on wheel, flange contact, friction coefficient between wheel
and rail (F.J Nadal., 1896). However, Weinstock studied that derailment was associated not only with the derailment
coefficient on the flange side but also at the non-contact side of the flange (H Weinstock.,1984). From experiment, it
is evaluated that above mentioned criteria are valid only for small yaw angle (L. Sweet et al., 2018). Under quasistatic
assumption, Barbosa developed a 3D contact model to improve Nadal derailment criteria by considering creep forces
(R. Barbosa., 2004). A lot of literature study has been found on lateral stability of high speed railway vehicle which
considered the linear and non linear creep forces (C.E Bell et al., 1981)(Y.C Cheng et al., 2011)(R.V Dukkipati et
al., 2001). Wickens provided the curving performance of the asymmetrical truck on the basis of linear creep model
neglecting the creep moments between wheels and rails (A.H Wickens., 1996). Using oblique impact theory, Polach
and Wang determine the critical hunting speed for impact derailment (W Wang et al., 2012).
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From the work of Zboinski and Dusza, the creep moments were estimated from the longitudinal and lateral creep
forces on the basis of longitudinal, lateral and spin creepages (K. Zboinski et al., 2006). In some of the researches, the
nonlinear creep moment were neglected while using the nonlinear creep models (K. Zboinski et al., 2006)(J. Zeng et
al., 2004)(O Polach., 2006)(O Polach., 1999)(Y.C Cheng et al., 2009). Also, the derailment analysis of various vehicle
models was carried out by utilising the linear creep model. Under practical scenario, the hunting stability of railway
vehicles and their dynamic response is sensitive to the method of calculating creep forces and moments. Cheng et al.
constructed a 20 DOF model accounting the lateral displacement and yaw angle for each wheelset, lateral and vertical
displacements for bogie and car body, and roll and yaw angles for bogie and car body (Y.C Cheng et al., 2009). While
constructing the 20 DOF model, Cheng et al. neglected the roll angle of each wheelset. But in practical scenario, roll
angle is considered as an important DOF of each wheelset for determining the contact forces between rails and wheels.
Hence, the determination of derailment quotient may get wronged if the roll angle of each wheelset is neglected.

Despite the fact, Wang et al. has estimated the derailment quotient using the complicated railway vehicle models,
no study has been conducted yet so far for evaluating the derailment quotient for both the linear and nonlinear creep
models along with the suspension parameters (W Wang et al., 2010).

In this study, the roll angle of wheelsets is considered while constructing a 31-DOF model. This provides an
accurate evaluation of derailment quotient. The model was created using BONDGRAPH simulation technique. This
modelling technique has advantage that the suspension forces are intrinsically available in BONDGRAPH modelling
technique as suspension elements. A 31-DOF model is created for the analysing the derailment behaviour of a high-
speed railway vehicle. This 31 DOF model considers the pitch motion, lateral, vertical, yaw and roll motion for,
vehicle body and two bogies but for four selfsame wheelsets, except pitch motion all other motions were considered
for investigating the derailment quotient. The Derailment quotient was investigated under the condition when the
railway vehicle is running on the curved track with speed varying from 150 Kmph to 600 Kmph. This 31-DOF model
uses the heuristic nonlinear creep model to evaluate the derailment quotient while considering both nonlinear creep
forces and moments. This study helps to get the complete behaviour of a high speed railway vehicle running on a
curved track from the view point of derailment incidences occurred in real world. The benefits of using the presented
model are that it can provide accurate values of derailment quotient, safe speed of vehicle running on the curved
tracks. This evaluated data will foretell the occasion of derailment before it happened.

DESCRIPTION OF BONDGRAPH MODEL OF 31-DOF HIGH SPEED RAILWAY
VEHICLE SYSTEM AND ITS GOVERNING EQUATIONS

Each model of railway vehicle is integration of three parts: a car body, bogies and two selfsame wheel sets. These
various parts are joined together via a suspension system placed in longitudinal, lateral and vertical direction. A
primary suspension system is mounted in between the selfsame wheel set and truck frame. Similarly, the secondary
suspension system is mounted in between truck frame and car body as shown in Figure 1. The components of railway
model are taken as rigid mass and are portrayed by mass of inertia. By considering all the parts of railway vehicle and
the suspension system between them, a 31 DOF railway model is created for the derailment analysis of the railway
system. For the creation of a model, a building block way of model creation is used. In Building block way, every part
of the railway vehicle system is modelled separately and then all the parts were put together in an order to create the
integrated model of railway vehicle system.
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STRUCTURE OF SUB-MODEL SYSTEM

