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Presenter
Presentation Notes
Thank you for the introduction.  The name of the study is “Rolling Condition and Gyroscopic Moments in Curve Negotiations.”  I would like to mention my fellow co-authors, Dr. Ahmed Shabana and Martin Hamper.  The aim of this study is to examine the effect that the gyroscopic moment has on the stability and dynamics of railway vehicles as curved sections of track are negotiated.  Additionally, it will be shown that the gyroscopic moment acting on a body can be made negligible in certain reference frames by imposing certain constraints on the motion of the body.  
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Presenter
Presentation Notes
Let me first give a brief overview of the structure of my presentation.  After introducing the topic, I will discuss the coordinate systems used in our analysis, as well as discuss how the motion of the bodies are defined.  Next, the equations that define the gyroscopic effects acting on our vehicle will be examined.  We can then discuss the rotational constraints I mentioned.  Additionally, the effect of achieving pure rotation of railway vehicle wheelsets will be reviewed.  Numerical results will then be provided before the presentation conclusion.
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• Gyroscopic effects are a 
result of body rotation about 
multiple axes 
 

• Imposed rotational 
constraints negate moments 
defined in certain reference 
frames 
 

• Application to railroad 
vehicle stability and 
derailment criteria 

Presenter
Presentation Notes
Let me briefly review the basics of gyroscopic effects.  The gyroscopic moment is an inertia moment, that is the result of a multi-axis rotation of a body.  If the rotation of a body is about a single fixed axis, as shown in the animation, the gyroscopic moment is identically equal to zero.However, when rotations are introduced about multiple axes, there exists a gyroscopic moment that is acting on the body.  Although sometimes the change in certain angles can be restricted, a body negotiating a curve will still have contributions to the gyroscopic moment by the nature of the curve.  In our investigation, we apply the concept of rotational constraints to railway vehicle wheelsets in order to have a better understanding of the effect of the gyroscopic moments in the case of curve negotiations.  By doing this, we can have a better understanding of the significance of such effects in the case of railroad vehicle system dynamics
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• Global Coordinate System 
(GCS): XYZ 
 
• Body Trajectory Coordinate 
System (BTCS): XtiYtiZti 

 
• Body Centroidal Coordinate 
System (BCCS): XiYiZi 

Presenter
Presentation Notes
A few coordinate systems are used in the study, so let me introduce you to them.  There exists the global axes XYZ, which is fixed in space, and does not follow the translation or rotation of any bodies.In order to develop a useful expression for the gyroscopic moments that act on a body during curving, the motion of the body is defined with respect to a Body Trajectory Coordinate System XtiYtiZti.  This coordinate system is selected such that it has no displacement in the longitudinal direction with respect to the body.  If we assume that the geometry of the curvature of the rails are known, the location and origin of this trajectory  coordinate system can be defined as a function of the curve arc length.Finally, a centroidal body coordinate system XiYiZi is introduced.  This coordinate system follows the translation and rotation of the body’s center of mass.  
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• Global position of body center of mass can be defined 
using the BTCS: 
• Body orientation can be defined globally using 
transformation matrices:  
• Generalized Trajectory Coordinates then describe three-
dimensional body motion: 
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Presenter
Presentation Notes
So, we want to define the position and orientation of the wheelset with respect to the trajectory coordinate system.  The absolute position of the body in 3D space Ri can be defined using the vector sum seen in the figure.  Rti is the absolute position of the trajectory coordinate system, and the second vector is the displacement of the body with respect to the trajectory coordinate system.  Additionally, the orientation matrix of the wheelset can be defined by premultiplying the transformation matrix of the trajectory coordinate system to the orientation of the wheelset with respect to that coordinate system, denoted with the superscript ir.  If we focus our attention to the relationship of the trajectory coordinate system and the body coordinate system, highlighted in this box here, we can take a look at the six trajectory coordinates that then describe the three-dimensional motion of the body.si is the arc length travelled by the trajectory coordinate system origin, yir and zir are the lateral and vertical displacements of the wheelset with respect to the trajectory coordinate system, respectively.  Phi_ir, Theta_ir, and Psi_ir are then the Euler angles that define the rotation of the body with respect to the trajectory coordinate system.  These Euler angles are defined positive as seen in the figure.
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• The spatial Newton-Euler 
equations of motion: 
 

 
 
 
• The Cartesian Gyroscopic 
Moment:  
 

