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ABSTRACT

The unique profile of rail wheels imparts kinematic constraints on the motion of a wheelset.
While such a profile allows a rail vehicle to negotiate a curving track, it also causes sustained
vibrations called hunting. It is important to identify the critical hunting speed of a rail
vehicle, which requires the integration of wheel-rail contact into the multibody formulation.
In railway dynamics, there are two conventional approaches: (a) the elastic approach, in
which wheelset has six degrees of freedom with respect to rails, and also wheels are could have
penetration with rails. On the other hand, the constrained approach restricts penetration

between wheels and rails.

All six degrees of freedom are uncoupled in most formulations that use an elastic ap-
proach. However, some motions could be coupled under certain conditions. For example,
when wheels have a single-point contact with rails, the wheelset rotates about its roll center.
Roll rotation also causes lateral translation. In this thesis, a novel approach is explored to
represent the equivalent kinematic constraints of a wheelset. A linkage mechanism that is
representative of a wheelset having point contact with rails, moving on a horizontal track
is synthesized, by expanding on the concept of instantaneous roll center used in mechanics.
Here, the identification of the wheelset’s roll center is based on the shape of the wheel and
rail profiles. Once the location of the roll center is known, it is shown that the dimensions of
virtual links in the mechanism could be derived analytically. In the next step, the kinematic
constraints of the linkage mechanism were derived using recursive relations of velocity level
constraints using the Decoupled Natural Orthogonal Complement (DeNOC) matrices. In
the beginning, multiple assumptions were made to obtain the system’s governing equations
of motion, notably, the use of knife-edge rails and conical wheels, constant roll center, etc.

This led to the links in the mechanism having constant lengths. Moreover, the contact



vi

parameters were also kept constant, which allowed us to obtain the governing equations of
motion in a basic form that is available in textbooks and literature. The result of these
simplifications is then demonstrated by analyzing the critical hunting speed of a suspended

wheelset.

In the second portion of the thesis, several simplifications made to the linkage mecha-
nism are removed, to simulate realistic scenarios. It was made possible using the concept
of a wheel-rail contact triangle which enabled us to synthesize an instantaneous linkage
mechanism for a wheelset. The kinematic parameters such as instantaneous roll center, and
varying dimensions of virtual links for a wheelset undergoing hunting motion are illustrated.
Ultimately, the dynamics simulation of the linkage mechanism is carried out by taking into
account curved wheel and rail profiles. Hunting vibrations are transmitted to the bogies
and carbody, causing them to shake excessively. This leads to undesirable ride quality. The
latter part of this work involves the development of a serial chain multibody model of a
railway carbody. Uneven wear between components could significantly reduce the critical
hunting speed of a rail vehicle, and it was found that such variations were not previously
taken into account in the hunting analysis. Thus, the multibody model of a railway car-
body was subjected to an extensive parametric analysis by varying the properties of the
individual components. Through this study, it was possible to systematically comprehend
the critical hunting speed of the vehicle concerning the properties of individual components.

Accordingly, design proposals are suggested to remedy adverse hunting vibrations.

The dissertation concludes with an investigation of the hunting behavior of a trainset
with multiple carbody systems, using an equivalent coupler model that connects adjacent
carbodies. By changing the attributes of the cars separately, the critical hunting speeds of
two, three, and multi-car trainsets were examined. The hunting behavior of these systems
was studied and the conditions under which the number of cars could influence the hunting

behavior are listed.

Keywords: Railway dynamics, multibody systems, wheel-rail contact, hunting analysis.
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NOTATION

Notations used in this thesis are mentioned here. Some rules, which are followed to classify

the notations are listed below.

Upper-case letters in bold, denote matrices.

Lower-case letters in bold, are used for vectors.

Points are mentioned using italic upper-case letters.

Italic lower-case letters represent scalar quantities.

Accents

Skew symmetric form of a vector

) Cross product
First time derivative (velocity)
Second time derivative (acceleration)
Linearized matrices

AAAA/_\
—_ — — X ~—r

Axes and coordinates

Origin of a frame
Longitudinal axis

Lateral axis

Vertical axis

Longitudinal translation, m
Lateral translation, m
Vertical translation, m
Roll angle, rad

Pitch angle, rad

Yaw angle, rad

S Do 8 v 8 QO
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p Penetration depth, mm
R Spin creep about vertical axis
T External forces vector
Twi Generalized force vector of j"* wheelset
Tbk Generalized force vector of the k' bogie
7l Generalized force vector of the I carbody
Tepl Generalized coupler force vector of the I*" carbody
C) Vector of independent joint speeds
Latin letters
Symbol Description
a Half of track gauge, m
Qe Semi-axis of contact ellipse along horizontal axis, mm
be Semi-axis of contact ellipse along lateral axis, mm
B; ;1 Twist propagation matrix
ok Linearized damping matrix of a wheelset
C? Linearized damping matrix of a wheelset
Ce Linearized damping matrix of a carbody
C Linearized damping matrix of a trainset
@] Contact point between left wheel, and left rail
C, Contact point between right wheel, and right rail
C; Center of mass of i link
¢ Linear velocity vector of 7" link
c? Longitudinal damping of primary suspension, Nm/sec
o Lateral damping of primary suspension, Nm/sec
c, Longitudinal damping of secondary suspension, Nm/sec
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Lateral damping of secondary suspension, Nm/sec
Coefficient matrix