A railway vehicle is integration of various subparts; a vehicle car body structure, truck frame and 2-selfsame
wheelsets for each truck frame. These parts of a railway vehicle are interconnected through a suspension system
in vertical, lateral and longitudinal direction. A primary suspension system is incorporated between a bogey and
2-selfsame wheelsets whereas a secondary suspension system is incorporated between bogey and vehicle car body.
The complete suspension system is modelled through the combination of springs and damping elements having motion
in all 3-coordinate axes. With all the possible motions, the proposed system is having a total of 31 DOF. The proposed
model is developed by using Building Block approach. In this approach, all the parts are modelled separately and then
integrated together to complete the model. Figure 1 illustrates the railway vehicle model.
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Figure 1. Schematic diagram of HSRV (a) top view (b) front view
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Bondgraph Model of Carbody

The bondgraph model exhibited in the Figure 2, is the sub-model of a vehicle car body of a railway vehicle system.
A O-junction in the model is the joint between the parts connected to each other and represents force shared between
them. A 1-junction in the model represents the velocity shared between all the connected parts at the 1-junction. The
TF symbol represents the Transformer module. It represents the relation between flow in-flow out and force in-force
out. The symbol C with complete arrow represents the signal bond. The function of the C symbol is to store the
potential energy generated by the respective displacements. The symbol SE in the bondgraph represents the source
of effort. It is included at the 1-junction of the bondgraph to integrate the force of gravity and centrifugal force of
carbody’s centre of gravity in vertical (z) and lateral (y) directions. In Bondgraph modelling technique, the force
of suspension system is the interior part of the model and hence there is no need of representing suspension forces
separately in a bondgraph model.

Zepy=Zo+ Lo + 156, 1
Yo =Y, + Hyg + 150, 2
Zepr = Ze + Lege = L6, 3
Yepr = Yo + Hype + 156, 4
Zcrl = Zc - lcfibc - lséc 5
Yo = Yo + Higpo — 156, 6
Zerr = ZeHlee — 156, 7
Yorr = Yo + Hye — 156, 8

The vehicle car body is considered as a rigid element. It is linked with the bogie via secondary suspension system
at different locations. A kinematic relationship is formed between the mass centre and component of rotational
velocity to express the velocities at different locations on a vehicle car body. These kinematic relations are expressed
in equations 1 to 8.

meZe = Fype, — Meg — %quse 9
.
) m.V?
meye = Fspey + R megdse 10
Ie;Pe = Mg, 11
Ioy0. = M, 12

chd;c = Mscx 13



Yamika Patel, Vikas Rastogi and Wolfgang Borutzky 99

TF

0

Ye
& g &
S RS NS

0

efl

L8 Mc:l SE W3 o

Zcrl
Zenr

Front part carbody secondary
Rear part carbody secondary  Rear part carbody secondary Lateral Suspension connection

Vertical Suspension connection Lateral Suspension connection point :
point point point

Front part carbody secondary
Vertical Suspension connection

Figure 2. Bondgraph model of Carbody

Where ¢_ is the angle of super elevation, R is curved radius. F . .F ey M ,MSCy ,and M_are the suspension
force and moment in the respective direction. Mathematical equation terms mentioned from 9 to 13 are the governing
equations of a car body in a differential form. These equations are determined in vertical direction and lateral direction

for roll, yaw and pitch motions.
Bondgraph Model of Truck Frame

The truck frame is considered as a rigid element of the railway vehicle system. Truck frame is coupled with the
car body via secondary suspension system at different locations and also connected to selfsame wheelsets via primary
suspension system as exhibited in figure 1. The kinematic relations shown in Equations 14 to 25 are employed to
derive the velocity components in the corresponding directions at different connected locations. The bondgraph model
of truck frame is shown in Figure 3.

Zy = Zy—Lyhy 14
Yor = Yy — hothp 15

Zyy = Zb+lp¢b 16
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Yir = Yy — hothy 17
Zyp =Zp — Ly + 1,0, 18
Ybfl =Y, — hodp + Ly 19
Zypr = Zp + Lypy + 1,0, 20
Ybfr =Y, + hg‘lbb + 1y 21
Ly = Zyy — Ly, — 16, 22
Yorr =Yy + hg(i)b — Ly 23
Zyer = Zy = Lypy + 116, 24
Yorr = Yp + hg(i)b =Ly 25

Mathematical equation terms mentioned from 26 to 30 are the governing equations of a truck frame in a differential
form.