• The angular velocity vector 
defined in the BCCS: 
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Presenter
Presentation Notes
Let’s now discuss the equations that define the gyroscopic effects acting on the body.  In this investigation, the spatial Newton-Euler equations of motion are used, as seen here.  Therefore, the cartesian gyroscopic moment is defined in the body coordinate system as the cross product of the angular velocity vector with the product of the inertia tensor and the angular velocity vector.  As I mentioned before, this cross product is identically zero for the case of the rotation of a body about a single fixed axis.  The derivation included in the paper defines the angular velocity vector, defined in the body coordinate system, as the sum of two vectors, as seen in the bottom equation.  The first vector, seen here, is a result of the curvature of the curve.  The second vector, seen here, is the result of the change of the orientation of the wheelset within the trajectory coordinate system.  Because we assume the wheelset is rigid, and that the inertia properties remain constant, we can therefore say that the gyroscopic moment is also due to these two different contributions; the curvature of the curve and the change in orientation of the wheelset in the track frame.  
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• The spatial Newton-Euler 
equations of motion: 
 

 
 
 
• The Cartesian Gyroscopic 
Moment:  
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Presentation Notes
Let’s now discuss the equations that define the gyroscopic effects acting on the body.  In this investigation, the spatial Newton-Euler equations of motion are used, as seen here.  Therefore, the cartesian gyroscopic moment is defined in the body coordinate system as the cross product of the angular velocity vector with the product of the inertia tensor and the angular velocity vector.  As I mentioned before, this cross product is identically zero for the case of the rotation of a body about a single fixed axis.  The derivation included in the paper defines the angular velocity vector, defined in the body coordinate system, as the sum of two vectors, as seen in the bottom equation.  The first vector, seen here, is a result of the curvature of the curve.  The second vector, seen here, is the result of the change of the orientation of the wheelset within the trajectory coordinate system.  Because we assume the wheelset is rigid, and that the inertia properties remain constant, we can therefore say that the gyroscopic moment is also due to these two different contributions; the curvature of the curve and the change in orientation of the wheelset in the track frame.  
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• Imposed algebraic constraints 
on body rotation: 
 

• Simplified angular velocity in 
the BCCS: 
 

• Gyroscopic moment for a 
uniform disk where           : 
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Presenter
Presentation Notes
So, during a curving scenario, we can’t do much about the first vector that contributes to the gyroscopic moment acting on the body.  However, rotational constraints can be imposed on the yaw and roll angles of the wheelset with respect to the trajectory coordinate system as the curve is negotiated.  So if we consider this special case and look at the animation,……This is then our simplified term for the angular velocity defined in the body coordinate system.  This term is the sum of two vectors: the first vector is the result of the curve negotiation, while the second vector is due to the pitch rotation of the wheelset.  Assuming the inertia tensor is diagonal, and that the x and z components are equal (which is a safe assumption for the geometry of a wheelset), it can be shown that with such rotational constraints, there is no gyroscopic moments about the lateral axis of the wheelset.If we apply a transformation matrix to define the gyroscopic moment in the trajectory coordinate system, we see that there is actually only one component of the gyroscopic moment.  This moment acts about the longitudinal axis of the trajectory coordinate system.  This result is expected, since the track frame angular velocity along the roll axis is assumed to be zero.
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• The gyroscopic moment 
for case of uniform disk, 
defined in the BTCS: 

Presenter
Presentation Notes
So, during a curving scenario, we can’t do much about the first vector that contributes to the gyroscopic moment acting on the body.  However, rotational constraints can be imposed on the yaw and roll angles of the wheelset with respect to the trajectory coordinate system as the curve is negotiated.  So if we consider this special case and look at the animation,……This is then our simplified term for the angular velocity defined in the body coordinate system.  This term is the sum of two vectors: the first vector is the result of the curve negotiation, while the second vector is due to the pitch rotation of the wheelset.  Assuming the inertia tensor is diagonal, and that the x and z components are equal (which is a safe assumption for the geometry of a wheelset), it can be shown that with such rotational constraints, there is no gyroscopic moments about the lateral axis of the wheelset.If we apply a transformation matrix to define the gyroscopic moment in the trajectory coordinate system, we see that there is actually only one component of the gyroscopic moment.  This moment acts about the longitudinal axis of the trajectory coordinate system.  This result is expected, since the track frame angular velocity along the roll axis is assumed to be zero.
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• Condition of pure rolling: 
 
 