Vector from origin to center of mass of i link
Vector from center of mass of i** link to the origin of 7 + 1% link
Joint axis vector of i*" joint

Young’s modulus of wheel, N /m?

Young’s modulus of rail, N/m?

External force vector of i link

Contact force vector

Lateral contact force, N

Vertical contact force, N

Normal contact force, N

Tangential contact force, N

Lateral creep force coefficient, N

Lateral /spin creep force coefficient, N.m?

Spin creep force coefficient, N

Longitudinal creep force coefficient, N
Acceleration due to gravity, m/sec?

Average shear modulus of wheel and rail, N /m?
Shear modulus of wheel, N /m?

Shear modulus of rail, N /m?

Vector of Convective Inertia

Generalized Inertia Matrix of the multibody system
Generalized Inertia Matrix of j'* wheelset
Generalized Inertia Matrix of k' bogie
Generalized Inertia Matrix of carbody

Inertia matrix of " link

Roll inertia of wheelset, kg.m?

Roll inertia of j* wheelset, kg.m?

Roll inertia of &' bogie, kg.m?

Yaw inertia of wheelset, kg.m?

Yaw inertia of j** wheelset, kg.m?

Yaw inertia of k' bogie, kg.m?

Yaw inertia of carbody, kg.m?

Link number in the serial chain

Wheelset number

Constraint Jacobian matrix

Linearized stiffness matrix of a wheelset
Linearized stiffness matrix of a wheelset
Linearized stiffness matrix of a carbody
Linearized stiffness matrix of a trainset
Longitudinal stiffness of primary suspension, N /m
Lateral stiffness of primary suspension, N /m
Longitudinal stiffness of secondary suspension, N /m
Lateral stiffness of secondary suspension, N /m
Bogie number

Length of bogie, m

Width of bogie, m

© 2024, Indian Institute of Technology Delhi



LIST OF TABLES xxi

lbk
itk
lg
Ly

llz

Length of k' bogie, m

Width of k" bogie, m

Length of carbody, m

Width of carbody, m

Vertical coordinate (length) of first link, m

Vertical coordinate (length) of second link, m

Vertical coordinate (length) of third link, m

Wavelength of hunting oscillation, m

Carbody number

Mass matrix of i** link

Linearized mass matrix of a wheelset

Linearized mass matrix of a wheelset

Linearized mass matrix of a carbody

Linearized mass matrix of a trainset

Mass of wheelset, kg

Mass of j* wheelset, kg

Mass of k' bogie, kg

Mass of carbody, kg

Hertz contact coefficient

Mean comfort index

Total number of links in a serial chain, also corresponds to # DOF
External moment vector of it link

Hertz contact coefficient

Natural Orthogonal Complement (NOC) Matrix

Lower triangular Decoupled Natural Orthogonal Complement (DeNOC) Matrix
Block diagonal Decoupled Natural Orthogonal Complement (DeNOC) Matrix
Normal vector of left wheel-rail contact pair

Normal vector of right wheel-rail contact pair

Vector from wheelset C.G to left wheel-rail contact point
Vector from wheelset C.G to right wheel-rail contact point
State vector of a system

Joint motion propagation vector of i*" joint

Rotation matrix

Rotation matrix about the longitudinal axis

Rotation matrix about the lateral axis

Rotation matrix about the vertical axis

Vector of generalized coordinates

Generalized coordinates vector of j** wheelset
Generalized coordinates vector of k' bogie

Generalized coordinates vector of carbody

Instantaneous rolling radius of left wheel, m
Instantaneous rolling radius of right wheel, m

Nominal rolling radius, m

Nominal rolling radius of j** wheelset, m

Twist vector of 7" joint

Twist vector of the serial chain system

Simulation time, sec

Time period of hunting oscillation, sec
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V Forward velocity, m/sec

Ve Critical speed, m/sec

Vi Velocity of left wheel at contact point, m/sec
Viin Lower bound of forward velocity, m/sec

Vinas Upper bound of forward velocity, m/sec

Vinid Average forward velocity, m/sec

V. Velocity of right wheel at contact point, m/sec
W; Angular velocity matrix of ¥ link

w; Wrench vector of it link

w*® Vector of external forces

w* Vector of constraint forces

0 Zero vector

0 Zero matrix

1 Identity matrix
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