.. m\V?
mye = stty + R_ — Mg Pse 26
T
o mtvzcl)se
MiZy = lLspez — Mg — ~ R 27
r
Itzlpt = My, 28
Ityét = Msty 29
Itxd;t = Mstx 30

Bondgraph Model of Wheelsets

The wheel set is a component of railway vehicle system which provides support to complete vehicle. A rigid
wheelset in contact with the flexible Knife edged rail is considered for the present research work. The selfsame
wheelsets were interconnected to the bogey through a primary suspension system. The bondgraph model of the
selfsame wheelset is exhibited in Figure 4. Mathematical equation terms mentioned from 31 to 34 are the governing
equations of a wheelset in a differential form.
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Esrwz Fspwyr Msmwz and M,y are suspension forces and suspension moment of wheelset in corresponding
direction. Fyp;,, Fupy, Frx ML, ML are the nonlinear creep forces and moment at the contact
point on the left sided wheel-rail in the corresponding direction. Fyr,, Fyry, Fiors » ME., MR are
the nonlinear creep forces and moment at the contact point on the right sided wheel-rail in the corresponding
direction. N‘f,y,Nvl(,z, N‘ﬁy,
RL, RjL,, RLRE, R;f, RE are the position vector on the left and right contact point in respective direction. is the

NVISZ are the normal force component on left and right wheel-rail contact point.

F,, fc flange contact force, x indicates longitudinal direction, y indicates lateral direction and z indicates vertical
direction.
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Figure 4: Complete bondgraph model of wheelset

Heusristic Nonlinear Creep Model

In the present work, Heuristic nonlinear creep model is utilised to form the contact forces between rails and wheels.
Heuristic non-linear creep model is a combination of Kalker’s linear creep theory and creep force saturation. The
nonlinear creep forces and nonlinear creep moments are resulted by multiplying saturation factor to the corresponding
linear creep force and linear creep moment as shown in the Equations35 to 40.

n — L
wLx — aiijlx 35
n — R
WRx — aiijrx 36
n — L
wLy — aiijly 37

n — R
WRy — aiijry 38
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n — L

Msz - aijMwlz 39
n — R
WRz — aijerz 40

Where FL,., FL

wheel in respective direction. Equations of linear creep forces and moments are taken from Kim et.al

Ly ML, . ER.., FMI}ry, MR, are linear creep forces and moment on left and right

(2011). a;j represent the saturation constant in the heuristic creep model obtained from Johnson’s approach

(Dukkipati, 2000) as given in equation 41.

1 1,01,
‘[T(.Bij - 5.31']' + Eﬁij) => ;<3
0:,-]- = Y 1 41
ﬁ_ij => ﬁij >3

Where 3 is the non linearity factor in heuristic creep model and it is calculated for vehicle under quasi-static
motion over the curved track (Kim et.al).

SIMULATION RESULTS
Derailment Analysis

For many researchers, the derailment of railway vehicle is a cause of concern. The dynamic behaviour of a railway
vehicle is impacted by its safety during the running operations. In order to investigate the operational safety of a
running railway vehicle, a quotient is calculated and also observed. This quotient is known as Derailment quotient
(DQ). It is the ratio of lateral and vertical forces generated in-between the wheels and rails. The limiting value of DQ
is 0.8 when the wheel flange made contact with face of a rail (H Ishida et al., 1999). The maximum limit of DQ is 1.2
when the quasi-static testing is performed (SB Guarro., 1994).

The simulation has been performed using ‘Symbol Shakti’ to calculate the nonlinear creep forces in lateral and
vertical direction. All the parameters of HSRV are taken from Kim et. Al (2011). While conducting the simulation,
the impact of nonlinearities i.e. flanges contact and Heuristic nonlinear creeps were considered. The DQ can be
comprehensively derived while taking the DOF of a wheelset model and nonlinear creep model into consideration.
In the present study, all the criterions were fulfilled and the Derailment quotient is determined from the Equation 42
given below (H Ishida et al., 1999).

n L
Y. Fyryi1+ Ny

- L L
QL sz,11 + Nwz,ll

4

Where Y, represents the lateral force acting on the left side wheel rail contact point, Q, is the vertical contact force
working on the left wheel. A numerical technique called Runge-Kutta fourth order method has been used to evaluate
the nonlinear contact forces in the time domain. This is done to investigate the time responses for the wheel set. For
stability, the length of the time step is taken as 0.005 sec in Runge-Ktutta fourth order method. The RMS values of
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derailment quotients have also been calculated. Figure 5 shows the comparison between the DQ evaluated from both
linear and nonlinear creep model at R = 6000 m.

In the present study, a perfect conical trade profiled wheel is employed for the calculation of derailment quotient.
The conicity value of the wheel is considered to be constant and the value is mentioned in Table 1 of appendix 2.
The DQ is then calculated by using equation 42. Figure 6 to 9 shows the impact of vehicle speed on DQ with various
suspension parameters of a 31 DoF railway model.