• Euler equation for case of 
pure rolling: 
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• The Gyroscopic Moment: 
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Presenter
Presentation Notes
We can also show that the generalized gyroscopic contribution  due to the change of orientation of the body within the trajectory coordinate system vanishes regardless of whether or not we have the case of a uniform disk, if the body motion is predominately pure rolling.We define the forward velocity of a body that is restricted to pure rolling as the product of some constant beta with the time rate of the pitch angle theta_ir_dot.  We then see the Euler equation of motion derived in the paper for the case of pure rolling.  What is important here is that the gyroscopic moment is a function of only one time rate, which is theta_ir_dot.  Because of this, the generalized gyroscopic moment associated with the degree of freedom is a scalar and identically equal to zero, regardless of whether or not the disk is uniform.  It is important to remember that this is the case of pure rolling with constrained yaw and roll angles.  
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• Suspended Wheelset Model 
• Wheelset + frame 
• Stabilized with linear 
spring-damper elements 
• 6 degrees of freedom 
• Initial lateral disturbance 
• Constant forward velocity 
of 185 mph 
 

• Track Model 
• S-Shaped 
• Fully Constrained 
• 3˚ Curves 

Presenter
Presentation Notes
In addition to the procedure we just discussed, our study also provides a numerical investigation into the effect of the gyroscopic moment on the stability of railroad vehicles.  The simulation examined in our study makes use of a suspended wheelset/track model, which consists of three bodies as shown in the figure.  The suspended wheelset consists of a wheelset as well as a frame, which is used to stabilize the motion of the wheelset using linear spring-damper elements.  The frame is given a constant forward velocity, but is otherwise fully constrained.  Therefore the wheelset has six degrees of freedom, and is given an initial lateral velocity in order to create dynamic instability.  The track is modeled as the third body of the simulation, and has an S-shape that utilizes three degree curves.  The track is fully constrained throughout the simulation.  
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• 6-DOF 
• 4-DOF 
• 6-DOF-WG 

• Derailment occurs 
without gyroscopic effects 
 
•Oscillations within BTCS 
eliminated with constraints 

Presenter
Presentation Notes
Three different tests are performed using the suspended wheelset model.  The first model we just looked at, and has 6 degrees of freedom.  The second model applies the yaw and roll rotational constraints that we discussed earlier, leaving the wheelset with 4 degrees of freedom with respect to the track.  Finally, the third simulation has no rotational constraints on the wheelset, but however neglects the gyroscopic effects that would normally be applied to the wheelset.  Plotted on the chart are the lateral displacements of the wheelset in the trajectory coordinate system throughout the three simulations.  First notice the simulation in which the gyroscopic effects are ignored, show with the dotted lines.  The wheelset experiences very large lateral oscillations as the first curve is negotiated, and eventually derails…ending the simulation at about 3 seconds.  It can then be said that, in this specific case, the gyroscopic moment has a stabilizing effect on the motion of the wheelset.The 4 degree of freedom model is shown in the boldface dot-dash line.  Notice the lack of oscillations due to the rotational constraints placed on the model: the wheelset does not have the opportunity to hunt for stability and translates to the outside curve of the track during curving.Finally, the 6DOF model is shown in the solid line.  The wheelset negotiates the curve and oscillates in the trajectory coordinate system in order to maintain stability during the simulation.
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LEFT CONTACT RIGHT CONTACT 

Presenter
Presentation Notes
We may then ask what sort of instabilities arise as a result of ignoring the gyroscopic effects on the wheelset.  The two figures shown plot the normal forces at the left and right contacts throughout the simulation.  Note that the large spikes in the 6DOF model are not physical and can be attributed to the entry of the wheelset into the spiral sections of track.  As seen in the solid gray, the simulation in which the gyroscopic effects are ignored has a wheelset that loses contact on the inside of the curve.  In this specific case of S-Shaped track, the gyroscopic moment therefore combats wheel-lift and has a stabilizing effect on the 6DOF wheelset.
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• 6-DOF 
• 4-DOF 