5 Linear vs Non-Linear Creep Model
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Figure 5. Comparison of linear and non linear model of 31 DOF high speed railway vehicle

Figure 6 represents the variation of DQ with respect to vehicle running speed of a 31 DOF model valuated by
heuristic nonlinear creep model employed with soft and hard damping in lateral direction (Csy) of secondary suspension
system. It is observed that the DQ have direct relation with vehicle running speed i.e. with increase of vehicle running
speed, the DQ also increases. In a region where the running speed is smaller than 300 kmph, the gap between the
evaluated DQ for hard damping and soft damping is small in the lateral direction. For vehicle speed more than 300
kmph, the value of derailment quotient calculated using hard damper C, is always more than that of calculated by
using soft damper C, .

Figure 7 represents the variation of DQ with respect to vehicle running speed of a 31 DOF model valuated
by heuristic nonlinear creep model employed with soft and hard damping in vertical direction (C_) of secondary
suspension system. It is observed that, for different values of C_, the DQ increases with increasing vehicle running
speed. From Figure 7(a) and (b), it is observed that derailment quotients for hard vertical damper are greater than that
of calculated for soft vertical damper when the vehicle running speed is more than 475 kmph.



0.8 -

0.6~

Derailment Quotient

0.4 4

0.2+

0.0

Influence of Lateral Damper of Secondary Suspension
(Soft Damping)

—— Csy 10kN-s/m

T T T T T T 1
100 200 300 400 500 600 700
Speed (Kmph)

(a)

Yamika Patel, Vikas Rastogi and Wolfgang Borutzky

Derailment Quotient

0.8+

0.6

0.4+

0.24

0.0

Influence of Lateral Damper of Secondary Suspension
(Hard Damping)

—— Csy 100 kN-s/m

0

T T T T T T 1
100 200 300 400 500 600 700
Speed (Kmph)

(b)

Figure 6. Variation of DQ with respect to vehicle running speed for secondary suspension system
(a) for soft lateral damping (b) for hard lateral damping.
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Figure 7. Variation of DQ with respect to vehicle running speed for secondary suspension system
(a) for soft vertical damping (b) for hard vertical damping.

Figure 8 represents the variation of DQ with respect to vehicle running speed of a 31 DOF model valuated by
heuristic nonlinear creep model employed with soft and hard stiffness in lateral direction (pr) of primary suspension
system. It is observed that the DQ have direct relation with vehicle running speed i.e. with increase of vehicle running
speed, the DQ also increases. For the nonlinear creep model, the DQ evaluated by using soft lateral stiffness K,
is always more than the value calculated using hard lateral stiffness K, When vehicle running speed is more than
440 kmph, the value of derailment quotient calculated for hard stiffness K, is always be more than the value of
derailment quotient calculated for soft stiffness K, Comparing results of Figure 9(a) and 9(b), it has been observed
that derailment quotient of hard vertical primary suspension is greater compare to soft suspension when the vehicle
running speed is more than 475 kmph.
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Figure 9. Variation of DQ with respect to vehicle running speed for primary suspension system
(a) for soft vertical stiffness (b) for hard vertical stiffness.

CONCLUSIONS

In the presented work, the dynamic response of HSRV travelling on a curved track has been analysed by utilising
Heuristic nonlinear creep model. A 31 DOF full car model was developed to completely describe the dynamics of a
railway vehicle. A perfectly conical wheel profile has been used for determining of derailment quotient. The impact of
various damping and stiffness parameters on derailment quotient has also been observed.
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The following points were concluded from the presented research work:

1. The derailment quotient (DQ) is having a direct relation with the vehicle running speed. As the running speed
increases, the DQ also increases.

2. The derailment quotients valuated by incorporating nonlinear creep model are more than the derailment quotient
valuated by linear creep model.

3. In the primary suspension system of a nonlinear creep model, a spring of soft stiffness K, =50 kN/m) produce
lower derailment quotient in the vertical direction than a spring of Hard stiffness (K , = 500 kN/m). The similar
relation has also been observed in the lateral direction stiffness (pr) of primary suspension system.

4. In secondary suspension system of nonlinear creep model, the damper of soft damping (C_ = 10 kN-s/m) produce
lower derailment quotient in the vertical direction than a damper of hard damping (C_= 300 kN-s/m). The similar
relation has also been observed in lateral direction damping (&) of secondary suspension system.

5. The change in the vehicle running speed also has an impact on the derailment quotient while running on a sharp
curved track. The vehicle running at a low speed generates greater derailment quotient valuated from nonlinear
creep model than compared to the derailment quotient valuated from linear creep model.
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