• Magnitude of gyroscopic 
moment increases during 
curving 
 
• Oscillations in the 
gyroscopic moment for 6-
DOF model occur in BTCS 

Presenter
Presentation Notes
Finally, the magnitude of the gyroscopic moments developed during the curving scenario are compared for the 6-DOF, shown as the dashed line, and 4-DOF simulation shown in the solid black line.  It is clear from the figure that the magnitude of the gyroscopic moment increases during curing.  It is also clear the two simulations experience similar curves for the gyroscopic moment.  However, the 6-DOF model has gyroscopic effects that are oscillatory.  This is because, as we mentioned previously, that the gyroscopic moment has two contributions: a contribution from the curvature of the curve, and a contribution from the change of orientation of the wheelset in the trajectory coordinate system.  These oscillations in the gyroscopic moment are due to the second contribution, the changes in the orientation of the wheelset.  The 4-DOF is not allowed to change orientation with respect to the trajectory coordinate system, except for the pitch rotation, and therefore does not experience such oscillations in the gyroscopic moment.
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• Gyroscopic effects cause uneven loading of wheels in 
curving scenarios 
 

• Gyroscopic effects not considered in many modern 
derailment criteria 
 

• At higher speeds, the gyroscopic moment will play a 
greater roll in vehicle stability 
 

• All forces and moments acting on vehicle must be 
considered  

Presenter
Presentation Notes
Before concluding, I would briefly like to make some comments on modern railroad derailment criteria.  As shown in this presentation, the gyroscopic moment can have an affect on the uneven loading of a wheelset in a curving scenario.  Therefore, it is unfortunate that such moments are not considered in most modern derailment criteria currently being employed.  As the top speeds of high-speed rail vehicles increase and high speed trains become more popular, the gyroscopic effects will without question play a greater roll in vehicle stability.  Taking this into account, it then becomes seemingly necessary to consider the gyroscopic moment in future developments of derailment criteria.
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• Generalized gyroscopic moment associated with the 
degree of freedom of a body can become negligible under 
constraints, and if motion is predominantly pure rolling 
 

• Such conditions do not occur at high vehicle velocities, 
and therefore the gyroscopic moment must not be ignored 
 

• All forces and moments must be considered in the vehicle 
derailment criteria, and should be reflective of the equations 
of motion 
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• Co-authors: Dr. Ahmed A. 
Shabana 
 

• Investigation into the dynamics 
involved in derailment at a large 
angle of attack 
 

• Wheelset motion due to 
kinematic and force 
contribuitions 
 

• Three-dimensions required to 
fully describe climb 

Presenter
Presentation Notes
Before ending, I would like to give you all an insight to the current projects that I am taking a part in with the Dynamic Simulation Lab.  The first project investigates the phenomenon of flange wheel climb that occurs when the wheelset is at a large angle of attack.  Such climb can lead to vehicle derailment and obvious potential dangers.  The paper utilizes a geometry simplification to use a disk to consider the flange contact between the wheel and the rail.  It is shown that, at a constant angle of attack, the motion of the wheelset is due to applied forces, but however kinematic contributions as well.  Additionally, it is proven that three dimensions are required to describe the motion of the wheel, and therefore it is not appropriate to use derailment criteria that make use of planar force balances such as Nadal.
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• Co-authors: Andrea Erba, Dr. 
Ahmed A. Shabana 
 

• Appropriateness of using 
roller rig setups to simulate real 
track operating conditions 
 

• The dynamic consequences 
of constraining the forward 
motion of a vehicle 
 

• Effect of rail curvature on the 
wheel/rail contact forces 

Presenter
Presentation Notes
The second project I am taking part in is a study of the dynamics of a railcar bogie operating on a roller rig.  Roller rigs are used at indoor testing facilities in an attempt to simulate real track operating conditions.  However, roller rigs do not allow any forward motion of the vehicle, and as a result there exist dynamic consequences that affect the motion of the body.  Additionally, the paper provides a look into the contact geometry problems that arise when one tries to replace a straight rail with a rail that has an arced geometry.
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• Co-authors: Samuele Reggiani, 
Dr. Ahmed A. Shabana 
 

• The danger of operating rail 
vehicles with rail movement due 
to earthquake-like conditions 
 

• Implementation of actual 
earthquakes into multibody 
dynamics simulation models 
 

• Importance of understanding 
the role of gyroscopic effects 
generated by wheelset rotation 

Presenter
Presentation Notes
Finally, the third work that I am contributing to is a study of vehicle dynamics in an earthquake-like scenario.  The paper provides insight into the danger of operating railway vehicles in a heavy earthquake environment, and discusses as well how actual earthquake data from seismographs can be implemented into multibody codes.  Finally, the paper provides an insight to understanding the role of gyroscopic effects on the stability of the vehicle as the wheelset undergoes unusual rotations during an earthquake-like situation.
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